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Modulation of Apoptosis to Reverse Chemoresistance

Gil Mor, Michele K. Montagna, and Ayesha B. Alvero

Summary

Interference with the innate apoptotic activity is a hallmark of neoplastic transformation and
tumor formation. Modulation of the apoptotic cascade has been proposed as a new approach
for the treatment of cancer. In this chapter, we discuss the role of apoptosis in ovarian cancer
and the use of phenoxodiol as a model for the regulation of apoptosis and potential use as
chemosensitizer for chemoresistant ovarian cancer cells.
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1. Introduction
Ovarian cancer is the fourth leading cause of cancer-related deaths in women

and is the most lethal of the gynecological malignancies (1). One in 70 women
will develop ovarian cancer and one out of 100 women will die from it. The
high mortality rate is due in part to the lack of means to detect early disease
such that approximately 80% of patients are initially diagnosed in advanced-
staged disease. In these patients, 80–90% will initially respond to chemotherapy;
however, less than 10–15% will remain in remission because of the subsequent
development of chemoresistance. Treatment advances have led to improved
5-year survival, approaching 45%; however, no advances have been made in
the overall survival. One way to improve survival may be by influencing the
apoptotic pathways.
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Chemotherapy in the treatment of cancer was introduced into the clinical
practice more than 50 years ago. Although this form of therapy has been
successful in the treatment of some forms of cancer, it has not been the case
for the majority of epithelial tumors of the breast, colon, lung, and ovary.
Initially, the development of chemotherapeutic agents was based on the obser-
vation that tumor cells proliferate faster than normal cells. Therefore, the
original strategy was to interfere with DNA replication or cellular metabolism.
A better understanding of the molecular mechanisms of apoptosis and its
function in normal physiology has resulted in a better understanding of the
effect of chemotherapy and the mechanisms of chemoresistance. Current under-
standing suggests that the induction of apoptosis in target cells is a key
mechanism for most anti-tumor therapies, including chemotherapy, �-radiation,
immunotherapy, and cytokines (2). Therefore, defects in apoptosis may cause
resistance. The realization that apoptosis is a key factor that contributes to the
anti-tumor activity of chemotherapeutic drugs has allowed us to understand
how drug resistance may arise and to look for new approaches for the treatment
of cancer.

2. The Apoptotic Cascade
Apoptosis is characterized by morphological changes including cell

shrinkage, membrane blebbing, chromatin condensation, and nuclear fragmen-
tation (3). All these changes are the result of the activation of a cascade of
intracellular factors known as caspases. Caspases are highly specific proteases
synthesized as zymogens and activated by cleavage at aspartate, which generates
the large and small subunits of the mature enzyme (3,4). These aspartate
cleavage sites are themselves caspase sites. Therefore, caspases can collaborate
in the proteolytic cascade by activating themselves and each other (4,5).

Within these cascades, caspases can be divided into “initiator” caspases
and downstream “effectors” of apoptosis. Initiator caspases, such as caspase-8
and caspase-9, mediate their oligomerization and auto-activation in response to
specific upstream signals. The best-documented pathway of caspase activation
is the assembly of the death-induced signaling complex (DISC) induced by
the binding of the members of the death receptor family (Fas, TNF-related
apoptosis inducing ligand (TRAIL), and tumor necrosis factor (TNFR1)) to its
ligand (reviewed in refs 6–10). Caspase-8 is recruited to the DISC, undergoes
spontaneous auto-activation, and activates downstream caspase-3 (11) (see
Fig. 1). Another well-described pathway is the mitochondrial pathway, which
is initiated by the release of cytochrome c from the mitochondria to the
cytosol, where it assembles with Apaf-1 and the caspase-9 holoenzyme, leading
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Fig. 1. The apoptotic cascade. Type I represents the death receptor pathway mediated
by caspase-8 and Type II represents the mitochondrial pathway regulated by Bcl2
family members.

to the activation of caspase-9, which also activates downstream caspase-3
(reviewed in refs 4,12–14). In contrast to caspase-8 and caspase-9, there are
conflicting depictions for the role of caspase-2. Caspase-2 has been shown to
be an important initiator caspase of the mitochondrial pathway, acting upstream
of caspase-9 (15–17). However, other studies show that caspase-2 activation
occurs downstream of the mitochondria and caspase-9, and therefore, caspase-2
is an effector and not an initiator caspase (18). Thus, the placement of caspase-2
in the apoptotic cascade is controversial. In addition, its mode of activation and
regulation has not been characterized. The limited data available on caspase-2
are brought in part by earlier findings showing the absence of severe phenotype
in caspase-2-deficient mice (19), leading to the speculation that it does not
play a significant role in apoptosis. Recent studies, however, demonstrated
caspase-2’s central role in cytotoxic stress-induced apoptosis in some human
cell lines (20,21). In addition, our preliminary data in epithelial ovarian cancer
cells (EOC) cells show that caspase-2 is one of the earliest caspase activated
in response to chemotherapy and that it is essential for the induction of the
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apoptotic cascade. Moreover, we have identified caspase-2 activation as one of
the steps occurring in chemosensitive EOC cells in response to chemotherapy,
but not in chemoresistant cells. This suggests that alterations in the regulation
of caspase-2 may be one of the ways EOC cells develop chemoresistance.

The effector caspases include caspase-3, caspase-6, and caspase-7, which
cleave cellular substrates and precipitate apoptotic death. To date, more than
280 caspase targets have been identified (22). These include multiple proteins
involved in cell adhesion, cell cycle regulation, DNA synthesis, cleavage and
repair, RNA synthesis and splicing, protein synthesis, and those that make up
the cytoskeletal and nuclear structures. Our preliminary results show that two
of these proteins, vimentin and keratin, are differentially expressed in cells
responding to therapy and in those that are not responding. Some of these
proteins may “leak” to the circulation and be detected in the serum. Thus,
one of our hypotheses is that downstream targets of the apoptotic cascade
are potential markers of chemoresponse that warrant further investigation.
Currently, the best marker available in the clinics to detect chemoresponse
is cancer antigen 125 (CA125). In first-line treatment, CA125 has an estab-
lished role in monitoring the efficacy of treatment (23,24). Serial changes in its
concentrations are well correlated with response and survival (25). However,
in second-line treatment, where chemoresistance is widely seen, several studies
identify patients in whom CA125 levels are in discordance with the radiographic
evaluation of changes in tumor load (26–28). The identification of sensitive and
specific markers of chemoresponse will provide a way to immediately monitor
response to treatment and will aid in the tailoring of therapy in ovarian cancer
patients, especially those with recurrent disease and in their second line of
treatment.

3. Inhibitors of Apoptosis and Chemoresistance
Each step in the apoptotic cascade is delicately controlled by intracel-

lular factors that can block the apoptotic pathway either at the “initiator”
or “effector” level. There are three groups of proteins that are known to
inhibit apoptosis (see Fig. 1): (i) the bcl2 family of proteins, which stabilize
the mitochondrial membranes and prevent cytochrome c release (reviewed in
refs 12,29,30); (ii) the FADD-like interleukin-1 converting enzyme (FLICE)-
inhibitory proteins (FLIP), which are caspase-8-like proteins and interfere with
caspase-8 for binding to the DISC, thus preventing caspase-8 oligomerization
and auto-activation (reviewed in refs 31–33); and (iii) the inhibitors of apoptosis
proteins (IAP), which constitute a family of evolutionarily conserved apoptotic
suppressors (reviewed in refs 34–36). All these inhibitory factors are, in the
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normal cell, inactivated in response to apoptotic signals such as hormone
withdrawal, DNA damage, or activation of death receptors. In chemoresistant
EOC cells, however, these blockers have been shown to remain active even
after drug treatment. XIAP, which is the prototype of the IAP family of proteins,
is a unique regulatory protein because of its capacity to block the apoptotic
cascade both at the initiation and effector levels. It is capable of binding to pro-
caspase-9, thus preventing the activation of the mitochondrial pathway, and it
also binds and inhibits the effector caspases, caspase-3 and caspase-7 (37) (see
Fig. 1). Several studies, including our own, have shown that the intracellular
blockers of apoptosis may contribute to drug resistance (34,35,38). Indeed, we
have previously shown that XIAP is highly expressed in all tested ovarian
cancer samples (39).

4. Regulation of XIAP
The role of XIAP in chemoresistance is already well established.

Numerous studies have demonstrated that its up-regulation confers resistance
to chemotherapy and its down-regulation confers sensitivity (34,40–43). The
mechanisms of XIAP regulation, which ultimately leads to its inactivation
and hence apoptosis in sensitive cells, are, however, not clearly understood.
Similarly, the mechanisms that prevent its inactivation in resistant cells are
unknown. Three negative regulators of XIAP have been identified: (i) XIAP-
associated factor 1 (XAF-1) is a nuclear protein that binds XIAP and antago-
nizes its ability to suppress the caspases (44,45); (ii) Smac/direct inhibitor of
apoptosis-binding protein with low pl (DIABLO) is a mitochondrial protein that
also binds and inhibits XIAP (46,47); and (iii) Omi/HtrA2 is another mitochon-
drial protein that can bind XIAP and in addition, through its protease activity,
can induce XIAP cleavage and inactivation (48–52).

Recently, the relationship between XIAP and Akt has been characterized.
Dan et al. (53) showed that XIAP regulates Akt activity in response to cisplatin.
Specifically, they showed that down-regulation of XIAP by cisplatin induces
Akt cleavage and that XIAP over-expression induces Akt phosphorylation.
Another study demonstrated that XIAP is a substrate of Akt and that phospho-
rylation of XIAP by Akt stabilizes XIAP and prevents its degradation by the
ubquitin-proteasome pathway (54).

Although all of these individual mechanisms may be significant, the mode of
regulation and the sequence of events of XIAP inactivation, which is responsible
for chemosensitivity and hence is possibly altered in chemoresistant cells,
remain to be identified and characterized. We hypothesize that the cleavage of
XIAP by Omi/HtrA2 is required for the full activation of the apoptotic cascade
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as it results in the formation of the p30 XIAP-cleaved product that can act as a
dominant negative of XIAP. We have characterized the effect of phenoxodiol
on a panel of EOC cell lines isolated from ascites (55). The majority of these
cells exhibit in vitro resistance to a wide range of chemotherapeutic agents.
Our initial studies compared the effect of phenoxodiol on these chemoresistant
cells and on normal ovarian surface epithelial cells. We found that phenoxodiol
was highly effective in inducing cell death in the cancer cell lines but not in
normal cells (56). When we compared the effect of phenoxodiol and genistein
on cell viability, phenoxodiol was found to be 30 times more effective than
genistein. In CP70 cells, the IC50 for phenoxodiol was 1.35 �M, whereas the
IC50 for genistein was 38.95 �M.

The most remarkable effect of phenoxodiol was observed in EOC cells that
are resistant to carboplatin and paclitaxel. Treatment with phenoxodiol for
24 or 48 h induced a significant increase in cell death in cells where carbo-
platin and paclitaxel were ineffective. In vivo studies using a mouse xenograft
model confirmed the in vitro observation. When phenoxodiol was dosed i.p. at
20 mg/kg every day for 6 days, the optimal treatment/control (T/C) was 24.7%
(p < 0.02) indicating that phenoxodiol was effective at inhibiting tumor growth
(56,57). Furthermore, there was a 3.1-fold reduction in terminal tumor mass in
phenoxodiol-treated groups compared with control (56). An important finding
was the lack of toxicity, because no toxic side effects were noted at this dose
and animals continued to gain weight throughout the therapeutic window.

5. Phenoxodiol Anti-cancer Mechanism of Action
The induction of apoptosis in target cells is thought to be a key mechanism

for most anti-tumor therapies, including chemotherapy, �-radiation, and
immunotherapy (2). Therefore, defects in apoptosis may cause chemoresistance.
The realization that apoptosis is a key factor that contributes to the anti-tumor
activity of chemotherapeutic drugs has allowed us to understand how drug
resistance may arise and to look for new treatment approaches. Several studies,
including ours, showed that the intracellular blockers of apoptosis are the main
players in drug resistance (34,35,38). Indeed, we previously showed that XIAP
is highly expressed in ovarian cancer.

Our studies with chemoresistant EOC cells showed that phenoxodiol is able
to fully activate the apoptotic pathway, as evidenced by the activation of the
main effector caspase, caspase-3, in cells that did not undergo apoptosis after
treatment with carboplatin, paclitaxel, gemcitabine, or docetaxel (56,57). This
suggests that the apoptotic pathway is functional in these cells but is activated
only in response to phenoxodiol. To understand the effect of phenoxodiol on
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chemoresistant EOC cells, we evaluated changes in the expression and function
of several proteins regulating the apoptotic pathway. One of the earliest effects
we observed in EOC cells following phenoxodiol treatment was the activation of
caspase-2, which occurred 4 h post-treatment. Caspase-2 is an initiator caspase
that acts upstream of the mitochondria, possibly through Bid, and promotes
cytochrome c release and apoptosis. Its activation has been associated with
the stress-induced cell death, which includes anti-Fas, cytokine deprivation,
�-amyloid, etoposide, chemotherapeutic agents, and other stress stimuli (16,17).

In addition to caspase-2 activation, Bid activation and XIAP down-regulation
were also observed (57). Further tests showed that Bid activation is secondary to
caspase-2 activation and that XIAP down-regulation was a result of proteasome
degradation (57). Moreover, we showed that in EOC cells, phenoxodiol
treatment induces the down-regulation of both phosphorylated Akt and total
Akt (57). Taken together, these results suggest that in chemoresistant EOC
cells, caspase-2 activation is essential for the induction of apoptosis. Thus,
alterations in the regulation of caspase-2 may be one of the ways through which
EOC cells develop chemoresistance.

The down-regulation of XIAP is another early event that occurs after phenox-
odiol treatment. We observed a decrease in p45 XIAP at 4 h post-treatment and
the appearance of the p30-cleaved form 16 h post-treatment. In contrast to the
decrease in p45 XIAP, which was proteasome dependent, cleavage of XIAP and
the appearance of the p30 fragment were shown to be caspase dependent (57).
Thus, in addition to caspase-2 activation, the early down-regulation of XIAP
may be another requirement for chemoresistant EOC cells to undergo apoptosis.
XIAP down-regulation, concomitant with caspase-2 activation, probably allows
the full activation of the caspase cascade. Thus, by simultaneously activating
an initiator caspase and down-regulating a potent caspase inhibitor, phenox-
odiol is able to induce apoptosis in EOC cells. However, the initial target for
phenoxodiol, which triggers this cascade of events, is not clearly defined.

A potential candidate is ceramide. Ceramide has been shown to be one of
the upstream signals activating caspase-2, which then can activate caspase-8
and regulators of mitochondria integrity (20). The regulation of sphingosine
kinase (SK), ceramide, and sphingosine-1 phosphate (S1P) has an integral role
in the maintenance of the balance between cell death and survival. Cancer cells
are characterized by overexpression of SK and increased production of S1P.
S1P then initiates a series of events that enhance cell proliferation and inhibit
pro-apoptotic signals. One of the pathways activated by S1P is the Akt survival
pathway (58), which is highly expressed in ovarian cancer and has been related
to chemoresistance (53,57,59).
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The levels of pAkt in ovarian cancer cells are significantly inhibited by
phenoxodiol treatment, and this effect precedes the activation of members of
the mitochondrial pathway, especially Bid and Bax (57). Akt has been shown
to inhibit Bax and caspase-9 by phosphorylation, therefore we hypothesized
that the inhibitory effect of phenoxodiol on Akt may release the pro-apoptotic
proteins that are under Akt control and therefore re-activate the apoptotic
cascade. This hypothesis is supported by the fact that the decrease in pAkt is
followed by Bax, caspase-8, caspase-9, and caspase-3 activation (57,60).

Other mechanisms for phenoxodiol have been described. Aguero et al. (61)
recently showed that phenoxodiol promotes G1 arrest by the loss of cyclin-
dependent kinase 2 activity secondary to p53-independent p21WAF1 induction.
In addition, Gamble et al. (62) showed that phenoxodiol had anti-angiogenic
properties. It is able to inhibit endothelial cell proliferation, migration, and
capillary tube formation. In addition, it is also able to inhibit the expression of
a major matrix-degrading enzyme, matrix metalloproteinase 2. Taken together,
these findings show that in cancer cells, phenoxodiol is able to activate the
apoptotic cascade, induce cell cycle arrest, and inhibit angiogenesis.

6. Phenoxodiol as a Chemosensitizer
One of the remarkable effects of phenoxodiol in vitro and in animal models is

its capacity to reverse resistance. Trophoblast cells are resistant to Fas-mediated
apoptosis. This resistance is due to the expression of the anti-apoptotic protein
FLIP, which inhibits caspase-8 activation at the DISC (63–65). However,
when trophoblast cells were pre-treated with phenoxodiol prior to Fas ligation,
significant cell death was observed (56,60). Chemosensitization to Fas was
shown to be secondary to phenoxodiol-induced decrease in FLIP expression,
which allowed caspase-8 activation following Fas ligation by FasL (56,60).
EOC cells are also resistant to Fas-mediated apoptosis. Suboptimal exposure
to phenoxodiol prior to Fas ligation also sensitized these cells to Fas-mediated
apoptosis (56). In addition, phenoxodiol is able to sensitize chemoresistant EOC
cells. The IC50 for carboplatin, paclitaxel, gemcitabine, and docetaxel signifi-
cantly decrease when EOC cells were pre-treated with phenoxodiol (57,66). In
animal models, treatment with phenoxodiol sensitized to cisplatin, paclitaxel,
and gemcitabine (56,57,67).

7. Conclusion
Targeting the apoptotic cascade represents a novel approach for the treatment

of cancer and to potentially overcome chemoresistance. A better understanding
of the mechanisms by which cancer cells control this cascade can be achieved
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by developing better methods to study apoptosis. The chapters in this book
describe new tools that can facilitate these studies.
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Caspase-3 Activation is a Critical Determinant
of Genotoxic Stress-Induced Apoptosis

Suparna Mazumder, Dragos Plesca, and Alexandru Almasan

Summary

A number of methods have been developed to identify the cells that undergo apoptosis by
analyzing the morphological, biochemical, and molecular changes that take place during this
universal biological process. The best recognized biochemical hallmark of both early and late
stages of apoptosis is the activation of cysteine proteases (caspases). Detection of active caspase-3
in cells and tissues is an important method for apoptosis induced by a wide variety of apoptotic
signals. Most common assays for examining caspase-3 activation include immunostaining,
immunoblotting for active caspase-3, colorimetric assays using fluorochrome substrates, as well
as employing the fluorescein-labeled CaspaTag pan-caspase in situ detection kit.

Key Words: Caspase-3; apoptosis; �-irradiation; PARP-1; flow cytometry; immunohisto-
chemistry.

1. Introduction
Apoptosis, an evolutionary conserved genetic program of cell death in higher

eukaryotes, is a basic process involved in cellular development and differenti-
ation (1,2). Apoptosis may be essential for the prevention of tumor formation,
and its deregulation is widely believed to be involved in pathogenesis of many
diseases, including cancer (3). In almost all instances, deregulated cell prolif-
eration and suppressed cell death together provide the underlying platform for
neoplastic progression (4).
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A critical process in apoptosis is the activation of a cascade of ICE/CED-3
family of cysteine proteases, termed caspases (5,6). Caspases are intracel-
lular cysteine proteases that mediate cell death and inflammation. Caspases
have been originally identified in Caenorhabditis elegans. Later, mammalian
homologs of these caspases have been discovered. Mammalian caspases, 14
members discovered to date, play distinct roles in apoptosis and inflammation.
Specifically, caspase-3 is a major mediator of both apoptotic and necrotic cell
death. Caspases are synthesized as inactive precursors or zymogens, which are
activated by proteolytic cleavage to generate active enzymes that then may further
proteolytically cleave other caspases or cellular proteins (7). An active caspase
consists of two large and two small subunits that form two heterodimers that
associate in a tetramer (8–10). They recognize a 4–5 amino acid sequence on
the substrate, which has an aspartic acid residue at P4 position as a critical
requirement. This residue, that is the target for specific cleavage, occurs at
the carbonyl end of the aspartic acid residue (11). Active caspase-9 cleaves
procaspase-3, which then is required for many of the characteristic apoptotic
nuclear changes. Downstream effector caspases, such as caspase-3, cleave and
inactivate proteins crucial for the maintenance of cellular cytoskeleton, DNA
repair, signal transduction, and cell-cycle control (12). There are over 300
in vivo caspase substrates; among them are poly (ADP-ribose) polymerase
(PARP-1) and ICAD/DFF45, the cleavage of which results in the liber-
ation of a caspase-activated deoxyribonuclease (CAD) that is responsible for
the oligonucleosome-size DNA fragmentation that is characteristic to most
apoptotic cells (13). The activation cascade of ICE/CED-3 family of caspases
is a common and critical step in the execution phase of apoptosis, triggered
by different factors, including genotoxic agents (e.g., �-irradiation or treatment
with anti neoplastic agents) (5,14–16). Pharmacological inhibitors of caspase-3
can prevent the cell death following irradiation significantly indicating that
caspase-3 activation is critical for genotoxic stress-induced apoptosis. Moreover,
activation of caspase-3 can be an effective marker for the positive outcome
of the different radio- and chemotherapeutic treatments of various cancers.

Caspase-3 can be detected through immunofluorescence and immunoblotting
by using anti-active caspase-3 antibodies, by colorimetric assays employing
fluorochrome substrates, and by flow cytometric methods, such as that using
fluorochrome inhibitors of caspases (FLICAs). Activated caspases cleave many
cellular proteins, and the resulting signature proteolytic fragments may also
serve as useful markers. This chapter provides a few standard protocols that we
have successfully used in our laboratory for a number of experimental systems,
including cells grown in culture and as xenografts.



Analysis of Apoptosis Using Caspase-3 Assays 15

2. Materials
2.1. Immunocytochemistry for Detecting Active Caspase-3

1. Glass coverslips (22 mm × 22 mm) and slides (Fisher Scientific Co., IL, USA).
2. Formaldehyde: 4% in 1× PBS (dilute 37% formaldehyde stock in 1× PBS), make

fresh each time.
3. Blocking buffer: 2% goat serum, 0.3% Triton X-100 in 1× PBS, sterile filtered.
4. Primary antibodies: anti-active caspase-3 (Cell Signaling Technology Inc.,

MA, USA).
5. Secondary antibody: fluorochrome-conjugated (Molecular Probes Invitrogen Corpo-

ration CA, USA).
6. Vectashield, mounting medium for fluorescence (Vector Laboratories Inc., CA,

USA), with or without 4´,6´-diamidino-2-phenylindole hydrochloride (DAPI).
7. Nail polish.

2.2. Caspase-3 Activity Determination: Colorimetric Assay

1. Lysis buffer: 1% NP 40, 20 mM HEPES (pH 7.5), 4 mM EDTA. Just before use,
add the following protease inhibitors: aprotinin (10 �g/ml), leupeptin (10 �g/ml),
pepstatin (10 �g/ml), and phenyl methyl sulfonyl fluoride (PMSF) (1 mM).

2. Reaction buffer: 100 mM HEPES (pH 7.5), 20% v/v glycerol, 5 mM dithiothreitol
(DTT), and 0.5 mM EDTA.

3. Caspase-3 substrate: Ac-DEVD-p-nitroanilide (Ac-DEVD-pNA) (Calbiochem,
EMD Chemicals Inc., CA, USA), 20 mM stock in dimethyl sulfoxide (DMSO)
(stable for >1 year at –20°C), 100 �M final concentration. Additional colorimetric
as well as fluorometric substrates are available. The fluorometric substrates 7-
amino-4-methylcoumarine (AMC) and 7-amino-4-trifluoromethylcoumarin (AFC)
are more sensitive but require a fluorometer capable of detecting the 380/460 and
405/500 excitation/emission spectra, respectively. AFC can be also detected colori-
metrically at 380 nM.

4. Microtiter plate reader, spectrophotometer, or fluorometer.

2.3. Detection of Caspase-3 Activation by Immunoblotting

1. 1× PBS.
2. Lysis buffer: 20 mM HEPES, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1% NP-40,

and 1 mM DTT with protease inhibitors (1 mM PMSF and 1 �g/ml leupeptin).
3. Bio-Rad Protein Assay reagent.
4. Bovine serum albumin (BSA).
5. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE).
6. Nitrocellulose membrane (e.g., Schleicher and Schull).
7. 1× PBST (1× PBS with 0.1% Tween 20).
8. Milk (non-fat dry milk).
9. Active caspase-3 (Cell Signaling) and PARP-1 (Cell Signaling) antibodies.



16 Mazumder, Plesca, and Almasan

10. Secondary antibodies: anti-mouse or anti rabbit (Amersham, Biosciences, NJ, USA).
11. Chemiluminescent reagents: lumiglo (KPL Inc., MD, USA) or ECL (Amersham).
12. Disuccinimidyl suberate (DSS), final concentration 2 mM.
13. Conjugation buffer: 20 mM sodium phosphate, pH 7.5, containing 0.15 M NaCl,

20 mM HEPES, pH 7.0, and 100 mM carbonate/bicarbonate, pH 9.0.
14. Quenching buffer: 1 M Tris–HCl, pH 7.5.

2.4. Fluorescein-Labeled CaspaTag Pan-Caspase In Situ Assay Kit

2.4.1. Kit Components

1. FLICA reagent (FAM-VAD-FMK): for lyophilized vials, reconstitute one vial
of lyophilized reagent with 50 �l DMSO and mix by swirling until completely
dissolved (150× stock solution); working solution: 30×, dilute 1:5 in PBS, pH 7.4.

2. 10× wash buffer: 60 ml; working solution: dilute 1:10 in deionized water.
3. Fixative: 6 ml.
4. Propidium iodide (PI): 1 ml at 250 �g/ml.
5. Hoechst 33342 stain: 1 ml at 200 �g/ml.

2.4.2. Materials Not Supplied

1. Cultured cells with media.
2. 15-ml polystyrene centrifuge tubes.
3. Microscope slides.
4. Hemocytometer.
5. Centrifuge.
6. Vortexer.
7. PBS, pH 7.4.
8. DMSO.

3. Methods
Cells (2 × 105/ml) are irradiated at 4–20 Gy [137Cs source, fixed dose rate of

2.8 Gy/min] (14) or treated with any of the DNA-damaging chemotherapeutic
agents, such as the topoisomerase inhibitor etoposide (VP16, 10 �M) (6,16).

3.1. Immunocytochemistry to Detect Active Caspase-3

Caspase-3, the major effector caspase, is one of the key executioners of
apoptosis. In response to an apoptotic signal, cleavage of inactive caspase-3
occurs mainly at the Asp175 residue, and thereby, being activated. A specific
antibody against active caspase-3 can be used to detect the apoptotic cells by
immunocytochemistry.

1. For plating cells for this experiment, we use glass coverslips (sterilized by dipping in
ethanol and passing through flame) that are placed into 6-well plates. Cells (1 × 105

cells/well) are seeded and grown overnight.
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2. Remove media and rinse cells with 1× PBS warmed to 37°C.
3. To fix the cells, add 1–2 ml 4% formaldehyde in PBS to each well. Incubate cells

to fix for 20 min at room temperature.
4. Wash each well with 1× PBS, three times for 5 min.
5. Incubate cells in blocking buffer for 5–10 min at room temperature.
6. Dilute the primary antibody (two primary antibodies could be added at the same

time, but they need to be of different origin; e.g., one rabbit and another mouse)
in 100–200 �l blocking buffer, according to the recommended dilution.

7. Use a different 6-well dish to incubate the cells with the antibodies. Soak filter
paper (3-cm diameter circles) in 1× PBS and place them into the wells; this is
necessary to maintain the humidity in the chamber. Put the coverslips on top of
the soaked filter paper. Add the primary antibody carefully to cover the entire
coverslip. Incubate at room temperature for 1–2 h.

8. Wash with 1× PBS for 5 min, three times, each well.
9. Add the secondary antibody (fluorochrome-conjugated) in blocking buffer and

incubate for 30–45 min at room temperature in the dark. For dual staining, the
fluorophores need to have different emissions spectra for each individual antibody
(e.g., FITC at 525 nM and phycoerythrin at 578 nM). There are a set of very
sensitive and stable Alexa dyes (Molecular Probes, now part of Invitrogen Corpo-
ration, CA, USA); consult The Handbook — A Guide to Fluorescent Probes and
Labeling Technologies for a comprehensive resource for fluorescence technology
and its applications (http://probes.invitrogen.com/handbook/).

10. Wash with 1× PBS for 5 min, three times, each well.
11. Pick up coverslips with a forceps and drain away excess 1× PBS.
12. For mounting, add a drop of Vectashield to a clean microscope slide and gently

lay the coverslip on top.
13. Remove excess Vectashield by blotting with Kimwipe and seal with nail polish.
14. After adding the secondary antibody, keep slides in the dark at all times. A similar

protocol can be used for tissue sections (see Note 1).
15. Store slides in a –20°C freezer.

3.2. Caspase-3 Activity Determination: Colorimetric Assay

A simple colorimetric assay can measure the release of the chromogenic
group from the synthetic substrate, most commonly pNA by activated caspases.
Ac-DEVD-pNA is most frequently used, with the cleaved pNA being monitored
colorimetrically through its absorbance at 405–410 nM. Although DEVD-
based substrates are called caspase-3-specific, they are in fact cleaved by most
caspases, with caspase-3 being the most efficient. In vitro titration experiments
and/or use of specific inhibitors may be required to distinguish the activity of
various caspases. Other DNA substrates are available for several other caspases.

1. Wash cells (1 × 106) with cold 1× PBS and resuspend them in 50 �l cold lysis
buffer, vortex, and keep on ice for 30 min.

http://probes.invitrogen.com/handbook/
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2. Centrifuge the cell lysates at 12,000 × g for 10 min at 4°C, collect the supernatant
in fresh tubes, and assay the protein concentration for each sample. Keep on ice.

3. To a 96-well plate, add reaction buffer, caspase substrate (100 �M final concen-
tration), and 20–50 �l cell lysates for a final 200 �l reaction volume.

4. Incubate samples at 37°C for 1–2 h and monitor the enzyme-catalyzed release of
pNA at 405 nM using a microtiter plate reader.

3.3. Immunoblot Detection of Active Caspase-3

In most cases, the 32-kDa protein procaspase (inactive caspase)-3 is activated
to active caspase-3 (p17 and p12) that can be detected by western blot analysis.
One of its many cellular substrates is PARP-1. In the apoptotic cells, PARP-1
(110 kDa) is cleaved to form two truncated fragments; most frequently, the
86-kDa fragment being detected by the available commercial antibodies.

3.3.1. Immunoblot Analyses

1. Collect the treated and untreated cells (1 × 106) by centrifugation (500 × g for
5 min). Decant the medium and resuspend the cell pellet in cold 1× PBS very
gently and spin it down (500 × g for 5 min). Decant the supernatant and repeat
the process one more time. Remove 1× PBS carefully without disturbing the cell
pellet.

2. Lyse the cells in a lysis buffer, with the cells incubated for 30 min on ice with
occasional vortexing.

3. Centrifuge the cells for 15 min at 15,000 × g and collect the supernatants.
4. Perform the protein estimation of these samples using a spectrophotometric method

using the Bio Rad Protein Assay reagent (working solution, 1:10 dilution) at
595 nM (1–2 �l sample will be mixed with 1 ml diluted Bio Rad Protein
Assay reagent) and measure the concentration of unknown samples from the BSA
standard curve (the curve can be drawn from the spectrophotometric readings of
known concentrations of BSA).

5. Load 50–100 �g proteins as well as the protein standard marker on an 8–12%
SDS–PAGE gel to separate the proteins under denaturing conditions.

6. Transfer the proteins to a nitrocellulose membrane by either the wet or the semi-dry
transfer method.

7. Block the membrane with 5% milk for 1 h at room temperature or overnight
at 4°C.

8. Incubate the membrane with primary antibodies (PARP-1 and active caspase-3)
for 2 h at room temperature or overnight at 4°C (following the company’s recom-
mended dilution) (see Note 2.)

9. Wash the blot three times with 1× PBST at room temperature at 10-min intervals.
10. Add the appropriate secondary antibody (anti-mouse or anti-rabbit depending on

the primary antibody) with a 1:2000 dilution to the blot and incubate for 1–1.5 h
at room temperature.
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11. Wash the blot five times with 1× PBST at room temperature at 10-min intervals.
12. Wash the blot with double-distilled water for a very short time to get rid of Tween

20 and develop it using chemiluminescent reagents, such as lumiglo or ECL,
following the company’s suggested protocol.

3.4. Fluorescein-Labeled CaspaTag Pan-Caspase In Situ Assay Kit

This is a useful approach to detect the active caspase in individual cells.
The methodology is based on the FLICAs. The inhibitors are cell permeable
and non-cytotoxic. This kit contains a carboxyfluorescein-labeled fluoromethyl
ketone peptide inhibitor of caspase (FAM-VAD-FMK), which generates a green
fluorescence. This probe covalently binds to a reactive cysteine residue on
the large subunit of the active caspase heterodimer, thereby inhibiting further
enzymatic activity after being taken up into cells. The green fluorescence
provides the direct measure of the active caspase present in the cell, and
it can be quantitated by flow cytometry, although it can be also analyzed
by immunofluorescence to provide information on single cells that can be
visualized by microscopy.

1. Transfer approximately 300 �l each cell suspension (∼106 cells) to sterile tubes.
2. Add 10 �l freshly prepared 30× FLICA reagent and mix cells by flicking the

tubes.
3. Incubate tubes for 1 h at 37°C under 5% CO2, protecting tubes from light. Swirl

tubes once or twice during this time to gently resuspend the settled cells.
4. Add 2 ml 1× wash buffer to each tube and mix gently.
5. Centrifuge the cells at 400 × g for 5 min at room temperature.
6. Remove the solution carefully and discard the supernatant. Gently vortex the cell

pellet to disrupt any cell-to-cell clumping.
7. Wash the cells with 1 ml 1× wash buffer.
8. Resuspend the cell pellet in 400 �l 1× wash buffer.
9. For bicolor analysis, add 2 �l PI solution to one cell suspension. Set aside a second

suspension without PI.
10. For single-color analysis, keep the samples on ice and analyze on the FL1 channel.

Otherwise, 40 �l fixative can be added and cells can be stored at 2–8°C, protected
from light. However, for bicolor analysis, cells to be analyzed with PI cannot be
fixed. Instead, they have to be analyzed immediately on the FL1 channel of FACS
for fluorescein and FL2 channel for red fluorescence (see Note 3).

4. Notes
1. Formalin-fixed and paraffin-embedded mouse (17) or patient-derived human (18)

tissue sections can be also examined. The slides are deparaffinized with xylene
and graded alcohol and treated with citrate buffer (pH 6) for 20 min for antigen
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retrieval before incubation with primary antibodies. Sections are counterstained
with hematoxylin before being examined under the microscope. Immunohisto-
chemistry for caspase-3 can be combined with the in situ detection of apoptotic
cells by terminal deoxynucleotide transferase-mediated dUTP nick-end labeling
(TUNEL) (18). TUNEL or Comet assays are methods that detect DNA strand
breaks that are associated with apoptosis. The samples are first immunostained for
caspase-3 and, after washing in PBS, with a horseradish peroxidase (HRP)-linked
secondary antibody. Immunoreactivity is visualized by a 10-min incubation with
the HRP substrate diaminobenzidine. After staining for caspase-3, the same slides
are then processed for in situ detection and localization of apoptosis at the level of
single cells. Sections are then stained with anti-fluorescein antibodies linked with
alkaline phosphatase, developed with Fast Red substrate and counterstained with
hematoxylin.

2. The molecular weight of native PARP-1 is 110 kDa and that of cleaved PARP-1 is
86 kDa. The molecular weight of procaspase-3 is 32 kDa, whereas active caspase-3
migrates at 17 as well as 12 kDa. Some antibodies recognize only the pro-form
of caspase-3, some recognize only the active form, and some can recognize both.
The primary antibodies can be reused for a couple of times if they are stored at
4°C in the presence of sodium azide (0.01%, w/v).

3. Flow cytometry analysis can be done with single-color (FLICA alone) or dual-
color staining (FLICA and PI). It is recommended that induced and non-induced
samples be run for each labeling condition (unlabeled, FLICA-labeled, PI-labeled,
and FLICA/PI-labeled).
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Flow Cytometry Enumeration of Apoptotic Cancer Cells
by Apoptotic Rate
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Summary

Most authors currently quantify the frequency of apoptotic cells in a given phenotypically
defined population after calculating the apoptotic index (AI), that is, the percentage of apoptotic
cells displaying a specific lineage antigen (LAg) within a population of cells that remain unfrag-
mented and retain the expression of the LAg. However, this approach has two major limitations.
First, apoptotic cells fragment into apoptotic bodies that later disintegrate. Second, apoptotic cells
frequently lose, partially or even completely, the cell surface expression of the LAg used for
the identification of specific cell subsets. This chapter will describe a flow cytometry method to
calculate the apoptotic rate (AR) that takes into account both cell fragmentation and loss of LAg
expression on measurement of apoptosis using flow cytometry ratiometric cell enumeration that
emerges as a more accurate method of measurement of the occurrence of apoptosis in normal
and tumoral cell cultures.

Key Words: Apoptosis; apoptotic rate; apoptotic index; cell enumeration; accurate apoptosis
measurement; microbeads; annexin V; antigen loss; cell fragmentation.

1. Introduction
1.1. Apoptosis Measurement

The initial methods developed for the in vitro quantification of apoptosis
measured phenomena associated with apoptosis in cultures at the population
level, such as the assessment of nucleosomal DNA fragmentation after gel
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electrophoresis (1–3). However, it soon became clear that individual cells
undergo apoptosis in a heterogeneous and asynchronous manner (4). It was
therefore realized that the accurate measurement of apoptosis required methods
that could identify apoptotic events at the single-cell level (5–11). These
methods revealed the heterogeneity of the apoptotic process to be correlated
with cell phenotype—at least to a certain extent (12). The ongoing development
of flow cytometric techniques eventually made it possible to simultaneously
identify and quantify apoptotic cells phenotypically defined by the expression
of their surface lineage antigens (LAgs).

The relevance of apoptosis has promoted active research into new methods
of detecting these subcellular lesions at the single-cell level in complex cell
mixtures both ex vivo and in cultured cells (5,7,13). A good example is the use
of annexin V for the detection of early apoptotic cells. In such cells, PS from
the inner side of the plasma membrane to the outer membrane leaflet, where
it becomes exposed (14–16). It can then be bound by annexin V, a phagocyte
membrane protein (17). The availability of fluorochrome-labeled recombinant
soluble annexin V provides a useful tool for detecting and quantifying early
apoptotic cells by flow cytometry (7,8,14). The annexin V-labeling method can
be improved by the staining with the vital dye 7-amino-actinomycin D (7AAD)
(11) to identify early and late apoptotic cells and necrotic ones. Cell washing,
and choice of resuspension buffer, can affect the accuracy of measurements of
apoptosis. It has been shown that wash cycles not only cause cell loss but also
affect the viability of cells as well as the precision of repeat measurements.
Therefore, wash cycles should be reduced to a minimum, which also reduces
the time required for sample preparation.

1.2. Discrimination Between Whole Cells and Cell Fragments
by Flow Cytometry

7AAD labeling can be used to discriminate between either viable and
apoptotic whole cells or cell fragments. Apoptosis led to the fragmentation
of apoptotic cells into apoptotic bodies under different culture conditions
(see Fig. 1). Compared with whole cells, apoptotic bodies are smaller, consistent
with the notion that one cell generates several apoptotic bodies. The inclusion
of the latter in the cell analysis gate, and their subsequent consideration as
apoptotic cells, results in an overestimation of the frequency of apoptosis,
and therefore, discrimination between cells and apoptotic bodies is critical for
accurate measurement of apoptosis.

As shown in Fig. 1, the discrimination between either viable and apoptotic
whole cells or cell fragments was achieved by the analyses of both their
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Fig. 1. Flow cytometry approach used to discriminate whole cells from apoptotic
bodies by gating in 7-amino-actinomycin D (7AAD)/FSC bivariate dot-plots. Freshly
purified CD19+ lymphocytes were labeled with CD19-APC, annexin V-FITC, and
7AAD. Flow cytometry analysis was performed before and after 24 h of culture. The
experiment was repeated six times. Panels A and B show SSC/FSC and 7AAD/FSC
bivariate contour plots of freshly purified B cells. Panels C and D show how whole
cells (R1) were differentiated from apoptotic bodies (R2, 7AAD−, and lower FSC
signal than the lower limit of the 7AAD+ apoptotic cells) through combined analysis
of the FSC/SSC/7AAD characteristic of the events measured.

bivariate profiles of size (FSC)/DNA staining with 7AAD (right panels) and
their FSC/granularity (SSC) distribution (left panels). Contour plots in the top
panels show that freshly purified CD19+ lymphocytes formed a homogeneously
sized population of viable cells that uniformly excluded 7AAD. After 24 h of
culture (bottom panels), both apoptotic cells and apoptotic bodies emerged, but
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the remaining subset of viable B cells maintain the characteristics from the
original fresh B lymphocytes, as they shared their FSC/SSC features (panel C)
and did not take up 7AAD (contour levels under viable cell arrows in the panels
C and D). In contrast, apoptotic cells showed a reduced FSC and a slightly
increased SSC (panel C) that was coincident with variable 7AAD staining
related to progression into late apoptosis(panel D). Finally, apoptotic bodies
showed markedly smaller FCS and SSC signals than did live or apoptotic whole
cells independently of their occasionally weak 7AAD staining (panels C and D).
Thereafter, an event was considered to correspond to a whole cell when it
provided an FSC signal greater than the lower limit of 7AAD+ apoptotic cells
(insert of continuous line boxes in bottom panels). Using these criteria, whole
apoptotic cells were clearly distinguishable from apoptotic bodies (inserts of
discontinuous line boxes in bottom panels).

1.3. Apoptosis Quantification

Most authors currently quantify the frequency of phenotypically defined
apoptotic cells after calculating the apoptotic index (AI), that is, the percentage
of apoptotic cells displaying a specific LAg within a population of cells that
remain unfragmented and retain the expression of the LAg (18–20). However,
this approach has two major limitations. First, apoptotic cells fragment into
apoptotic bodies that later disintegrate. This leads to an underestimation of the
percentage of apoptotic cells if the debris is excluded from the gates for cell
analyses or, alternatively, to the overestimation of apoptosis if several apoptotic
bodies derived from a single cell are misinterpreted as individual apoptotic
cells (21). Second, apoptotic cells frequently lose, partially or even completely,
the cell surface expression of the LAg used for the identification of specific cell
subsets (22–24); this means that the apoptotic cells from one phenotypically
defined cell subset that loss the expression of their characteristic LAg can no
longer be identified as targets in the apoptosis quantification, which leads to
miscalculations (25).

The limitations of current flow cytometric approaches for evaluating
apoptosis warrant the development of a new multiparameter method that
(i) identifies and quantifies cells suffering apoptotic lesions in earlier stages of
apoptosis, (ii) discriminates live, necrotic, and apoptotic cells in a time frame
within the death program that is well ahead of LAg loss and the generation of
cell debris, and (iii) extends AI to provide an estimate of the number of cells
that have undergone apoptosis and its relation to the number of seeded cells:
the apoptotic rate (AR).
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The AR overcomes the limitations of current flow cytometric techniques
that do not use internal standards to determine absolute numbers. In previ-
ously described methods (6,7,9–11), AI has been used to measure the
proportion of apoptotic cells in relation to the total number of detectable
cells in the test tube at the end point of the cell culture assay. The enumer-
ation of apoptotic cells by the AR reflects the proportion of cells that
have undergone apoptosis in relation to the total number of cells seeded at
the start point of the cell culture assay. This makes the estimation of the
incidence of apoptosis more valid, as current methods ignore late apoptotic
cells that have suffered LAg loss or fragmentation into apoptotic bodies.
Therefore, the AR is a more sensitive indicator of apoptosis than the widely
used AI.

The ability to accurately and sensitively determine the number and population
of cells undergoing apoptosis will allow great advances in evaluating new
therapies targeted at inducing or inhibiting apoptosis. In addition, it could
provide an early marker of therapeutic outcome, enabling clinicians to quickly
determine if, for example, a new chemotherapeutic agent is successfully
targeting neoplastic cells or if these are resistant to the therapy. The ease of
use of flow cytometric techniques allows apoptosis to be used as a clinical
parameter. Well-defined interpretations of results such as AR will help develop
the use of apoptosis as a marker in making clinical decisions.

A limitation of the proposed method is that AR can only be properly applied
in time frames in which the in vitro cell proliferation do not alter significantly
the number of cells in the culture. This time frame depends on the rate of
proliferation of the studied cells. If the cells do not proliferate (i.e., B-chronic
lymphocytic leukemia cells), then apoptosis can be measured by AR at 24 h
or even 48 h of culture. When cells proliferate vigorously (i.e., certain tumor
cell lines) is necessary to perform the apoptosis assays after shorter periods of
culture (3–6 h) to avoid interference of proliferative processes on the quantifi-
cation of cell loss by apoptosis. In any case, even in conditions in which
apoptosis and growth simultaneously occur, methods that enumerate apoptotic
cells provide more information than those that only provide relative proportions
of apoptotic cells.

In summary, apoptosis cannot be accurately quantified by simply taking
into account the percentage of cells that show apoptotic lesions. Single-cell
approaches must therefore be used with care if occurrence of apoptosis is to
be accurately evaluated and should take into account absolute cell enumer-
ation through the use of an internal microbead standard and the calculation of
the AR.
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2. Materials
2.1. Equipment

1. Sterile 50-ml conical tubes (Becton & Dickinson Biosciences, San José, CA).
2. 5-ml polystyrene round-bottom tubes 12 mm × 75 mm style (Becton & Dickinson

Biosciences).
3. 96-well flat-bottom culture plates (Sero-Wel, Viví Sterilin Ltd, Stone, Staffs, UK).
4. Neubauer chamber (Brand, Wertheim, Germany).
5. FACSCalibur flow cytometer (Becton & Dickinson Biosciences).

2.2. Reagents

1. RPMI 1640 (Biowhittaker Products, Verviers, Belgium).
2. Complete medium: RPMI 1640 supplemented with 10% heat-inactivated fetal calf

serum (Gibco, Grand Island, NY), 25 mM HEPES (Biowhittaker Products), and
1% penicillin–streptomycin (Biowhittaker Products).

3. 7AAD (Sigma, St. Louis, MO). Highly toxic.
4. Ca2+-binding buffer. Annexin V-binding buffer containing Ca2+ (HEPES 10 mM,

NaCl 150 nM, MgCl2 1 mM, CaCl2 1.8 mM, and KCl 5 mM; pH adjusted to 7.4;
Sigma).

5. Annexin V-FITC (Bender MedSystem, Vienna, Austria).
6. 6-�m CALIBRITE microbeads (Becton & Dickinson Biosciences).
7. Gelatin (Sigma).
8. Trypan blue (0.1%, Sigma). Highly toxic.
9. Staurosporine (0.5 × 10−6 M, Sigma). Highly toxic.

10. Cycloheximide (10−3 M, Sigma). Highly toxic.
11. Phytohemagglutinin (2 �g/ml, Difco Lab, Detroit, MI). Highly toxic.
12. T-Cell Expander (Dynal, Oslo, Norway).

3. Methods
The methods described below outline (i) preparation of the microbeads,

(ii) preparation of the cell suspension, (iii) preparation of the culture, (iv) prepa-
ration of the basal condition, (v) acquisition of cells after culture, and (vi) calcu-
lation of the AR.

3.1. Preparation of the Microbeads

One of the major problems of the use of microbeads in flow cytometric
enumeration of cells is the possibility of adherence. Owing to this, we need to
block the adherence of microbeads to both the tube and the own microbeads
by using gelatin in the solution used to dilute the microbeads. Another factor is
the sedimentation of microbeads in the tube. Just before adding the microbeads
to the cell sample, we need to vortex vigorously the microbead solution.
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1. In a 50-ml conical tube, prepare a volume (�l) of Ca2+-binding buffer equal to
100 × number of sample tubes we will use (see Note 1).

2. Add gelatin 0.05% (w/v).
3. Heat the tube in a thermal bath to 37°C for 30 min.
4. Keep at room temperature for 30 min.
5. Add CALIBRITE microbeads to the 50-ml tube to prepare a 1/100 (v/v) dilution.
6. Vortex the 50-ml tube during 1 min.
7. Storage at 4°C in a refrigerator until use.

3.2. Preparation of the Cell Suspension

A cell suspension of tumor cells in complete medium must be obtained. This
suspension could be homogeneous (i.e., tumoral cell line) or heterogeneous
(i.e., peripheral blood mononuclear cells from a patient suffering leukemia or
tumor cells obtained from a tumor biopsy). All the protocol must be performed
using sterile material in a laminar flow chamber.

1. Take 20 �l cell suspension and dilute it with 20 �l trypan blue (see Note 2).
2. Mix gently and count the viable cells (cells without blue staining) in a Neubauer

chamber.
3. Adjust the cells to a cell concentration of 0.5 × 106 viable cells/ml.

3.3. Preparation of the Culture

1. Add 100 �l complete medium into three wells (triplicate) in 96-well flat-bottom
culture plates (see Note 3) and into three 5-ml polystyrene round-bottom tubes.

2. Add 100 �l diluted cells into the wells with complete medium (see Note 4) and
into three 5-ml polystyrene round-bottom tubes to make the basal condition.

3. Culture the plate at 37°C in 5% CO2 (see Note 5).

3.4. Preparation of the Basal Condition

1. Add to the tubes a combination of monoclonal antibodies labeled in FL-2
(i.e., phycoerythrin) and FL-4 (i.e., allophycocyanin) (see Note 6).

2. Incubate cells at 4°C in the dark for 20 min.
3. Centrifuge cells at 300 × g and 4°C for 5 min and decant the supernatant

(see Note 7).
4. Resuspend cells and add 100 �l Ca2+-binding buffer.
5. Add 6 �l annexin V-FITC diluted 1/5 in Ca2+-binding buffer at 4°C in the dark for

10 min.
6. Add 100 �l prepared microbeads (remember to make a vigorous vortexing of the

microbead solution before adding it to the cell suspension).
7. Add 100 ml 7AAD diluted in Ca2+-binding buffer to a final concentration of

2.5 �g/ml and wait for 3–5 min (see Note 6).
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8. Acquire the cell tubes in a four-color flow cytometer (see Note 8). Make a cell
gate around microbeads and adjust the number of acquired microbeads (i.e., 2000
microbeads) to simplify the calculations to obtain the AR.

3.5. Acquisition of Cells After Culture

1. Take out the volume of each well with a micropipette (see Note 9) and add it into
5-ml polystyrene round-bottom tubes.

2. Prepare the 24 h condition like in Subheading 3.4 (see Note 10).

3.6. Calculation of the AR

The calculation of AR consists of two sequential steps. First, the number
of events corresponding to cells that have finished the apoptotic process and
have undergone fragmentation into apoptotic bodies or have completely lost
the expression of surface markers is calculated from the difference between the
number of events corresponding to seeded cells and that of cells that remain
in culture and are LAg+ after challenge. Second, we sum to this number the
number of events corresponding to annexin V+ cells and calculate the apoptosis
occurrence with respect to the total number of seed cells.

1. NFC = NSC −NRC�
where NFC, events corresponding to fragmented cells or that completely lost the
expression of their LAg; NSC, events corresponding to seeded cells; and NRC, events
corresponding to remaining cells, which includes both annexin V+ and annexin V−

cells.
2. The AR is then calculated by the following equation (see Notes 11 and 12):

AR = NAV +C +NFC

NSC
�

where NAV+C, events corresponding to the number of annexin V+ cells.

4. Notes
1. Prepare an extra 10% more volume that we will need to be sure that we will have

enough volume for all the tests if any problem arises. The minimum volume we
must prepare is 10 ml because less volume can not be shaken properly. Do not
use microbeads prepared since 10 or more days ago.

2. If we have an excessive number of cells per count chamber field, we can dilute the
cells in trypan blue until obtain the proper dilution. A cell count per field between
30 and 120 cells allows accurate counting.

3. This is to measure spontaneous apoptosis. We can induce apoptosis by a
several kind of apoptogens such as etoposide, staurosporine, or cycloheximide or
even study the activation-induced cell death induced by phytohemagglutinin or
microbeads coated with anti-CD3 and anti-CD28 antibodies.
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4. Critical step. It is very important to seed cells carefully because it affect so much
to cell enumeration.

5. The time of culture should be adjusted depending on the apoptosis and cell growth
properties of the tumor cells in culture. If the cells grow quickly, then the time
frame to measure apoptosis should be sorter.

6. If we want to make several different labeling of the cells with different combina-
tions of antibodies, we must prepare three culture wells and three 5-ml polystyrene
round-bottom tubes for each combination to assess the precision of apoptosis
measurement. If we do not want to label with 7AAD, then we can add an additional
monoclonal antibody labeled in FL-3 channel (i.e., peridinin chlorophyll protein
conjugate).

7. Critical step. It is very important to decant cells carefully because it affect so
much to cell enumeration because of cell loss.

8. We can label the cells with more or less fluorochrome-labeled antibodies
depending on the technical characteristics of our flow cytometer.

9. Critical step. It is very important to take out cells carefully because it affect so much
to cell enumeration because of cell loss. We must take out all the volume of the well.

10. It is critical to use for all the tests for a given experiment the same microbead
solution for the reference of the ratiometric enumeration.

11. It should be noted that we can calculate the AR of a cell subpopulation defined
by the expression of a cell marker and not only the total AR.

12. It is possible to make a more immediate calculation of AR using the next equation:

AR = NSC −NVC

NSC
�

where NSC, events corresponding to seeded cells; and NVC, events corresponding
to viable cells after culture (number of annexin V− cells).

References
1. Wyllie, A.H. (1980) Glucocorticoid-induced thymocyte apoptosis is associated

with endogenous endonuclease activation. Nature, 284, 555–556.
2. Russell, J.H. and Dobos, C.B. (1980) Mechanisms of immune lysis. II. CTL-

induced nuclear disintegration of the target begins within minutes of cell contact.
J. Immunol., 125, 1256–1261.

3. Cohen, J.J. and Duke, R.C. (1984) Glucocorticoid activation of a calcium-
dependent endonuclease in thymocyte nuclei leads to cell death. J. Immunol., 132,
38–42.

4. Khong, H.T. and Restifo, N.P. (2002) Natural selection of tumor variants in the
generation of “tumor escape” phenotypes. Nat. Immunol., 3, 999–1005.

5. Darzynkiewicz, Z., Juan, G., Li, X., Gorczyca, W., Murakami, T. and Traganos, F.
(1997) Cytometry in cell necrobiology: analysis of apoptosis and accidental cell
death (necrosis). Cytometry, 27, 1–20.



32 Diaz et al.

6. Herault, O., Colombat, P., Domenech, J., Degenne, M., Bremond, J.L., Sensebe, L.,
Bernard, M.C. and Binet, C. (1999) A rapid single-laser flow cytometric method
for discrimination of early apoptotic cells in a heterogeneous cell population.
Br. J. Haematol., 104, 530–537.

7. van Engeland, M., Nieland, L.J.W., Ramaekers, F.C.S., Schutte, B., and
Reutelingsperger, C.P.M. (1998) Annexin V-affinity assay: a review on an
apoptosis detection system based on phosphatidylserine exposure. Cytometry, 31,
1–9.

8. Vermes, I., Haanen, C., Steffens-Nakken, H., and Reutelingsperger, C.P.M. (1995)
A novel assay for apoptosis. Flow cytometric detection of phosphatidylserine
expression on early apoptotic cells using fluorescein labelled annexin V. J. Immunol.
Methods, 184, 39–51.

9. Gorczyca, W., Gong, J., and Darzynkiewicz, Z. (1993) Detection of DNA strand
breaks in individual apoptotic cells by the in situ terminal deoxynucleotidyl trans-
ferase and nick translation assays. Cancer Res., 52, 1945–1951.

10. Gong, J., Traganos, F., and Darzynkiewicz, Z. (1994) A selective procedure for
DNA extraction from apoptotic cells applicable for gel electrophoresis and flow
cytometry. Anal. Biochem., 218, 314–319.

11. Schmid, I., Krall, W.J., Uittenbogaart, C.H., Braun, J., and Giorgi, J.V.
(1992) Dead cell discrimination with 7-aminoactinimicin D in combination with
dual color immunofluorescence in single laser flow cytometry. Cytometry, 13,
204–208.

12. Pantaleo, G., Graziosi, C., Demarest, J.F., Butini, L., Montroni, M., Fox, C.H.,
Orenstein, J.M., Kotler, D.P., and Fauci, A.S. (1993) HIV infection is active and
progressive in lymphoid tissue during the clinically latent stage of disease. Nature,
362, 355–358.

13. Ashkenazi, A. and Dixit, V.M. (1998) Death receptors: signaling and modulation.
Science, 281, 1305–1308.

14. Koopman, G., Reutelingsperger, C.P.M., Kuijten, G.A., Keehnen, R.M., Pals, S.T.,
and van Oers, M.H. (1994) Annexin V for flow cytometric detection of
phosphatidylserine expression on B cells undergoing apoptosis. Blood, 84,
1415–1420.

15. Devaux, P.F. (1991) Static and dynamic lipid asymmetry in cell membranes.
Biochemistry, 30, 1163–1173.

16. Zachowski, A. (1993) Phospholipids in animal eukaryotic membranes: transverse
asymmetry and movement. Biochem. J., 294, 1–14.

17. Fadok, V.A., Voelker, D.R., Campbell, P.A., Bratton, D.L., Cohen, J.J.,
Noble, P.W., Riches, D.W., and Henson, P.M. (1993) The ability to recognize
phosphatidylserine on apoptotic cells is an inducible function in murine bone
marrow-derived macrophages. Chest, 103, 102.

18. Potten, C.S. (1996) What is an apoptotic index measuring? A commentary.
Br. J. Cancer, 74, 1743–1748.



Accurate Measurement of Apoptosis 33

19. Darzynkiewicz, Z. and Traganos, F. (1998) Measurement of apoptosis. Adv.
Biochem. Eng. Biotechnol., 62, 33–73.

20. Darzynkiewicz, Z., Bedner, E., Traganos, F., and Murakami, T. (1998) Critical
aspects in the analysis of apoptosis and necrosis. Hum. Cell, 11, 3–12.

21. Prieto, A., Díaz, D., Barcenilla, H., García Suárez, J., Reyes, E., Monserrat, J.,
San Antonio, E., Melero, D., de la Hera, A., Orfao, A., and Álvarez Mon-Soto, M.
(2002) Apoptotic rate: a new indicator for the quantification of the occurrence of
apoptosis in cell culture. Cytometry, 48, 185–193.

22. Potter, A., Kim, C., Golladon, K.A., and Rabinovith, P.S. (1999) Apoptotic human
lymphocytes have diminished CD4 and CD8 receptor expression. Cell. Immunol.,
193, 36–47.

23. Philippé, J., Louagie, H., Thierens, H., Vral, A., Cornelissen, M., and De Ridder, L.
(1997) Quantification of apoptosis in lymphocyte subsets and effect of apoptosis
on apparent expression of membrane antigens. Cytometry, 29, 242–249.

24. Diaz, D., Prieto, A., Barcenilla, H., Monserrat, J., Prieto, P., Sanchez, M.A.,
Reyes, E., Hernandez-Fuentes, M.P., de la Hera, A., Orfao, A., and Alvarez-Mon, M.
(2004) Loss of lineage antigens is a common feature of apoptotic lymphocytes.
J. Leukoc. Biol., 76, 609–615.

25. Prieto, A., Reyes, E., Diaz, D., Hernandez-Fuentes, M.P., Monserrat, J., Perucha, E.,
Munoz, L., Vangioni, R., de la Hera, A., Orfao, A., and Alvarez-Mon, M.
(2000) A new method for the simultaneous analysis of growth and death of
immunophenotypically defined cells in culture. Cytometry, 39, 56–66.





4

Detection of Cancer-Related Proteins in Fresh-Frozen
Ovarian Cancer Samples Using Laser Capture
Microdissection
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Summary

Tumors are heterogeneous structures that contain different cell populations. Laser capture
microdissection (LCM) can be used to obtain pure cancer cells from fresh-frozen cancer tissue
and the surrounded environment, thus providing an accurate snapshot of the tumor and its
microenvironment in vivo. We describe a new approach to isolate pure cancer cell population and
evaluate protein expression. The process includes immunocytochemistry, laser microdissection,
and western blot analysis. Using this technique, we can detect proteins such as X-linked inhibitor
of apoptosis protein (XIAP) and Fas ligand (FasL) with as little as 1000 cells.

Key Words: Laser capture microdissection; ovarian cancer; MyD88; XIAP; FasL.

1. Introduction
Proteomics has emerged as the most important tool to study biological

processes in both physiological and pathological circumstances (1). However,
the task of studying the proteome has its share of challenges. Proteomic analysis
techniques are most accurate when applied to homogenous cell populations,
and growing cells in culture is the most commonly used method to procure a
pure population of cells. Cancer cells in vivo, however, are incorporated in the
complex tissue architecture of the tumor. As a result, they will change their
protein expression in different environments or even during different life-cycle
stages (2).
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Several methods have been developed in an attempt to characterize and
measure the fluctuations of protein expression in normal or diseased heteroge-
neous tissues.

In 1996, Michael Emmert-Buck and colleagues at the National Institutes of
Health in Bethesda, MD, developed the laser capture microdissection (LCM)
system as a method to isolate specific types of cells from complex multi-cellular
structures, such as tissues (3).

Basically, the LCM consists of a microscope attached to a low-power laser:
infrared (cold) laser for the system developed by PixCell–Arcturus or ultraviolet
(cutting) laser for the Leica and P.A.L.M. systems. Tissue sections are mounted
on glass slides. The slides are either precovered with a transparent polyethylene
film (Leica) or an ethylene-vinyl acetate film is placed over the dry sections
(Arcturus). A cell or cluster of cells is selected under the microscope, and then
a focused pulse laser delivers thermal energy that melts the plastic film. When
applying LCM to fresh-frozen or paraffin-embedded specimens, the original
tissue morphology is preserved and contamination from surrounding unwanted
cells is avoided. The process does not influence the quantity or quality of
proteins contained in the specimen. As a matter of fact, LCM can be used to
isolate single living cells from culture. The film with the procured cell(s) is
collected into buffer for processing. Proteins expressed by these cells can be
identified using amplification techniques or gel-based methods (4).

One limitation of the LCM system is that it cannot procure the same amount
of cells that can be obtained from cell culture. However, it is a much faster
method and provides an accurate live snapshot of the cells and their microenvi-
ronment. The precision of the LCM is limited in unstained or hematoxylin and
eosin (H&E)-stained tissues because of the difficulty in identifying different
cell types and structures by morphology alone. This obstacle can be overcome
by utilizing immunostaining protocols that allow clear identification of the
desired cell types.

Most tumors analyzed in our studies were heavily infiltrated with immune
cells. We have successfully utilized and recommend CD45 (panleukocyte
marker) immunohistochemistry (IHC) staining to identify and then isolate
immune cells from cancer cells. As an alternative, we have also used IHC
staining for the CK-7 antigen, but this is appropriate only for epithelial cancers.

The focus of our study is ovarian cancer, which is the fourth leading cause
of cancer-related deaths in women in the United States and the leading cause
of gynecologic cancer deaths. The high mortality rate is related to the inability
to detect early disease, when treatments are most effective. As a result, approx-
imately 80% of patients are diagnosed with advanced stage disease (5,6).
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The method outlined in this chapter describes the detection of three proteins,
X-linked inhibitor of apoptosis protein (XIAP) (7), Fas ligand (FasL) (8,9),
and human myeloid differentiation factor 88 (hMyD88) (10–12) in epithelial
ovarian cancer cells. These proteins represent the spectrum of protein expression
from highly expressed (XIAP and FasL) to limited expression (hMyD88). This
method, however, has many applications and can be used for the detection of
other proteins as well.

The methods outlined below are utilized for

1. Collection, freezing, and storage of tissue specimens,
2. Preparation of the sample to be analyzed,
3. Preparation of the slides,
4. IHC staining,
5. Obtaining pure cancer cells by LCM,
6. Lysis of the dissected cells, and
7. Western blot analysis of the specimen.

2. Materials
2.1. Equipment

1. LCM system (Leica Microsystems Wetzlar GmbH, Wetzlar, Germany) equipped
with VSL-337ND-S N2 laser.

2. Cryomolds, intermediate size recommended (Miles, Elkhart, IN).
3. Microtome for cryosections.
4. Leica PEN-covered slides (Microdissect GmbH, Mittenaar, Germany) (see Fig. 1A).
5. Liquid blocker PAP pen (Daido Sangyo, Tokyo, Japan).
6. 0.5-ml PCR tubes.
7. Kodak Image Station 2000R (Eastman Kodak Company, Rochester, NY) and Kodak

Molecular Imaging Software (see Note 1).
8. Non-sterile forceps and scalpel.
9. Staining dishes.

Fig. 1. Slide for sample collection and microdissection.
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2.2. Reagents

2.2.1. Reagents for Tissue Preparation

1. Tissue-Tek Optimum Cutting Temperature (OCT) Compound (Sakura Finetek USA,
Torrance, CA).

2.2.2. Antibodies and Reagents for Immunocytochemistry

1. Double-distilled water (ddH2O).
2. Bovine serum albumin (BSA; Sigma Aldrich, St. Louis, MO).
3. Mouse anti-human leukocyte common antigen CD45 (Dakocytomation, Carpin-

teria, CA).
4. Mouse anti-human cytokeratin-7 (Dakocytomation).
5. Biotinylated anti-mouse IgG (H+L) secondary antibody made in horse (Vector

Laboratories, Burlingame, CA).
6. Streptavidin–horseradish peroxidase (HRP) conjugate (Zymed, San Francisco, CA).
7. Diaminobenzidine tetra hydrochloride (DAB).
8. Tris [hydroxymethyl] aminomethane (American Bioanalytical, Natick, MA).
9. Mayer’s hematoxylin (Sigma Diagnostics, St. Louis, MO).

10. Hydrogen peroxide (H2O2).
11. Ammonium hydroxide (NH4OH).
12. Histosolve (Shandon, Pittsburgh, PA).
13. Ethanol (ETOH) 95%.
14 Triton X-100 (Sigma Aldrich).

2.2.3. Reagents for Cell Lysis

1. Lysis buffer [2.5% SDS, 10% glycerol, 5% �-mercapto-ethanol, 0.15 M Tris
(pH = 6.8), and 0.01% bromophenol blue].

3. Methods
3.1. Collection and Freezing of the Specimen

1. Transport tumor tissue from the operating room in normal saline.
2. Examine tumor tissue obtained at the time of surgery and trim macroscopic necrosis

areas or non-cancerous looking tissue.
3. Avoid unnecessary manipulation or crushing of the specimen, as this will impede

the IHC staining (see Note 2).
4. Place the tissue in labeled cryovials, again, without excessive manipulation.
5. Immerse the cryovials in liquid N2.
6. Store at –80°C.
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3.2. Sample Preparation

1. Remove the cryovials from the freezer and hold it in the palm for approximately
20 s, until the tissue can be retrieved from inside the vial.

2. Avoid excessive probing of the specimen while attempting to extract it from the
cryovial.

3. Cut a 3–4 mm thick section with the scalpel and position it at the center of the
cryomold (see Fig. 2).

4. Pour OCT over the specimen and freeze.

3.3. Slides Preparation

See Note 3 for details before we begin:

1. Leave the specimens in the cryostat for approximately 30 min, so they reach the
cryostat chamber’s temperature (we recommend –16 to –20°C).

2. Cut 8-�m sections without using the anti-roll bar and collect them on the slide
using a soft brush.

3. Once a slide is full with tissue sections, fix the specimen in 95% ETOH for 30 s
(see Note 4).

4. After fixing in ETOH, let the slides air-dry. If they will not be used immediately,
place in airtight container and freeze without washing the OCT. When ready to use,
just let them get to room temperature, wash the OCT with ddH2O, and follow the
protocol as for fresh sections.

A B

Fig. 2. Tissue preparation for sections. (A) Cutting a small sample. (B) Preparation
in optimum cutting temperature (OCT).
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5. If more than one slide will be prepared, fix each one and wash in ddH2O to remove
the OCT as soon as the tissue is cut. Then they can be placed in the moisture
chamber to wait while the other slides are getting ready.

3.4. Immunostaining Protocol for Fresh-Frozen Sections
in Preparation for LCM

3.4.1. Before Starting

For steps that use reagents other than ETOH, ddH2O, or Histosolve, no
staining dishes are needed. All reagents can be applied with a pipette, thus
saving materials and time.

Antibody incubation should be accomplished in a moisture chamber.

1. Fix specimens in ETOH 95% for 30 s.
2. Wash slides in ddH2O to remove the OCT from the slides.
3. If not prepared before microtome cutting, ring area around sections with a PAP

pen to preserve the amount of antibodies and reagents used.
4. Quench for endogenous peroxidase activity with 0.1% H2O2 in 0.1 M PB for

10 min.
5. Wash 3× with wash buffer (0.1 M PB + 0.01% Triton X-100).
6. Add 3% BSA (made in wash buffer) for 20 min to block for non-specific

background.
7. Pour off the 3% BSA and add the primary antibodies (dilution 1:150 in 1%

BSA/wash buffer).

a. For CK-7, incubate for 2 h.
b. For CD-45, incubate for 1 h.
c. For CD-14, incubate for 1 h.

8. Wash sections with wash buffer 3× (2–3 min each).
9. Incubate with biotin-labeled secondary antibodies made in 1% BSA/wash buffer

in a 1:200 dilution for 30 min.
10. Wash 1× with wash buffer, then 2× with 0.1 M Tris, pH 7.5.
11. Incubate with streptavidin–HRP for 30 min in a 1:300 dilution made in 0.1 M

Tris, pH 7.5.
12. Wash 3× with 0.1 M Tris, pH 7.5.
13. Develop color with DAB in 0.1 M Tris, pH 7.5 (100 �l DAB in 1 ml Tris); add

0.03% H2O2 just before use (25 �l 0.03% H2O2 to 5 ml DAB/Tris).
14. Wash 2× with ddH2O.
15. Counterstain with hematoxylin; blue with NH4OH water.
16. Dehydrate in 95% ETOH for 15 min, let air-dry (2–3 min), and immerse in

Histosolve for 15 min.
17. Air-dry for 15 min.
18. Wrap in plastic foil and store at –20°C.
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3.5. LCM—Obtaining Pure Cancer Cells

3.5.1. Before Starting

If the slides were stored wrapped in foil at –20°C, allow them to get to room
temperature before unwrapping. The following steps are described for those
using a Leica Laser Microdissector.

1. Turn on the LCM system and only then launch the software by clicking “Leica
Laser Microdissection” in the start menu or desktop. Switch on the Laser. It is not
recommended to leave the Laser on for extended periods of time if the system is
idling.

2. Place the slides inverted into the removable specimen holder (the side containing
the tissue is facing down: non-contact method).

3. On the computer screen, from the “Options” tab, select “Settings” and then “Object
counting.” Enter the desired diameter in the provided field. This will calculate the
number of objects within the outlined area. Recommended diameter: 25 �m. For
ease of calculating the total number of cells selected, the box that displays the
number of cells can be exported to Excel.

4. Select the drawing mode. The “Select” key needs to be pressed. The options are
“Single shape” and “Multiple shapes.” The latter allows us to work faster. The
“Multiple shapes” mode also allows us to allocate different caps/wells to different
areas, if so desired. However, do not select more than five or six shapes outside
the viewable screen or else the selected areas will shift.

5. Check the “Close line(s)” option in the “Draw shape” box on the screen with the
“Select” key pressed. Otherwise, “Object counting” will not work.

6. If the Laser beam is out of focus, initiate the autocalibrating sequence and follow
the instructions on the screen (use the “Laser” tab, then “Calibrate”).

7. For best results when cutting, we recommend the following settings (use the
“Laser” tab, then “Control”):

a. Aperture 4–6.
b. Intensity highest 46.
c. Speed 4–5.

8. Set the “Cut shape(s)” to standard mode.
9. Set the microscope objective to ×20 or ×40 magnification.

10. Load the PCR tubes into the LCM holder (see Fig. 3).
11. Load the tube cap(s) with 30 �l sample buffer [2.5% SDS, 10% glycerol, 5%

�-mercapto-ethanol, 0.15 M Tris (pH = 6.8) and 0.01% bromophenol blue]. Load
slowly, without creating too many bubbles. When cutting is completed, add another
20 �l. It is important to work fast, as the buffer evaporates almost completely
after 2–3 h in an open cap. This is why we recommend working with maximum
two collection caps at a time.
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Fig. 3. Holders and tubes for sample collection.

12. Use the “Draw” option with the “Line” button activated. Trace the area that
we want to dissect with the mouse cursor. Areas that are outside the viewable
screen can be brought into view and then selected after moving the slide with
the Smartmove controls. However, do not move the XY axis Smartmove controls
during drawing of an area.

3.6. Documentation

We recommend that we document our work and save representative images
(see Figs 4 and 5). This is easily accomplished by using the “Save” button.

3.7. Cell Lysis

1. Once the desired number of cells is dissected (we recommend 6000 cells for MyD88
and 1000 cells for XIAP or FasL) and another 20 �l SDS sample buffer are added
to the cap, remove the PCR tube from the holder and close the cap.

2. Spin the tubes for few seconds and let them stand for 2–3 h. The SDS buffer will
prevent degradation of proteins.

3. After a short centrifugation, submit the samples to five cycles of freezing (liquid
N2) and thawing (95°C), followed by boiling for 5 min.

4. Cool on ice and centrifuge again for 2 min.
5. Samples can be stored at –80°C until further use. Protein of interest can be visualized

by western blot (see Fig. 6).
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A B

C

Fig. 4. Placenta samples for microdissection. (A) Prior cutting. (B) Cutting of the
stroma. (C) Cutting of the cytotrophoblast.

Fig. 5. Sections microdissected and collected in Ependorf tubes.
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FasL p37

1 2 3 4

Fig. 6. Western blot analysis of microdissected cells. 1, 500 cells; 2, 1000 cells; 3,
3000 cells; 4, 5000 cells.

Highly expressed proteins such as XIAP and FasL can be detected in as little
as 1000 cells, whereas MyD88 requires samples of 5000 cells.

4. Notes
1. This equipment is required only if digital imaging is preferred over standard

photographic film.
2. The tissues should be frozen no longer than 20–25 min following removal from

the patient.
3. Not all frozen samples are suitable for LCM. They may contain too much necrosis

or too little cancer cells. To avoid a lengthy preparation of unusable samples, we
recommend an H&E stain on regular glass slides before fixing the tissue sections
on PEN-covered slides. A good section contains large sheets of tumor cells. This
simple step will save our hours spent with the microdissector. Also, this is the last
time the PEN-covered slides will be dry, so it is much easier now to score the
margins with a PAP pen.

4. Fix every specimen as soon as the slide is full. Avoid spending more than a few
minutes to fill up a slide. If the cut specimens are unsatisfactory, the PEN-covered
slides can be recovered by washing them very gently under running water with a
gloved finger. Rinse and dry. Do not blot, as this will puncture the very thin film
covering the slides. Slides cannot be recovered once staining is completed.
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Flow Cytometric Detection of Activated Caspase-3

Richard Fox and Martine Aubert

Summary

Apoptosis (programmed cell death) is an active process that plays a critical role in multiple
biologic processes from embryologic development, to lymphocyte development and selection,
and homeostasis. The two major mechanisms of cell death are referred to as the intrinsic and
extrinsic pathways. These pathways lead to a cascade of events that ultimately converge to
the activation of an effector enzyme, caspase-3. Caspase-3 is a cysteine protease with aspartic
specificity and a well-characterized effector of apoptosis or programmed cell death signaling.
The pro-form of caspase-3 (p32 caspase-3) is sequestered as a zymogen, where upon proteolysis
at a conserved DEVD sequence, is converted to the active (p17 caspase-3) enzyme capable of
disassembling the cell. Cell death can become disregulated under various conditions and multiple
disease states (e.g., viral infection, carcinogenesis, and metastasis). Sensitive and reproducible
detection of active caspase-3 is critical to advance the understanding of cellular functions and
multiple pathologies of various etiologies. Here, we provide two simple and reproducible methods
to measure active caspase-3 in multiple cell types and conditions using a flow cytometric-based
analysis.

Key Words: Apoptosis; caspase-3; immunofluorescence staining, flow cytometry.

1. Introduction
Apoptosis or programmed cell death can occur in a cell for a multitude of

reasons from embryologic development to host immune responses. Apoptosis
is an evolutionary conserved and genetically programmed process in multi-
cellular organism as observed in Caenorhabditis elegans that results in the
systematic disassembly and recycling of a cell (1,2). A tremendous amount
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of research has dissected much of the signaling that results in apoptosis (3).
Several measurable changes are known to occur in dying cells. Notably, the cell
begins to shrink because of loss of cytoskeletal and structural proteins (4–6),
the nucleus condenses as a result of lamin cleavage (7), DNA fragmentation
occurs at histone sites (3,8,9), phosphatidylserine translocates to the outside of
the cell because of ATP depletion (10), and so on. All those morphological
and biochemical characteristics defining cell death are the result of a well-
orchestrated cascade of events.

There are two basic mechanisms for the induction of apoptosis, the extrinsic
pathway (death receptor mediated) and the intrinsic pathway (regulated at
the level of the mitochondria) (see Fig. 1) (2,11). The extrinsic pathway of

Fig. 1. Schematic of convergent extrinsic and intrinsic apoptosis signaling to
caspase-3. The extrinsic pathway of apoptosis signals through cell surface molecules
like Fas/FasL resulting in the recruitment of the Fas-associated death domain (FADD).
FADD associates with Fas and recruits pro-caspase-8. This active complex is referred
to as the death-inducing signaling complex (DISC). Caspase-3 becomes active, and
cell death occurs. The intrinsic pathway occurs following loss of mitochondrial trans-
membrane potential (MTP) resulting in the release of cytochrome-c into the cytoplasm.
Cytochrome-c complexes with the cytoplasmic protein Apaf-1 and pro-caspase-9
forming the apoptosome that results in activation of caspase-3.
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apoptosis is death receptor mediated through cell surface molecules such as
Fas and TRAIL (see Table 1). Ligation of a given surface molecule by a
cognate ligand results in the recruitment to the receptor of molecules such as
the Fas-associated death domain (FADD) leading to the subsequent recruitment
of pro-caspase-8 (an initiator cysteine protease) that becomes proteolized and
activated. This active complex is referred to as the death-inducing signaling
complex(DISC) (12).Activecaspase-8can thenproteolyticallyprocessadditional
caspases such as caspase-3 and amplify the signaling resulting in the systematic
disassembly and recycling of the cell (see Fig. 1, extrinsic stimuli).

The intrinsic pathway is regulated at the level of the mitochondria. The
mitochondria serves as a sensor as well as an executioner of cell death
(11,13). Loss of mitochondrial transmembrane potential (MTP) results in the
release of cytochrome-c into the cytoplasm. Cytochrome-c complexes with
the cytoplasmic protein Apaf-1 and pro-caspase-9 forming the apoptosome.
Activation of the apoptosome eventually results in the downstream activation

Table 1
Apoptosis Inducers

Apoptosis inducer Nature and/or function Apoptotic pathway References

Anti-CD95 Recognizes CD95
(Fas and Apo-1), a
transmembrane protein

Death receptor
pathway

20

Tumor necrosis
factor-� (TNF-�)

Pleiotropic
inflammatory cytokine

Death receptor
pathway

21

TRAIL (Apo2L) TNF-related
apoptosis-inducing
ligand

Death receptor
pathway

22

Etoposide (VP-16) Topoisomerase II
inhibitor

Mitochondrial
pathway

23

Valinomycin Potassium ionophore Disrupt
mitochondrial
potential

24

Dexamethasone Anti-inflammatory
glucocorticoid

Mitochondrial
pathway

25

Staurosporine Inhibitor of a variety of
kinases

Mitochondrial
pathway

26

Doxorubicin Anthracycline antibiotic Mitochondrial
pathway

27
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of the effector caspase, caspase-3, and subsequent disassembly of the cell (see
Fig. 1, intrinsic stimuli).

Both of these pathways result in the activation of caspase-3: a critical and
often defining event in the process of apoptosis. Caspase-3 is a cysteine protease
with aspartic specificity and is a well-characterized effector of programmed cell
death signaling. Activation of caspase-3 results in the systematic disassembly
of the cell through proteolytic cleavage of a multitude of substrates such as
Rho-kinase (ROCK-1), an enzyme required for apoptotic body formation or
the blebbing phenomenon observed in apoptotic cells (14,16). The central role
of caspase-3 makes it a likely target to determine whether cells are undergoing
apoptosis upon stimulation with pro-apoptotic agents. In this chapter, two
staining protocols are described for the detection of activated caspase-3 by flow
cytometry (see Note 1.

2. Materials
2.1. Equipment

1. 15-ml polystyrene conical tubes (BD Biosciences, San Jose, CA, USA).
2. 5-ml polystyrene round-bottom tubes (BD Biosciences, San Jose, CA, USA).
3. Flow cytometer equipped with a 488-nm argon laser and a 530-nm bandpass (BP)

filter for optimal detection of FITC in FL1 or a 585-nm BP filter for optimal
detection of PE in FL2. For allophycocyanin (APC), a flow cytometer with a He–Ne
laser at 633 nm and a filter with a 660-nm BP are recommended for optimum
detection of this fluorochrome.

2.2. Reagents

1. Phosphate-buffered saline (PBS): Dulbecco’s PBS without CaCl2 and without
MgCl2.

2. 2% paraformaldehyde solution stored at 4°C ≤1 month protected from light. 2 g
paraformaldehyde (electron microscopy grade, Polysciences, Warrington, PA, USA)
in 100 ml PBS. Adjust the pH to 7.2 with 0.1 M NaOH or 0.1 M HCl. To dissolve
paraformaldehyde, heat the solution to 70°C (without heating above 70°C) in a
fume hood for approximately 1 h (see Note 2). Cool to room temperature before
adjusting the pH.

3. 0.2% Tween solution is made by diluting Tween 20 (Sigma, St Louis, MO, USA)
in PBS, store at 4°C ≤1 month.

4. 0.1% Tween solution obtained by diluting the 0.2% Tween solution in PBS.
5. Anti-active caspase-3 antibodies are obtained from BD Pharmingen San Jose, CA,

USA: rabbit anti-active caspase-3 polyclonal antibody (cat. no. 557035), FITC-
conjugated rabbit anti-active caspase-3 monoclonal antibody (cat. no. 559341), and
PE-conjugated affinity purified polyclonal rabbit anti-caspase-3 (cat. no. 557091).
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6. APC-conjugated F(ab´)2 fragment donkey anti-rabbit IgG (H+L) (cat.
no. 711-136-152) is obtained from Jackson ImmunoResearch Laboratories, West
Grove, PA, USA.

7. Normal donkey serum (cat. no. 017-000-001) is obtained from Jackson ImmunoRe-
search Laboratories.

8. Staining solution: 0.1% NaN3, 1% BSA in Dulbecco’s Hanks’ balanced salt solution
(HBSS) without CaCl2, without MgCl2, and without MgSO4, store at 4°C ≤1 month.

3. Methods
3.1. Induction of Apoptosis

In Table 1 are a few examples of reagents capable of inducing apoptosis.
To test whether a cell type is capable of undergoing apoptosis, the cells can
be treated with various reagents known to induce apoptosis. The choice of the
reagents should be determined by the nature of the cells (e.g., hematopoietic
and epithelial), their origin (normal tissue or tumor), and the ability of
the different reagents to induce apoptosis. In addition, to identify apoptotic
pathways that may be impaired, the choice of the apoptosis inducer will be
essential. Some reagents such as anti-Fas antibodies will trigger the death
receptor/extrinsic pathway, whereas other reagents such as staurosporine will
activate the mitochondrial/intrinsic pathway.

3.2. Detection of Activated Caspase-3 Indirect Staining

1. Collect 5 × 105 to 1 × 106 cells (see Note 3) into a 15-ml conical tube (see
Note 4).

2. Resuspend the cell pellet in 1 ml 2% paraformaldehyde solution.
3. Incubate for 20–30 min on ice. The cells can be stored after this step overnight at

4°C if needed (see Note 5).
4. Centrifuge 300 g for 5 min at room temperature; discard the solution.
5. Resuspend the cell pellet in 0.5 ml 0.2% Tween solution.
6. Incubate for 15 min at 37°C to permeabilize the cells.
7. Centrifuge 300 g for 5 min at room temperature; discard the solution.
8. Wash with 1 ml PBS.
9. Centrifuge 300 g for 5 min at room temperature.

10. Resuspend the cell pellet with 50 �l staining solution and add 0.5 �l (0.25 �g)
rabbit anti-active caspase-3 polyclonal antibody (for the minimum amount of
antibody needed, see Note 6).

11. Incubate for 30 min at room temperature; cover in the dark.
12. Add 1 ml PBS and pellet the cells at 300 g for 5 min at room temperature.
13. Resuspend the cell pellet in 50 �l staining solution and add normal donkey serum

at 1:50 dilution (same dilution as the secondary antibody, see Note 7).
14. Incubate for 10 min at room temperature.
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15. Add 1 ml PBS and pellet the cells at 300 g for 5 min at room temperature.
16. Resuspend the cell pellet with 50 �l staining solution and add donkey APC-

conjugated anti-rabbit antibody.
17. Incubate for 30 min at room temperature in the dark.
18. Add 1 ml 0.1% Tween solution.
19. Centrifuge 300 g for 5 min at room temperature; discard the solution.
20. Add 200–400 �l staining solution and transfer to a 5-ml round-bottom tube.
21. Analyze the cells using a flow cytometer with a He–Ne laser at 633 nm and a

filter with a 660-nm BP for optimum detection of APC fluorochrome (see Note 8
and Fig. 2 for an example of expected results).

3.3. Detection of Activated Caspase-3 by Direct Staining

1. Proceed as described in Subheading 3.2 from steps 1 to 9.
2. Resuspend the cell pellet in 50 �l staining solution + 10 �l FITC-conjugated

anti-active caspase-3 or 10 �l PE-conjugated anti-active caspase-3 (see Note 9).
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Fig. 2. Flow cytometric detection of activated caspase-3 after indirect and direct
staining. (A) Human fibroblasts either treated with 1 �M staurosporine (+STS) for 10
h or left untreated (–STS) were stained for active caspase-3 using the indirect method
with the rabbit anti-active caspase-3 antibody and allophycocyanin (APC)-conjugated
anti-rabbit antibody (left panels) or the direct staining method with the FITC-conjugated
anti-active caspase-3 antibody (right panels). (B) Jurkat cells either treated with 1 �M
staurosporine (+STS) for 3 h or left untreated (–STS) were stained for active caspase-3
using the direct method with the PE-conjugated anti-caspase-3 antibody. The percentage
of apoptotic cells is indicated in the upper right corner.
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3. Incubate for 30–60 min at room temperature in the dark.
4. Add 1 ml 0.1% Tween solution.
5. Centrifuge 300 g for 5 min at room temperature; discard the solution.
6. Add 200–400 �l staining solution and transfer to a 5-ml round-bottom tube.
7. Analyze the cells by flow cytometry (see Note 8). The analysis will be done in FL1

channel for FITC or FL2 channel for PE (see Fig. 2 for an example of expected
results).

4. Notes
1. In this report, we are describing two alternate protocols for the detection

of activated caspase-3 by flow cytometry. The first procedure described in
Subheading 3.2 gives the advantage of being able to choose a fluorophore that is
not FITC or PE. In this report, we chose APC as an alternate fluorophore. This is
particularly useful if we are studying other cell marker(s) in addition to activated
caspase-3 and are required to use multiple fluorophores. The second method
in Subheading 3.3 is a one-step labeling protocol as FITC- or PE-conjugated
antibody is used. Both methods are suitable for the simultaneous study of other
cellular markers either surface or internal molecules. In the case of the study of a
surface maker in addition to active caspase-3, the cell will have to first be stained
for the cell surface molecule prior to proceeding with one of the two protocols.
Additionally, in some cases, one protocol gives a better staining results than the
other one, as demonstrated in Fig. 2 for human fibroblasts. These protocols have
been successfully adapted and applied to the measure of T-cell-mediated cytotox-
icity (17–19).

2. Pure preparations of paraformaldehyde are recommended for best results. Formic
acid may be generated from formaldehyde by exposure to excess heat and light
and can be present in some commercially available solutions that also can contain
methanol as a stabilizing agent if not buffered. Both formic acid and methanol can
have a negative effect on the structures of intracellular antigens. Paraformaldehyde
solution stored at 4°C in the dark is stable for about 1 month as long as a pH of
approximately 7.2 is maintained.

3. For cells in suspension, collect the cells by centrifugation (300 g for 5 min) and
wash the cell pellet with PBS. For adherent cells, either trypsinize or scrape the
cells into the medium using a rubber policeman, collect the cells by centrifugation
(300 g for 5 min), and wash the cell pellet with PBS.

4. The entire procedure can be performed in 5-ml polypropylene round-bottom tube.
5. The cells can be stored overnight at 4°C at this step after centrifugation (300 g

5 min) and resuspension of the cells in PBS. No negative effect or change in the
labeling was observed when doing so.

6. We have determined for our cell line (primary human fibroblasts) that the minimum
amount of anti-active caspase-3 antibody we could use and still retain a good
staining is 0.5 �l (0.25 �g) with a 30-min incubation. The amount of anti-active
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caspase-3 antibody was decreased to 0.25 �l (0.125 �g) with the incubation time
increased to 45 min.

7. This step was recommended by the manufacturer of the secondary antibody
(Jackson ImmunoResearch Laboratories) to decrease potential background. It was
omitted for several experiments without any obvious increase of background.

8. If needed, the cells could be stored overnight (up to 16 h) at 4°C in the dark in
the staining solution before to be analyzed by the flow cytometry.

9. We have used 10 �l those antibodies with 5 × 105 to 1 × 106 cells with good
success. However, the manufacturer recommends using 20 �l/1 × 106 cells.
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The ChemoFx® Assay: An Ex Vivo Chemosensitivity
and Resistance Assay for Predicting Patient Response
to Cancer Chemotherapy

Stacey L. Brower, Jeffrey E. Fensterer, and Jason E. Bush

Summary

The ChemoFx® Assay is an ex vivo assay designed to predict the sensitivity and resistance
of a given patient’s solid tumor to a variety of chemotherapy agents. A portion of a patient’s
solid tumor, as small as a core biopsy, is mechanically disaggregated and established in primary
culture where malignant epithelial cells migrate out of tumor explants to form a monolayer.
Cultures are verified as epithelial and exposed to increasing doses of selected chemotherapeutic
agents. The number of live cells remaining post-treatment is enumerated microscopically using
automated cell-counting software. The resultant cell counts in treated wells are compared with
those in untreated control wells to generate a dose-response curve for each chemotherapeutic
agent tested on a given patient specimen. Features of each dose-response curve are used to
score a tumor’s response to each ex vivo treatment as “responsive,” “intermediate response,” or
“non-responsive.” Collectively, these scores are used to assist an oncologist in making treatment
decisions.

Key Words: Chemosensitivity and resistance assay (CSRA); primary tissue culture; person-
alized medicine; cancer; ex vivo chemoresponse.

1. Introduction
Unfortunately, one in three Americans will develop cancer during their

lifetime. Although many advances have been made in detecting, diagnosing,
and treating cancer, chemotherapy (the primary means of treatment) is only
effective in approximately one-fourth of those treated. The use of ineffective
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chemotherapy can lead to unnecessary toxicity and costs, delay of more effective
treatment, and the potential for the development of cross-resistance to additional
therapies. The ability to individualize therapy by providing the treating oncologist
with ex vivo response information on a panel of chemotherapeutics agents aids in
selecting between therapeutically equivalent treatment options and provides hope
for more effective therapy and improved outcomes (1).

The ChemoFx® Assay is an ex vivo assay in which the tumor cells, excised
from individual cancer patients and grown in primary culture as a monolayer,
are challenged with a variety of chemotherapeutic agents over a range of
concentrations (2,3,4,5,6). The ChemoFx® Assay is predicated on the biological
phenomenon that, for cells that grow adherent in culture as a monolayer, cells
lose their adherent qualities and lift off from the culture surface when they
die (see Note 1). Resistance to chemotherapy cannot be predicted by either
clinical or histological examination. Historically, the ex vivo sensitivity and
resistance of tumor cells has been evaluated as a tool for predicting the clinical
response of the patient to therapy (7). Chemoresponse assays that have been
developed to determine sensitivity and/or resistance of tumor cells can be
grouped into three broad categories: (i) indirect assays that measure cellular
metabolic activity (e.g., through ATP utilization) (8), (ii) indirect assays that
measure incorporation of a radioactive precursor (such as 3H-thymidine) (9),
and (iii) assays that quantify cell effects by direct visualization of cells following
exposure to the anti-cancer agents. The ChemoFx® Assay is an example of the
third category of assays.

Although there are other chemosensitivity and resistance assays (CSRAs)
that have the same underlying premise of predicting patient response to
chemotherapy (10,11), the ChemoFx® Assay offers many advantages over these
commercial and research-based assays (see Table 1). Notably the ChemoFx®

Assay requires a minimum of 35 mg of tissue for testing; this is approxi-
mately a 30-fold reduction over the minimum requirement of other CSRAs
and allows for testing of tissue obtained from less-invasive procedures such
as vacuum-assisted and core needle biopsies. The ChemoFx® Assay utilizes a
proprietary cell-culture process to ensure the isolation and growth of malignant,
epithelial cells, thereby ensuring that the assay results pertain only to the cells
of interest (cancer cells) and not to normal, non-malignant cell types. Finally,
the ChemoFx® Assay is able to provide the prescribing oncologist with infor-
mation regarding the tumor’s sensitivity and resistance to the agents that have
been tested. This is accomplished through the use of a wide range of drug
concentrations which allows the generation of a full dose-response curve. Other
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Table 1
Comparison of Other Chemosensitivity and Resistance Assays (CSRAs)
(Past and Present) with The ChemoFx® Assay

Other CSRAs The ChemoFx® Assay

1–2 g required 35 mg required
Test all cells received Test epithelial cells
Labor-intensive, highly variable Automated, reproducible
Resistance only Sensitivity and resistance
Single-point threshold Dose-response curve
Low yield High accessibility (>90%)
Long turn around time 2–3 week turn around time
Single-drug therapies Combination therapies
Non-proprietary Patent protected
Low amounts of clinical data supporting Retrospective and on-going prospective

claims trials to further demonstrate claim

CSRAs use only one or a few drug concentrations, and they can only comment
on drug resistance, and not sensitivity.

2. Materials
2.1. Tissue Culture

1. Tissue culture media:

a. McCoy’s 5A (Mediatech, Herndon, VA).
b. RPMI 1640 (Mediatech).
c. Mammary epithelial growth media (MEGM; Cambrex, Walkersville, MD).
d. Bronchial epithelial growth media (BEGM; Cambrex).

2. Fetal bovine serum (FBS; Hyclone, Logan, UT).
3. Hanks’ balanced salt solution (HBSS; Mediatech).
4. Trypsin/EDTA (Mediatech).
5. Antibiotics/antimycotics:

a. Penicillin–streptomycin solution (Mediatech).
b. Gentamicin reagent solution (Invitrogen Corporation, Grand Island, NY).
c. Fungisone (Invitrogen Corporation).
d. Cipro® I.V. (ciprofloxacin) (Oncology Therapeutics Network, South San

Francisco, CA).
e. Nystatin (Sigma-Aldrich, St. Louis, MO).
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6. PureCol™ (Inamed Biomaterials, Fremont, CA).
7. Cell-culture flasks (Greiner, Falcon, and PGC Scientifics, Frederick, MD).
8. Sterile scalpels (#10 and #11 blades).

2.2. Immunocytochemistry

1. Mouse monoclonal antibodies:

a. Negative control mouse IgG1 and IgG2a (DakoCytomation, Carpinteria, CA).
b. Anti-cytokeratin 20 (DakoCytomation).
c. Anti-cytokeratin (CAM 5.2) (BectonDickinson, San Jose, CA).
d. Anti-cytokeratin 7 (BioGenex, San Ramon, CA).
e. Anti-cytokeratin AE1/AE3 (Chemicon, Temecula, CA).
f. Anti-fibroblast antigen (Calbiochem, San Diego, CA).

2. Goat anti-mouse antibody conjugated to Alexa Fluor® 488 (Molecular Probes,
Carlsbad, CA).

3. Tris-buffered saline (TBS; Sigma).
4. Methanol (VWR International, West Chester, PA).
5. Terasaki 60-well microtiter plates (PGC Scientifics).

2.3. Assay

1. 384-well microtiter plates (Costar and VWR International).
2. Deep-well basins (DOT Scientific, Burton, MI).
3. 2.2 ml 96-deep-well plates (VWR International).
4. Anti-cancer agents (Oncology Therapeutics Network).
5. Ethanol, anhydrous, 95% fixing grade (VWR International).
6. 4´,6-diamidino-2-phenylindole (DAPI; Molecular Probes).

2.4. Equipment

1. Class IIB laminar flow hoods.
2. CO2 incubators.
3. Fluorescence microscope (Carl Zeiss MicroImaging, Thornwood, NY, USA).
4. Image analysis microscope and software (Olympus, American, Center Valley,

PA, USA).
5. Oasis LM1200 liquid handler (Dynamic Devices, Newark, DE).

3. Methods
The methods described herein detail the process of the ChemoFx® Assay

from the time of receipt of the specimen through the interpretation of
assay results. The ChemoFx® Assay is applicable to solid tumor specimens;
fluid specimens (ascites and pleural fluid) are also acceptable (see Note 2).
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Specimens submitted for testing should be representative of the tissue submitted
for pathologic examination, placed immediately into media, and shipped
overnight (see Note 3).

3.1. Accessioning, Explanting, and Initiating Culture

Upon receipt, the specimen is initially examined for size/volume, potential
contamination, and other indications of proper shipping conditions such as
temperature and number of days in transit. In addition, a pathology report from
the requesting institution must be sent as soon after receipt of the specimen as
possible. The pathology report is necessary to confirm a malignant diagnosis
and the tissue of origin of the tumor.

3.1.1. Processing Solid Tumor Specimens

1. Pour the shipping media from the specimen bottle and evenly distribute into two
50-ml conical tubes, leaving the solid tumor in the bottle.

2. Centrifuge the shipping media at 800×g for 3 min.
3. Carefully decant and discard the supernatant without disturbing the cell pellet.

This may be done through pouring or using a pipet.
4. Resuspend the cell pellets in an appropriate volume of cell culture media and

transfer to the appropriate-sized culture flask (see Notes 4–6).
5. Transfer the pellet flask to the incubator (37°C, 5% CO2) for maintenance.
6. Under a laminar flow hood, remove the solid tumor from the specimen bottle and

transfer to a sterile culture dish. If needed, sterile forceps may be used to assist
(see Note 7).

7. Using disposable, sterile scalpels, mince the tumor into the smallest explants
possible (ideally 1 mm3 pieces).

8. Based on the size of the tumor, determine how many culture flasks will be needed
(see Notes 8).

9. Using a 25 ml serological pipet, transfer the appropriate volume of the appropriate
type of media to the culture dish containing tumor explants (see Notes 9 and 10).

10. Using a swirling motion, create a slurry of media and tumor explants, then evenly
transfer to the desired culture flasks.

11. Swirl to evenly distribute the explants on the bottom of each flask.
12. Tilt each flask at a slight angle for 10–20 min, allowing the media to pool at the

bottom edge while leaving the tissue explants to adhere to the growth surface of
the flask. Do not allow explants to dry out.

13. Carefully return each flask to a horizontal position so that the adhered explants
are not dislodged.

14. Transfer all explant flasks to the incubator (37°C, 5% CO2) for maintenance.
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3.1.2. Processing Fluid Specimens

1. Swirl and/or invert the fluid specimen container to resuspend the cells into solution.
2. Evenly distribute the entire contents of the container into two conical tubes (either

50 or 200 ml, depending on volume of specimen).
3. Centrifuge the fluid specimen at 400×g for 10 min.
4. Carefully decant and discard the supernatant without disturbing the cell pellet. This

may be done through pouring or using a pipet.
5. Resuspend the cell pellets in an appropriate volume of cell culture media and

transfer to the appropriate size culture flasks (see Notes 6 and 11).

3.2. Monitoring and Maintaining Cultures

3.2.1. Examination of Cultures

1. Inspect media in culture flasks for color. All media used in the assay contain phenol
red as an indicator of pH. Neutral pH results in a red color. If media have a yellow
(acidic pH) or pink (alkaline pH) color, the media should be changed (see Note 12).

2. Inspect media in culture flasks for turbidity or cloudiness. Turbid culture medium
is an indication of microbial contamination.

3. Under at least ×20 magnification, inspect more closely for contaminants such as
bacteria, yeast, or fungus (see Note 13). If contamination is suspected, the culture
may be placed in antibiotic cell culture media (see Note 7).

4. Inspect the growth surface of each flask for cell growth. Gently slide flask back
and forth to determine whether cells have adhered to the bottom of the flask.

5. Determine and record the percentage of the total culture surface area (confluency)
that is covered with adherent cells.

6. Observe the morphology of cells adherent to the flask. Note whether the cells appear
to be fibroblastic (elongated, spindle-shaped, densely-packed “swirls”) or epithelial
in nature.

3.2.2. Flask Actions

Once all flasks for each culture have been read, there are a variety of actions
that may result.

1. Regardless of the color and quality of the cell culture media, it should be changed
(decanted and replaced with an equal volume of fresh media) at least once a week.

2. If little or no growth is seen in a flask, the percentage of FBS in the media may be
increased (e.g., from 2 to 5% FBS).

3. If there is a mixed population of fibroblast and epithelial cells, the flask should
undergo differential trypsinization (see Note 14).

4. If enough epithelial cells are present (see Note 15), the culture can be prepared for
plating for the assay.
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3.3. Plating Cultures

3.3.1. Trypsinization and Counting

1. Examine cultures for confluency and the presence of debris and/or contamination
and general health of the cells.

2. Pour off the growth medium and any remaining explants and rinse each flask
at least once with HBSS (without calcium and magnesium) to rinse the cell
monolayer and remove any debris.

3. Pipet an appropriate amount of trypsin (0.25% with EDTA) into each flask
(see Note 16) and swirl to ensure complete coverage.

4. Monitor for cell detachment under the microscope. If cells are not lifting off,
gently strike the side of the flask. If still no detachment, place the flask in the
incubator (37°C, 5% CO2) for 30 s to 1 min. Continue cycles of striking the flask
and placing it in the incubator until the cells detach. In between each step, monitor
the flask under the microscope.

5. Once all cells have detached, add trypsin neutralizer to the flask (approximately
twice the volume of trypsin that had been added to that flask). Using a pipet, rinse
the flask several times.

6. Transfer the cell suspension to a 15 ml conical tube and centrifuge at 800 × g for
3 min.

7. Discard the supernatant carefully so as not to disturb the cell pellet.
8. Resuspend the cell pellet in 1.0 ml appropriate growth medium.
9. Remove 30 �l well-mixed cell suspension and transfer to 1 well of a 96-well

plate. Add 30 �l trypan blue and mix thoroughly.
10. Fill both sides of hemacytometer with 10 �l cell suspension/trypan blue mixture

and transfer to the microscope stage.
11. Count the number of viable (clear) cells in each of five squares on each side of

the hemacytometer (10 squares total).
12. The cell concentration is determined using the following equation:

Total number of viable cells in 10 squares

10
×2×10� 000 = Number of cells/ml

3.3.2. Plating Cells for the Assay

1. Dilute the cell suspension to obtain a concentration of 40,000 cells/ml.
2. Dispense 20 �l of 40,000 cells/ml suspension into each of at least four wells of

a Terasaki plate. Place plate in incubator for 24 h. This plate will be used for
immunocytochemistry (see Subheading 3.4.).

3. From the 40,000 cells/ml suspension, further dilute to create an 8000 cells/ml cell
suspension.

4. After thorough mixing, transfer the cell suspension to a sterile eight-row basin and
place it in the appropriate position on the liquid handler deck. Also place an empty
384-well plate(s) on the deck.
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5. After selecting the appropriate plating program, dispense 40 �l cell suspension into
each well of a 384-well plate using the liquid handler. For each drug treatment,
a total of 33 wells will be used (10 drug concentrations and 1 untreated control, all
done in triplicate).

6. Transfer the plates containing cells to the incubator (37°C, 5% CO2) for 24 h to
allow the cells to attach to the bottom of each well before treatment.

3.4. Immunocytochemistry

The malignant cell type expressed in solid tumor adenocarcinomas is the
epithelial cell. The other major cell type present in solid tumors is the non-
malignant stromal fibroblast. Morphologically, epithelial cells can be of almost
any size and shape, whereas fibroblasts are generally elongate, spindle-shaped,
and often grow in “swirls.” As cell morphology alone cannot definitively
distinguish cell type, fluorescence-based staining for cytokeratins has been used
as a marker to identify epithelial cells (fibroblasts do not express cytokeratins)
(see Fig. 1).

3.4.1. Fluorescence Staining of Cultures

At the time of plating for the assay, trypsinized cultures are also plated for
immunocytochemistry analysis (see Subheading 3.3.2.).

1. After a 24 h incubation period to allow for complete cell attachment, retrieve
immunocytochemistry (Terasaki) plates from the incubator and rinse by flooding
the plates with HBSS. This is done carefully so as not to disrupt the cells from
the plate surface.

Fig. 1. Representative epithelial cell staining as determined by immunocytochem-
istry. Phase-contrast microscopy (left panel) shows the morphology of the cells being
grown. Fluorescence microscopy (right panel) shows epithelial cell detection after
immunofluorescence staining for detection of the cytokeratins.
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2. Gently pour off HBSS and “fix” the cells by flooding each plate with 100%
methanol (which has been stored at –20°C) for 10 min.

3. Gently pour off methanol and flood each plate with TBS to rinse off excess
methanol. Then pour off TBS, invert plate on absorbent pad, and strike plate
gently twice against the pad to remove excess TBS from the wells.

4. To the appropriate wells, add 10 �l each diluted primary antibody (see Note 17).
Incubate at room temperature for 60 min.

5. After primary antibody incubation, rinse each plate thrice by flooding with TBS,
agitating briefly, and pouring TBS off. After all of the rinses have been completed,
pour off the TBS and then invert the plates and strike gently twice on an absorbent
pad to remove excess TBS from the wells.

6. Add 10 �l diluted secondary antibody (goat anti-mouse IgG conjugated to Alexa
Fluor® 488) to each well that had primary antibody. Incubate for 30–60 min at
room temperature in the dark. The fluorescent tag on the secondary antibody is
light sensitive.

7. After secondary antibody incubation, rinse each plate thrice by flooding with TBS,
agitating briefly, and pouring TBS off. After all the rinses have been completed,
pour off the TBS and then invert the plates and strike gently twice on an absorbent
paper towel to remove excess TBS from the wells.

8. Flood each plate with DAPI (diluted 1:1000 in TBS) for 10 min at room temper-
ature in the dark. DAPI is light sensitive.

9. Pour off DAPI solution and quickly rinse twice with TBS or tap water.
10. Flood each plate with TBS and store at 4°C until viewing under

microscope.

3.4.2. Reading and Interpreting Results

1. Under ×10 magnification, view the stained wells for each specimen under phase
and fluorescence to approximate the percentage of cells that stain positively for
each primary antibody or cocktail of antibodies (see Note 18).

2. If at least 65% of the cells in a given culture stain positively for cytokeratins, then
that specimen is deemed suitable to testing in the assay.

3. If less than 65% of the cells stain positively for cytokeratins, then that specimen is
not appropriate for use in the assay, and it is terminated (see Note 19).

3.5. Preparing, Applying, and Removing Anti-Cancer Agents

3.5.1. Preparation of Anti-Cancer Agents

Anti-cancer agents are supplied in a variety of forms. For this application,
lyophilized powder and liquid drug are most commonly used. Lyophilized
powder agents are reconstituted to a concentrated form using sterile technique
with the diluent recommended by the manufacturer; liquid drugs are already
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in their concentrate form. Never using more than a 1:50 dilution, drug concen-
trates go through a series of dilutions to bring them to the highest drug dose
(i.e., dose 10) used in the assay. For higher throughput applications, a large
batch (50 ml) of dose 10 may be prepared and stored at –80°C in aliquots
of 1.5 ml each. The length of time of storage at –80°C without compro-
mised drug activity must be individually determined for each anti-cancer
agent.

3.5.2. Dilution and Application of Anti-Cancer Agents

1. Obtain a dose 10 frozen aliquot of each agent needed from the –80°C freezer and
thaw at room temperature.

2. Under a laminar flow hood, aliquot 1.5 ml of each dose 10 into a separate well in
column 11 of a 96-deep-well plate.

3. Place a sterile cover over the deep-well plate and transfer to the liquid handler,
placing the plate in its appropriate location.

4. After selecting the appropriate dilution program, dispense the appropriate volume
of media into wells 1–10 in each row of the deep well plate that contains a dose 10
aliquot using the liquid handler.

5. Then perform serial dilutions of each drug using the appropriate dilution factor
and adequately mixing each dose throughout the process by the liquid handler. In
total, 10 drug doses are created. The 11th well contains only media for control well
treatment.

6. After all drugs have been diluted (see Note 20), using a multichannel pipet tip head,
aspirate an appropriate volume of each dose of each drug and then dispense 40 �l
each dose into each replicate of the patient cells that have been plated using the
liquid handler. This yields a total volume of 80 �l in each well of the 384-well
plate (see Fig. 2).

7. Once all drugs have been applied, cover the 384-well plate with its sterile lid,
remove from the liquid handler, and place in an incubator (37°C, 5% CO2)
for 72 h.

3.5.3. Removal of Anti-Cancer Agents

1. Retrieve the appropriate plate from the incubator and place in the appropriate
position on the deck of the liquid handler. Remove the lid of the plate.

2. Fill one deep-well basin approximately half full with HBSS, and fill a second one
approximately half full with 100% ethanol.

3. Place basins in the appropriate positions on the deck of the liquid handler.
4. After selecting the appropriate fixing program, remove the anti-cancer agents using

the liquid handler and then add 70 �l HBSS to each well.
5. Then remove the HBSS and add 70 �l ethanol to each well.
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10 20 30 40 50 60 70 80 90 01 11 21 31 41 51 61 71 81 91 02 12 22 32 42
A
B 0 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 01 01
C 0 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 01 01
D 0 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 01 01
E 0 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 01 01
F 0 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 01 01
G 0 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 01 01
H 0 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 01 01
I 0 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 01 01
J 0 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 01 01
K 0 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 01 01
L 0 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 01 01
M 0 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 01 01
N 0 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 01 01
O 0 1 2 3 4 5 6 7 8 9 01
P

egasoDgnisaercnI
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Fig. 2. Layout of a typical 384-well plate used in the ChemoFx® Assay. Each
color represents a different agent or combination of agents. The dose 10 concentration
range for each treatment has three replicates. In total, up to nine treatments can be
included on one plate. Any unused wells are filled with Hanks’ balanced salt solution
(HBSS).

6. Fix the cells in the ethanol for at least 10 min. Plates can be stored in ethanol at room
temperature for an extended period of time; additional ethanol should be added to
the plates to prevent them from drying out. Remove the ethanol immediately before
DAPI staining.

3.6. Staining and Automated Cell Counting

1. Fill one deep well basin approximately half full with DAPI (diluted 1:1000 in TBS),
and fill a second one approximately half full with sterile water.

2. Place basins in the appropriate deck positions on the deck of the liquid handler.
3. Retrieve fixed 384-well plates and place them in the appropriate deck positions on

the deck of the liquid handler. Remove plate lids.
4. After selecting the appropriate staining program, remove the ethanol using the liquid

handler and then add 70 �l DAPI solution to each well.
5. Incubate with DAPI for at least 10 min. Plates can be stored with DAPI at 4°C for

several days.
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Fig. 3. Representative 4´,6-diamidino-2-phenylindole (DAPI)-stained control (left
panel) and treated (right panel) wells following ex vivo chemotherapy treatment. The
survival fraction (SF) is determined by direct cell counting:

SF = Treated well cell counts
Control well cell counts

= 276
1604

= 0�17

6. Immediately before scanning, place plates on the liquid handler deck for
automated removal of the DAPI solution and add 70 �l distilled water to each
well.

7. Place each plate onto the deck of the scanning station. The scanning station consists
of an inverted fluorescence microscope interfaced with a computer containing image
analysis software. The scanning station also contains a camera equipped to capture
and save acquired images.

8. Automatically scan each well of the plate. Parameters are optimized to
detect, enumerate, and store the number of DAPI-stained nuclei in each well
(see Fig. 3).

3.7. Interpreting Results

For each dose of a drug treatment and the corresponding untreated control
wells for that treatment, the average cell counts from each drug dose is divided
by the average cell counts from corresponding control wells. The resultant
survival fraction (SF) represents the percentage of cells killed at each drug
dose. The SF (y-axis) and drug dose (x-axis) are plotted against one another to
form a dose-response curve that is unique to each specimen and drug treatment
(see Fig. 4). The features of each dose-response curve are then used to score
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Fig. 4. Dose-response curve that represents the survival fraction (SF) at each drug
dose compared with the corresponding untreated control wells.

a tumor’s response to each ex vivo treatment as “responsive,” “intermediate
response,” or “non-responsive.” Collectively, these scores are used to assist an
oncologist in making treatment decisions.

As with any biological model system, it is essential to understand and correct
for (as much as possible) the inherent variability in and effect of perturbations
on that system. Extensive studies have explored these features of the ChemoFx®

Assay (see Notes 21–23).

4. Notes
1. Using a combination of CalceinAM (taken up by live cells) and ethidium

homodimer-2 (taken up by dead cells) fluorescent dyes, it has been shown that less
than 2% of the cells that have lifted off of the microtiter plate at the conclusion
of the assay are alive.

2. The ChemoFx® Assay has not been optimized for use with leukemias and
lymphomas.

3. Specimens must be shipped fresh and kept cool with 4°C cold packs. Frozen or
fixed tissue cannot be used in the described assay.

4. Cell culture media is chosen according to the tumor type. For example, MEGM
is used for breast specimens, and BEGM is used for lung specimens.
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5. Typically, a T25 flask is adequate for the pellet. For this size flask, approximately
2.5 ml media should be used for resuspending the pellet. Alternatively, if the pellet
is unusually small, resuspend in 1.0 ml media and establish in a T12.5 culture
flask.

6. Culture flasks may be coated with PureCol™ to promote adherence to the culture
surface.

7. Specimens that are potentially contaminated must be washed and initiated in
culture using antibiotic/antimycotic media as described below:

a. Cell pellets from shipping media are resuspended and incubated for 15 min
(with rocking) with 5–20 ml antibiotic wash solution (150 U/ml penicillin–
streptomycin, 40 �g/ml ciprofloxacin, 100 �g/ml gentamicin, 0.25 �g/ml
amphotericin B, 100 U/ml nystatin in HBSS). Pellets are then centrifuged and
established in culture using antibiotic cell culture medium (50 U/ml penicillin–
streptomycin, 20 �g/ml ciprofloxacin, 80 �g/ml gentamicin, 100 U/ml nystatin
in appropriate media) in place of regular growth medium for up to 3 days.

b. After mincing solid specimens, resuspend explants in 5–20 ml antibiotic wash
solution, transfer to a 50-ml conical tube, and incubate (with rocking) for 15
min. Centrifuge, discard supernatant, and resuspend in the appropriate volume
antibiotic cell culture media. Follow same process for establishing explants in
culture.

c. Cultures should remain in antibiotic media for up to 3 days with no indication
of contamination before transfer to regular media. The amount of time in
antibiotic media should be limited as antibiotics can be toxic to the cultures.

8. Explants should cover 30–50% of the culture surface of each flask.
9. A 25 ml serological pipet works best because it has the widest mouth. In using

smaller pipets, explants of a larger size may not be able to be transferred.
10. Suggested media volumes for explant attachment and tumor cell outgrowth are

T12.5, 0.75–1.0 ml; T25, 1.5–2.0 ml; T75, 5.0–6.0 ml.
11. Suggested media volumes for flasking fluid specimens are T12.5, 2.0 ml; T25,

5.0 ml; T75, 12.0 ml. As the number of cells in the pellet of a fluid specimen is
unknown, a combination of T25 and T75 flasks is advised.

12. Change in color of media may be indicative of the level of growth of the culture
or the potential presence of contamination with microbial substances.

13. It is important to recognize the distinction between cellular debris and microbial
contamination. Debris is dark and granular and moves through the media through
Brownian movement. Bacterial contaminants are consistent in size and shape and
are often motile.

14. Differential trypsinization is a technique that capitalizes on the different adherent
properties of epithelial and fibroblast cells so that fibroblasts may be removed
from the culture. Differential trypsinization is best performed immediately before
plating for the assay.



The ChemoFx® Assay 71

a. Rinse the flask with media to remove any remaining explants (explants may
be discarded or seeded into a new flask).

b. Add the appropriate volume of 0.25% trypsin/EDTA to the flask and observe
under the microscope for detachment of fibroblast cells (fibroblasts are less
adherent than epithelial cells and will detach more quickly).

c. When nearly all fibroblasts have lifted off (but before epithelial cells begin to),
lightly strike the side of the flask to completely dislodge the fibroblasts.

d. Decant trypin/fibroblasts and proceed with trypsinization of the epithelial cells
for hemacytometer counting (see Subheading 3.3.1.).

15. As a general rule, for T12.5 or T25 flasks, 10% confluency is needed for each
anti-cancer agent to be tested. For T75, 5% confluency is needed per agent to be
tested.

16. Suggested volumes for trypsin: T12.5, 1.0 ml; T25, 2.0 ml; T75, 4.0 ml.
17. A cocktail of negative control IgG antibodies �IgG1 and IgG2a) is used to

account for any background staining. A cytokeratin cocktail containing AE1/AE3,
CAM5.2, and CK7 is used to positively identify epithelial cells; CK20 is used to
distinguish colon epithelial cells from all other organ types. The anti-fibroblast
antibody is used to positively identify fibroblast (stromal) cells.

18. DAPI staining is used to assist in approximating the total number of cells in each
well. This, in turn, assists in more accurately determining the percentage of cells
(of the total that are attached in each well) that are staining positively for the
antibody in question.

19. Using epithelial and fibroblast cell lines, it has been determined that cultures that
contain more than 35% fibroblast cells have anti-cancer agent response profiles
that differ from those of a culture that is purely epithelial cells. When cultures
contain less than 35% fibroblast cells, chemoresponse is identical to that of pure
epithelial cultures.

20. Anti-cancer agents differ in their stability profiles. Therefore, the least stable
agents are diluted last and applied first, whereas the most stable agents are diluted
first and applied last.

21. Process variability impacts the ability to observe biological differences. In devel-
oping an assay to assess the biological differences between tumor-derived cells, it
is critical to ensure that the process variability is significantly less than the differ-
ences in biological signals. Several experiments were designed to determine the
process variability. To capture the variability of the process and reduce biological
variability as much as possible, HTB77 cell lines were used.

a. Assessment of process variability. Performing the assay under known condi-
tions with several repetitions measures the repeatability of the process. In the
experiment, three operators performed the assay as described in the text using
carboplatin on HTB77 cell lines on six different days. Figure 5 and Table 2
exhibit the reproducibility of the biological assay. Of note is the difference
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Fig. 5. Assessment of process variability. Data points are the mean of three replicates
for each individual run of the process. Doses are ordinal with increasing number
indicating higher concentration of the drug. Concentrations are identical between media
types.

Table 2
Reproducibility of the ChemoFx® Assay Using HTB77 Cell Line

Log EC50

Average SD Minimum Maximum CV (%)

Carboplatin–McCoy’s 4.16 0.38 3.63 4.80 9�07
Carboplatin–MEGM 3.62 0.51 2.49 4.53 13�97
Carboplatin–RPMI 4.45 0.31 3.90 5.00 6�94
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Fig. 6. Intra-operator process variability. Results were produced by a single operator
on the same day using the same cell and drug suspensions.

in dose-response curves between media types. Once reproducibility is demon-
strated, the results can serve as a quality control standard for the process.
By comparing daily runs to expected outcomes, differences in drug prepa-
ration, deviations in cellular behavior, and errors in fixing and staining can be
identified.

b. Intra-operator process variability. Similar to measuring the process variability
across operators and days, the within-day process variability was measured for
one operator. A single operator performed the assay eight times in a single
day using the same HTB77 cells and the same preparation of carboplatin. Such
reproducibility studies help to determine the extent of variability attributable
to day-to-day and operator-to-operator factors (see Fig. 6).

c. Inter-day drug stability. Optimal use of a drug, logistical ease, and reduced
variability can be achieved by preparing large quantities of the drug and freezing
in smaller aliquots for use. The stability of the drug while frozen should be
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evaluated to ensure that changes in potency do not contribute to the variability
of the process. Experiments were conducted measuring the potency of frozen
drugs compared with freshly prepared drug over a course of several weeks.
Figure 7 depicts the response curves of carboplatin in RPMI-culture medium
at the initial week, after 7 weeks frozen, and 14 weeks frozen. Intervening
weeks were removed from the graph.

d. Intra-day drug stability. Process variability can be introduced by potency
changes in the drug, and one significant source of degradation in potency is the
instability of drugs in solution. As shown in Fig. 8, the stability of melphalan
in RPMI medium degrades between 4 and 8 h. In the ChemoFx® Assay, the
objective of measuring biological response differences between primary tumor
tissues requires that the potency of the drug be equivalent throughout testing.
Studies on drug stability in solution facilitate knowing the time limits associated
with treating the drug after preparation.

e. Sensitivity to timing of sequential events. In a clinical laboratory process
with defined tasks that must be accomplished on a daily basis, maintaining
strict adherence to time windows can become a logistical problem. The assay
described here is based on a 72 h exposure of the cells to chemotherapeutic
agents after a 24 h incubation period where the cells adhere to the surface of
the microtiter plate. It was found that cellular response profiles matched when
the time between plating and treating ranged from 20 to 28 h (see Fig. 9). The
findings support operational flexibility with respect to timing of key events.

Fig. 7. Inter-day drug stability. Freezing does not affect drug potency in the assay.
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Fig. 8. Intra-day drug stability. The stability of drug in solution may decline over
time.

22. Drug characteristics can impact the performance of a cell-based assay. As an
example, cyclophosphamide degrades into two volatile components, a phospho-
ramide mustard responsible for the drug’s anti-cancer properties and a vapor
by-product, chloroethylaziridine (CEZ), which has been shown to contribute to
cyclophosphamide’s cytotoxic effect in vivo and in vitro (12). In the presence

Fig. 9. Sensitivity of timing to sequential events. There is flexibility in the timing
of operational events within the assay process.
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Fig. 10. Drug characteristics can impact the performance of a cell-based assay. A
vapor [chloroethylaziridine (CEZ)] produced as a by-product of cyclophosphamide
metabolism “spills over” to affect the viability of neighboring, untreated cells in a
microtiter plate.

Fig. 11. Ability to discriminate perturbations of the assay. Alterations in drug
concentration result in predictable shifts within the dose-response curve.
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of the enzyme aldehyde dehydrogenase (ALDH), the vapor produced is minimal;
however, some primary cells and immortalized cell lines have low levels of ALDH
resulting in significant vapor, which can negatively impact neighboring wells’
responses. Figure 10 demonstrates the phenomenon of “spillover” of the vapor
that occurs at higher concentrations relative to a 1× reference.

23. Ability to discriminate perturbations of the assay. A good robustness test of a
cell-based assay is to determine whether systemic changes can be caught and are
predictable. In Fig. 11, the starting concentrations for the drug were increased or
decreased by an entire dose. The linearity of the response demonstrates the ability
of the assay to identify changes in potency of drug preparation.
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Correlation of Caspase Activity and In Vitro
Chemo-Response in Epithelial Ovarian Cancer Cell Lines

Ayesha B. Alvero, Michele K. Montagna, and Gil Mor

Summary

The immediate assessment of response to therapy is most beneficial to ovarian cancer patients.
This study shows the correlation of drug-induced caspase activation determined by western blot
analysis and by Caspase-Glo™ assay. Our findings demonstrate that the use of the Caspase-
Glo™ assay allows a simple, fast, and sensitive alternative for the evaluation of in vitro response
to chemotherapy.

Key Words: Apoptosis; caspase-3 activity assay; ovarian cancer.

1. Introduction
Epithelial ovarian cancer (EOC) is the fourth leading cause of cancer-related

deaths in women and is the most lethal of the gynecological malignancies (1).
One of the major limitations in EOC treatment is the development of resistance
to commonly used chemotherapeutic agents. This is confounded by the lack of
practical means to predict clinical response.

It is now well documented that apoptosis or programmed cell death is the
key mechanism by which chemotherapeutic agents exert their cytotoxicity (2).
Apoptosis is a cascade of intracellular factors known as caspases, which are
highly specific proteases synthesized as zymogens and activated by cleavage (3).
Caspases can be divided into “initiators” or “effectors” of apoptosis. Initiator
caspases, such as caspase-8 and caspase-9, mediate their oligomerization and
autoactivation in response to upstream signals, whereas the effector caspases,
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which include caspase-3, caspase-6, and caspase-7, cleave cellular substrates and
precipitate apoptotic death.

Recently, we demonstrated a correlation between caspase-3 activity in
EOC cells isolated from malignant ascites and the in vivo response to
chemotherapy in patients with recurrent ovarian cancer (4). We describe in this
chapter the methods we used to correlate caspase activity and chemo-response
in EOC.

2. Materials
2.1. Equipment

1. Cell lifter (Fischer Scientific, Pittsburg, PA, USA).
2. Tissue homogenizer.
3. 15- and 50-ml conical tubes (Falcon, BD Falcon, San Jose, CA, USA).
4. Cell-culture 96-well transparent, flat-bottom microplate (Falcon).
5. Disposable cuvettes (Promega, Madison, WI).
6. TD 20/20 lumonimeter.
7. SpectraMax M2 microplate reader (Molecular Devices, Sunnydale, CA).

2.2. Reagents

1. Lysis buffer: 1× PBS + 1% NP40 + 0.1% sodium dodecyl sulfate.
2. Caspase-Glo™ reagents (Promega) (see Note 1).
3. Protease inhibitor.
4. Double-distilled water.

3. Methods
3.1. Cell Lysis

1. After the induction of apoptosis (see Note 2), scrape cells and collect in 15-ml tube.
2. Spin at 250 g for 10 min at 4°C.
3. Re-suspend pellet in 6 ml 1× PBS and spin again at 250 g for 10 min at 4°C

to wash.
4. Remove as much PBS as possible without disrupting pellet and then add 100 �l

lysis buffer with appropriate protease inhibitor (see Note 3).
5. Vortex and keep on ice for 20 min vortexing periodically.
6. Spin at 1100 g for 15 min at 4°C and collect supernatant. Keep lysates at –40°C

until further use.

3.2. Tissue Lysis

1. Place 1 mg tissue in 5 ml ice-cold lysis buffer in a 50-ml conical tube.
2. Homogenize for 10 s maximum, three times at about 30-s interval (see Note 4).

Homogenize in a circular motion pulling homogenizer up and down.
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3. Wash homogenizer in cold water by turning on for 10 s, three times before homog-
enizing another tissue sample.

4. Transfer homogenized tissue into Eppendorf tubes and spin at 1100 g for 15 min
at 4°C and collect supernatant. Keep lysates at –40°C until further use.

3.3. Caspase-Glo™ Assay for Lysates

1. Prepare Caspase-Glo™ reagents according to manufacturer’s instruction.
2. Prepare 10 �g protein lysate in 50 �l total volume with double-distilled water in

disposable cuvettes.
3. Incubate for 1 h at room temperature in the dark and then measure luminescence.

3.4. Caspase-Glo™ Assay for a 96-Well Plate

1. Plate cells on a 96-well plate (see Note 5) and induce apoptosis using selected
method.

2. After the induction of apoptosis, directly add Caspase-Glo™ reagents (1:1) and
incubate for 1 h in the dark at room temperature.

3. Measure luminescence using a plate reader.

4. Notes
1. Caspase-Glo™ –3/7, –8, and –9 reagents are separately available from Promega.

However, other caspase activity assays may be used, but amount of reagents and
incubation time may vary.

2. We typically induce apoptosis in EOC cells with 2 �M paclitaxel or 100 �g/ml
carboplatin for 24 h.

3. We typically use protease inhibitor cocktail from Roche, Nutley, NJ, USA.
4. It is important to use ice-cold lysis buffer and to keep the 50-ml conical tube

submerged on ice during homogenization to prevent rapid increase in temperature,
which can denature proteins.

5. We typically plate 5000–6000 cells per well of EOC primary culture or 3000–4000
cells per well of established EOC cell lines. This yields approximately 70%
confluent cultures the next day.

5. Conclusion
The availability of a sensitive and specific assay, which can provide

immediate assessment to treatment response, is most beneficial to EOC patients.
Our results show that the response of EOC cell lines to treatment can be
evaluated in a couple of hours using the Caspase-Glo™ assay system. This is
in contrast to performing western blot analysis, which can take up to 3 days
before results can be obtained. The assays can be performed with whole cells
in a 96-well plate or with cell and tissue protein extracts.
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The clinical correlation of caspase activity and response to treatment is under
investigation.
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Assessing Expression of Apoptotic Markers Using Large
Cohort Tissue Microarrays

Elah Pick, Mary M. McCarthy, and Harriet M. Kluger

Summary

Apoptotic markers include proteins from the intrinsic and extrinsic pathways. These cascades
include both pro-apoptotic and anti-apoptotic elements. The expression levels of these elements
can be assessed by immunohistochemistry (IHC) and can indicate general trends in pro- versus
anti-apoptotic tendencies of the cells. IHC is particularly useful when studying large cohorts of
paraffin-embedded specimens. Advances in tissue microarray (TMA) technology have facilitated
evaluation of large cohorts of specimens, as cores from hundreds of patients can be represented on
a single glass slide and stained in a uniform fashion. In this chapter, we discuss construction and
staining methods of TMAs and present examples of assessment of apoptotic marker expression
in malignant and benign cells using a novel method of automated, quantitative analysis of in situ
protein expression.

Key Words: IHC; tissue microarrays; cohort size; immunofluorescence.

1. Introduction
One of the hallmarks of cancer is the ability to resist apoptosis in the face

of external pro-death stimuli, such as chemotherapy, radiation therapy, and
hypoxia (1). Apoptotic pathways are highly complex. The two chief pathways
known as the “direct” and the “indirect” pathways are described in detail in the
literature (2). The direct pathway, known also as the death receptor pathway,
is triggered by external stimuli, which result in formation of a death-inducing
signal complex that activates caspase-8. The indirect or the mitochondrial
pathway is activated by extracellular stimuli as well as internal insults, such
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as DNA damage. In this pathway, changes in the mitochondrial membrane
potential occur through activation of pro-apoptotic members of the Bcl-2
family such as Bax, Bad, Bim, and Bid. Pro- and anti-apoptotic Bcl-2 family
members meet on the mitochondrial surface where they compete in regulating
the release of cytochrome c, which then associates with the Apaf-1/caspase-9
apoptosome. The two apoptotic pathways discussed above converge at the level
of caspase-3 activation, which is antagonized by the IAP proteins. There are
a number of pathways downstream of caspase-3, which results in cell degra-
dation. Crosstalk between the death receptor and mitochondrial pathways is
provided by Bid. The two pathways, however, are thought to predominantly act
independently. Induction of apoptosis occurs not only by changes in expression
levels of apoptotic mediators but also by changes in mitochondrial membrane
potential and subcellular shifts of mediators such as Smac and Bax (3). With
the technology that we describe here, we can only assess changes in expression
of mediators.

1.1. Tissue Microarray Construction

Immunohistochemistry (IHC) is a useful method for measuring expression
levels of proteins in malignant and benign tumors. Tissue microarrays (TMAs)
can represent large cohorts of tissue specimens arrayed in a single paraffin
block. The modern TMA technology was developed as a response to the need
for faster approaches to finding new biomarkers and is becoming a widely
utilized tool in many pathology laboratories. It is also a practical method to
screen antibodies or markers on the basis of patient outcome. Using this method,
instead of staining hundreds of slides, an entire cohort of cases can be analyzed
by staining slides from just one or two master blocks. Each spot on the array
is similar to a conventional slide in that complete demographic and outcome
information is maintained for each case so that rigorous statistical analysis can
be done as rapidly as the arrays can be analyzed. The tissues are assembled by
taking core needle “biopsies” of pre-existing paraffin-embedded tissues and re-
embedding them in an arrayed “master” block, using techniques invented over
15 years ago by Wan and Furmanski (4) and an apparatus recently developed
by Kononen et al. (5).

TMAs have numerous advantages over traditional whole section staining;
they essentially amplify the tissue available for analysis (around 1000-fold), as
only thin, tiny cores of a specimen are used for staining each marker, rather than
using an entire slice, as is done when staining whole sections. Other advantages
include (i) the fact that all specimens are treated in a uniform, controlled fashion
and (ii) only a very small (a few microliters) amount of antibody is required
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to analyze an entire cohort. A potential disadvantage of this technique is tissue
and/or tumor heterogeneity. We and others have completed validation studies
of TMAs (6–8). Our work showed that, in breast cancer, equivalent results can
be obtained in 95% of the cases by simply scoring two spots, suggesting a
twofold redundant array is approximately representative of outcomes achieved
using conventional histologic methods. This finding is complemented by work
from other researchers. The most significant use of TMAs is in the evaluation of
tissue biomarkers. This can be done by conventional pathologist-based analysis
or by new methods discussed Section 1.4.

Storage of slides is critical. IHC of multiple tissue samples with standardized
reagents and conditions was first reported in 1986 (9). However, there was not

Fig. 1. A schema of construction of a tissue microarray. Cores from hundreds of
donor blocks are placed in a recipient block, with careful database management. Slices
are taken through the recipient block resulting in an array, as shown on the right. The
inset on the right shows high magnification views of spots containing colon cancer.
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enough data on the best method for preserving the sections. Once samples were
cut and deparaffinized, the tissue was rapidly exposed to uncontrolled oxidation
that could cause reduced antigenicity, resulting in experimental variability when
performing stains at different times. Two techniques of paraffin-coating of
slides and storage in a nitrogen desiccation chamber (10) have recently become
standard for preserving the antigenicity of the tissue for a period of at least 3
months.

1.2. Cohort Size

A major advantage to TMAs is the ability to evaluate expression of a large
number of markers in a large cohort of patients. One good example of the
importance of cohort size is Her2/neu expression in melanoma. Owing to
the success of trastuzumab in breast cancer, we evaluated the frequency of
expression of Her2/neu. Previous studies, each including under 50 patients,
reported huge variability in frequency of Her2/neu expression, ranging from
2.5 to 75%. We stained 600 cases for Her2/neu expression and found that only
5.2% expressed Her2/neu (11).

1.3. Association Between Marker Expression and Clinical Outcome

Large cohort TMAs are particularly useful when associated clinical databases
are available. Once expression levels have been measured, the scores can be
entered into a database, allowing immediate assessment of association with
clinical outcome parameters, such as tumor stage and survival. In previous
studies, we assessed expression of pro- and anti-apoptotic markers and found
associations with clinical outcome. Examples include expression of Bcl-2 in
melanoma (12) and TRAIL receptor 1 (R1) and TRAIL R2 in breast cancer (13).
Figure 2 shows the association between Bcl-2 expression and survival in
melanoma.

1.4. Automated Analysis of TMAs

We have recently developed a fully quantitative method of analysis for
TMAs. First, a series of images are collected by PM-1000, a custom micro-
scope platform assembled in our laboratory from “off the shelf components,”
now commercially available (http://www.historx.com/). Each image set is
analyzed by a system we call AQUA (Automated QUantitative Analysis).
AQUA allows measurements of protein expression within subcellular compart-
ments that results in a number directly proportional to the number of molecules
expressed per unit volume (the concentration). Unlike all previous methods for
measurement of in situ protein expression (such as the CAS 200 or the ACIS

http://www.historx.com/
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Fig. 2. Kaplan–Meier survival curves for Bcl-2 staining for 30 years of follow-up,
with time given in months, showing the four quartiles of intensities of membranous
Bcl-2 staining (logrank P = 0.004).

machine made by Chromavision, San Juan Capistrano, CA, USA), this method
does not use feature extraction or “brown” stains. Instead, we use molecular
methods to define subcellular compartments. We then quantify the amount of
protein expressed within the compartment by co-localization. For example, to
measure TRAIL R2 expression in breast cancer, the tissue is “masked” using
cytokeratin in one channel to normalize to the area of tumor and to remove the
stromal and other non-tumor material from the analysis. An image is then taken
using DAPI to define a nuclear compartment. The pixels within the mask and
within the DAPI-defined compartment are defined as nuclear. We measure the
intensity of expression of TRAIL R2 using a third channel. The intensity of that
subset of pixels divided by the number of pixels (to normalize the area from
spot to spot) gives an AQUA score, which is directly proportional to the number
of molecules of TRAIL R2 per unit area of tumor. This method including
details of out-of-focus light subtraction imaging methods required to make this
analysis work are described in detail (14) and illustrated schematically in Fig. 3.
This technology has been licensed to HistoRx (New Haven, CT).

The strength of this method of analysis is illustrated in a series of recent
papers that show results not discernable by conventional pathologist-based
analysis. For example, examination of Her2/neu expression in a breast cancer
cohort showed that high levels of expression were correlated to poor outcome.
Surprisingly, a subset of the lowest expressers was found to do similarly poorly
(15). This finding has been previously described by a group using an ELISA
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Fig. 3. Demonstration of Automated Quantitative Analysis (AQUA) used in quanti-
tative measurement of TRAIL receptor 2 (R2) expression in breast cancer. Cytokeratin
is visualized using Cy2 to locate tumor (A). Holes are filled to create a tumor mask (B).
DAPI is used to locate nuclei (D). RESA (Rapid Exponential Subtraction Algorithm)
is used to eliminate background (E). Signal from the nuclei is subtracted from that
of the mask to create a membrane/cytoplasmic compartment (C). The nuclear and
membrane/cytoplasmic compartments are overlaid (F). Images are taken of the target
antigen (TRAIL R2) labeled using Cy5 tyramide (G). RESA is used to eliminate
background from the target (H), and TRAIL R2 within the compartments is measured
on a scale of 0–255 (I).

assay on extracted breast tissue (16). This relationship was not discernable by
conventional pathologists, as they are unable to distinguish “low” from “very
low.” We have now identified a number of additional examples of expression
patterns associated with outcome that are not discernable with manual scoring
(14,17).
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2. Materials
2.1. Equipment

1. TMA paraffin-coated slides are purchased from the Yale Tissue Microarray Core
Facility (http://tissuearray.org/yale/tisarray.html) or other academic or commercial
facilities (http://www.ihcworld.com/tissuearray.html). Prior to performing staining
on a large-cohort TMA, we titer and validate our antibodies using “test arrays.”
Test array slides contain a limited numbers of tumors as well as a panel of cell lines
and are used for optimizing the conditions and dilution of the primary antibody,
assessing differential expression in cell lines that can be used to generate standard
curves for the data, while avoiding excessive use of human tissue. After optimizing
the conditions, full arrays with large cohorts of specimens can be used.

2. PM-1000 or the later version, PM-2000, a custom microscope platform with a
camera and computer for moving the stage (http://www.historx.com).

3. Software for image analysis (AQUA) (http://www.historx.com).
4. Statistical software program such as JMP5, SAS, or SPSS.
5. Pressure cooker.

2.2. Reagents

Here, we use rabbit anti-TRAIL R2 in breast cancer as an example of a
target marker for fluorescent staining. In this example, the mask is created by
mouse anti-cytokeratin. The antibody against the target and antibody used to
create the mask must be of a different species.

1. Xylene.
2. Ethanol.
3. Sodium citrate.
4. Citric acid.
5. 30% hydrogen peroxide.
6. Tween 20.
7. Tris buffer saline (TBS), pH 8.0.
8. TBS (pH 8.0) containing 0.005% Tween 20 (TBS/Tween).
9. TBS (pH 8.0) containing 0.3% bovine serum albumin (Sigma, St. Louis, MO,

USA) (TBS/BSA).
10. TRAIL R2 polyclonal antibody (Oncogene Research, San Diego, CA).
11. Mammary epithelial marker: mouse anti-cytokeratin (DAKI Corporation, Carpin-

teria, CA, USA).
12. Envision goat anti-rabbit (DAKO Cytomation).
13. Goat anti-mouse immunoglobulin G conjugated to Alexa 488 (Molecular Probes

Carlsbad, CA, USA).
14. Cy5 tyramide (Perkin-Elmer, Boston, MA).

http://tissuearray.org/yale/tisarray.html
http://www.ihcworld.com/tissuearray.html
http://www.historx.com
http://www.historx.com
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15. Amplification diluent (Perkin-Elmer).
16. Prolong gold anti-fade reagent with DAPI (Invitrogen Carlsbad, CA, USA).

3. Methods
3.1. Fluorescent IHC

3.1.1. Before Starting

1. Label the slide in pencil withs the name, concentration of the antibody we are using,
and the date we are performing our stain.

2. For titering, we recommend testing a minimum of four dilutions on four test arrays.

3.1.2. Deparaffinization

1. Deparaffinize the TMA slides with two changes of 100% xylene for 30 min each
or until the paraffin is off.

2. Wash slides in two changes of 100% ethanol, 3 min each, and rehydrate the slides
in tap water.

3.1.3. Antigen Retrieval

1. Antigen retrieval is performed by pressure cooking the slides for 15 min in 6.5 mM
sodium citrate buffer (pH 6.0).

3.1.4. Block Peroxidases

1. To block endogenous peroxidases, incubate the slides in a mixture of methanol and
2.5% hydrogen peroxide for 30 min at room temperature.

3.1.5. Protein Blocking

1. Rinse the slides in tap water.
2. Dry the slides carefully around the array edge with a kimwipe.
3. To reduce nonspecific background staining (blocking), incubate the slides at room

temperature for 30 min in TBS/BSA.

3.1.6. Target Identification

To select the primary antibodies for double staining, one has to stain the
target (TRAIL R2) and the other one to visualize the tumor mask (cytokeratin).

1. Decant off the TBS/BSA and dry the edge with a kimwipe.
2. Incubate the slides at 4°C overnight in a humidity tray with the primary antibodies

in rabbit polyclonal anti-TRAIL R2 immunoglobulin G at 1:350 (see Subheading
3.1.9.) and mouse monoclonal anti-cytokeratin immunoglobulin G at 1:200, in
TBS/BSA. Add approximately 300 μl mixture containing the primary antibodies
per slide.

3. On the second day, pour off the antibodies and wash the slides three times in
TBS/Tween while gently shaking the slides in a box at room temperature.
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3.1.7. Incubation

Dry the slides again around the array edge and add goat anti-mouse
immunoglobulin G conjugated to Alexa 488 at a dilution of 1:100 to identify
the mask (cytokeratin) and goat anti-rabbit horseradish peroxidase (Envision)
to identify the target. The goat anti-horseradish peroxidase also serves as the
diluent for Alexa 488.

1. Incubate in a dark humidity chamber at room temperature for 1 h.
2. Remove the secondary antibodies and wash the slides three times in TBS/Tween.
3. Dilute Cy5 directly conjugated to tyramide in amplification diluent, at a dilution of

1:50 for primary antibody identification.

3.1.8. Mounting the Slide

Rinse again and mount coverslips using prolong gold anti-fade reagent,
which contains DAPI to visualize the nuclei.

1. Remove the bubbles and let it dry overnight in the dark.

3.1.9. Choice of Target Antibody Concentration

Optimal target antibody concentration is done either by direct visualization
of the slides under a fluorescent microscope (choosing the concentration that
demonstrates variability in staining intensity between tumors and normal tissues
on the slide) or by collection of images Section 3.2–3.3 and choosing a concen-
tration that yields differences in staining in the cell lines consistent with data
on cell line expression of the target. The latter method is the preferred method
if information is available on expression of the marker in cell lines embedded
in the array.

3.2. Automated Image and Analysis

Using the PM-1000 or PM-2000 microscope platform, images are collected
as described in detail (18). Multiple monochromatic, high resolution (1024 ×
1024 pixel, 0.5 μm) grayscale images are obtained for each histospot, using the
10× objective of the epifluorescence microscope. Two images (one in-focus
and one out-of-focus) are taken of the compartment-specific tags (cytokeratin,
TRAIL R2, and DAPI in this example).

3.3. Algorithmic Analysis

Using the AQUA software, a percentage of the out-of-focus image is
subtracted from the in-focus image for each pixel, representing the signal-to-
noise ratio of the image. An algorithm described as RESA (Rapid Exponential
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Subtraction Algorithm) is used to subtract the out-of-focus information in a
uniform fashion for the entire microarray. Subsequently, the PLACE (Pixel
Locale Assignment for Compartmentalization of Expression) algorithm is used
to assign each pixel in the image to a specific subcellular compartment, and the
signal in each location is calculated. Pixels that cannot accurately be assigned
to a compartment are discarded. The data are saved and subsequently expressed
as the average signal intensity per unit of compartment area. For the nuclear and
membrane/cytoplasmic compartments, the images are measured on a scale of
0–255 and expressed as target signal intensity relative to the compartment area.

3.4. Statistical Analysis

AQUA scores (or brown stain scores for traditional IHC) are imported
into databases containing patient demographic, pathological, and clinical infor-
mation. A number of software packages are available for data analyses such as
those from SPSS (http://www.spss.com/) or SAS (http://www.sas.com/).

4. Notes
1. The fluorescent secondary antibodies are sensitive to light, and therefore staining

and storage of the slides should be done in subdued light.
2. Careful design of test arrays is recommended, particularly in cases where there is

abundant information on expression of targets in cell lines. Cell lines embedded in
the arrays are used for normalization of scores obtained from different arrays as
well as for generating standard curves for target expression.
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Mitochondria Potential, Bax “Activation,”
and Programmed Cell Death

C. Michael Knudson and Nicholas M. Brown

Summary

Since the discovery of the key role of cytochrome C in the activation of caspase 9,
intense interest has focused on the role of mitochondria in apoptosis/programmed cell death.
Mitochondria undergo two major alterations during apoptosis. The first is the permeabilization
of the outer mitochondrial membrane. This event is tightly regulated by members of the Bcl-2
family and involves the conformational change of pro-apoptotic family members such as Bax.
Second, the electrochemical gradient that is normally present across the inner mitochondrial
membrane is lost (membrane depolarization). This event is sometimes mediated by the perme-
ability transition pore (PTP). The order in which these events occur and whether one causes the
other has been hotly debated in the literature. Nonetheless, the majority of reports suggest that
mitochondria outer membrane permeabilization (MOMP) precedes membrane depolarization. In
this chapter, methods that examine membrane depolarization and the conformational change in
Bax are described.

Key Words: Apoptosis, Bax, Mitochondria, Cytochrome C.

1. Introduction
Since the term apoptosis was originally proposed, the role of mitochondria

in this process has been debated (1). Initial reports suggested that mitochondria
structure was preserved during apoptosis in contrast to disruption and swelling
of mitochondria during necrotic cell death (2). This dogma was largely retained
until the revelation that the mitochondrial protein cytochrome C was involved
in the activation of caspase 9, a critical apical caspase in the caspase cascade
(3,4). These findings, and many since, have confirmed that mitochondria are
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intimately linked to the regulation of apoptotic cell death. As cytochrome C
exists in the intermembrane space, much effort has focused on how the outer
mitochondria membrane becomes permeable to cytochrome C and allows its
release from the organelle. Two competing, although not mutually exclusive,
hypotheses have been proposed.

One proposal centers around the role of membrane depolarization in
apoptosis. In this model, the permeability transition pore (PTP) results
in rapid depolarization of the inner mitochondria membrane. The outer
mitochondria membrane then becomes permeable to cytochrome C by direct
mechanical (swelling) or alternative pathways. The second proposal suggests
that mitochondria outer membrane permeabilization (MOMP) precedes inner
membrane depolarization and is directly regulated by the Bcl-2 family. In this
model, the multi-domain pro-apoptotic members of the Bcl-2 family (Bax and
Bak) are critical for this event. The “BH3 only,” pro-apoptotic members of the
Bcl-2 family and the anti-apoptotic family members are involved in a “life and
death” struggle to either activate or prevent the activation of Bax and/or Bak (5).
The critical (and redundant) role of Bax and Bak in this process has been
convincingly demonstrated by knockout studies in which loss of both Bax and
Bak make cells very resistant to release of cytochrome C and apoptosis (6–8).
In this model, Bax and Bak are present in the cell but kept in an “inactive”
state by anti-apoptotic Bcl-2 family members. Following an apoptotic signal,
BH3 family members are either transcriptionally up-regulated or activated by
post-translational modifications that then result, either directly or indirectly, in
the “activation” of Bax and/or Bak.

Richard Youle and colleagues(9–13) were the first to report that Bax subcellular
distribution was altered during apoptosis. In these studies, they demonstrated that
Bax exists in both the cytoplasm/soluble fraction and the membrane-associated
fraction. During apoptosis, although the total levels of Bax are generally not
changed, the subcellular distribution of Bax is changed dramatically from a
soluble/cytoplasmic location to a membrane-associated fraction. Furthermore,
this change in distribution is associated with a conformational change in Bax
that exposes an amino-terminal epitope that can be detected with antibodies
in this domain. These studies demonstrate that this conformation change is
associated with the redistribution to mitochondria and the release of cytochrome
C. Detection of the conformation change in Bax with amino-terminal antibodies
has thus been used as a “surrogate” marker of outer mitochondria membrane
permeabilization.

As mentioned, membrane depolarization is also observed during apoptosis
and other types of cell death. Fortunately, several chemicals are available
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to easily detect mitochondria membrane depolarization. In general, these
are relatively inexpensive, fluorescent compounds that are concentrated in
mitochondria with an intact electrochemical gradient. During apoptosis or
other types of cell death, this electrochemical gradient is lost and the fluores-
cence staining by these compounds is decreased in apoptotic cells. These
assays, although not specific to apoptosis, offer an inexpensive, high-throughput
method to assess levels of cell death. Multiple reagents have been used to
measure mitochondria membrane potential (14). In this review, we will focus
on three reagents that have frequently been used in the literature. In addition,
methods to simultaneously measure annexin V staining and mitochondria
membrane potential function will also be described. Finally, we will describe
methods to detect the conformation change in Bax that is thought to precede
the release of cytochrome C and drop in mitochondrial membrane potential.

2. Materials
2.1. Equipment

1. Routine tissue-culture equipment.
2. Cells of interest.
3. Tubes for flow cytometer (cat. no. 352052, BD Falcon, Franklin Lakes, NJ, USA).
4. Flow cytometer with excitation laser of 488 nM (Becton Dickinson FacsScan,

Franklin Lakes, NJ, USA). For double labeling, a dual laser instrument is preferred
(Becton Dickinson FacsCalibur)

2.2. Reagents

1. 3,3´-dihexyloxacarbocyanine iodide (DiOC6) from (cat. no. D273, Invitrogen
Carlsbad, CA, USA).

2. Tetramethylrhodamine, methyl ester-perchlorate (TMRM) (cat. no. T668, Invit-
rogen).

3. 5,5´,6,6´-tetrachloro-1,1´,3,3´-tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
(cat. no. T-3168, Invitrogen).

4. Carbonyl cyanide m-chlorophenylhydrazone (CCCP) (cat. no. C2759, Sigma,
St. Louis, MO, USA).

5. Annexin V-Cy5 and buffer (cat. no. K103-100, Biovision, Martin View, CA,
USA).

6. Digitonin (cat. no. D-141, Sigma) (see Note 1).
7. Anti-FC monoclonal antibody—2.4G2 (Becton Dickinson).
8. Anti-Bax antibody—clone 6A7 (cat. no. 14-6997, eBioscience, San Pieso,

CA, USA).
9. Isotype control antibody—IgG1-kappa (cat. no. 14-4714, eBioscience).

10. FITC-conjugated goat anti-mouse IgG antibody (cat. no. D554001, Becton
Dickinson).
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11. RNase (Fermentas, Glen Burnie, MD, USA).
12. Propidium iodide (PI) (Sigma).
13. Normal rat serum (available from many vendors including Sigma).
14. Paraformaldehyde (Fisher Scientific, Hampton, NH, USA) (prepare 8% stock in

water—see Note 2).

3. Methods
Cytokine deprivation is a classic signal for programmed cell death. FL5.12

cells are an immortalized pre-B cell line derived from normal fetal liver that are
dependent on interleukin-3 (IL-3) for their growth and survival (15–17). Upon
IL-3 removal/withdrawal, the cells undergo programmed cell death that can be
blocked by expression of Bcl-2 (18) or delayed by activation of AKT (15). Cell
death occurs progressively after approximately 12–18 h with the majority of
cells dead by 48 h.

3.1. FL5.12 Cell Culture and IL-3 Deprivation

1. FL5.12 cells (grown at 37°C, 5% CO2) are passaged (non-adherent so trypsin not
necessary) every other day (∼1:10) in FL5.12 media to maintain cell concentration
less than 1.2 × 106 cells/ml.

2. Cells can be directly studied in this media for experiments not requiring IL-3
deprivation (e.g., CCCP treatment).

3. For IL-3 deprivation, FL5.12 cells are washed by centrifugation (1200 × g for 7
min) and resuspension with PBS. Repeat this step.

4. After second centrifugation, the cells are resuspended in FL5 media without IL-3
free media at 200,000–800,000 cells/ml.

5. Cells are returned to the incubator and cultured until the time of the experiment
(generally 24–48 h).

3.2. DiOC6 Staining

DiOC6 is a dye that detects the proton gradient across the mitochondrial inner
membrane and effectively measures mitochondrial membrane potential. Results
with the DiOC6 assay correlate very closely with other apoptotic assays such
as trypan blue exclusion, PI exclusion visualized with a flow cytometer, and
Guava viability analysis (data not shown). DiOC6 staining by flow cytometry
is an inexpensive, high-throughput method to assess cell death.

1. Prepare a stock solution of DiOC6 in 100% EtOH at 1 mM (stable if stored at
–20°C).

2. Then dilute the stock solution to 5 �M in media.
3. Add FL5.12 cells in media to a flow cytometry tube at 0.2–1.0 million cells/ml in

a total volume of at least 0.3 ml.
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Fig. 1. 3,3´-dihexyloxacarbocyanine iodide (DiOC6) staining of FL5.12 cells with
(right) and without (left) 500 �M carbonyl cyanide m-chlorophenylhydrazone (CCCP)
for 10 min prior to staining with 50 nM DiOC6. Cells were then analyzed with a
FacsCalibur as described in Subheading 3. The percent of total cells in the DiOC6 low
versus high gate is indicated above the marker.

4. Optional: as a control, add 100–500 �M CCCP to the cells and incubate for 10
min prior to DiOC6 addition. CCCP cells should indicate reduced DiOC6 staining
relative to untreated viable cells (see Fig. 1).

5. Add DiOC6 to a final concentration of 50 nM (see Note 3).
6. Incubate cells with DiOC6 at 37°C for 10 min.
7. Acquire cells utilizing an appropriate flow cytometer [excitation wavelength = 488

nM; detection in the FL1 channel (530/30 nM bandpass filter)].
8. Perform data analysis using either Cell Quest software (Becton Dickinson) or

FlowJo software.
9. Distinguish apoptotic cells that demonstrate a DiOC6 low population from the viable

cells (see Fig. 2).

3.3. TMRM Staining

TMRM is the methyl ester of tetramethylrhodamine and has been used as a
rapid method to measure mitochondria membrane potential (19). Both TMRM
and TMRE (ethyl ester) are lipophilic cations that are reported to accumulate
in mitochondria in proportion to membrane potential (19). The measurement of
TMRM low cells corresponds very well with cell death as measured by trypan
blue exclusion, PI exclusion viewed with a flow cytometer, and Guava viability
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Fig. 2. 3,3´-dihexyloxacarbocyanine iodide (DiOC6) staining of FL5.12 cells after
24 h of interleukin-3 (IL-3) deprivation. Cells were stained and analyzed as in Fig.
1. The percent of total cells in the DiOC6 low (apoptotic) versus high (viable) gate is
indicated above the marker.

analysis (data not shown). Thus, TMRM staining provides another method to
easily and inexpensively measure cell death.

1. Prepare a stock solution of TMRM in DMSO at 1 mM (stable if stored in the dark
at –20°C).

2. Then dilute the stock solution to 50 �M in media.
3. Add FL5.12 cells in media to a flow cytometry tube at 0.2–1.0 million cells/ml in

a total volume of at least 0.3 ml.
4. Optional: as a control, add 100–500 �M CCCP to the cells and incubate for 10 min

prior to TMRM addition (e.g., see Fig. 3 of expected staining with CCCP).
5. Add TMRM to a final concentration of 2 �M.
6. Incubate cells with TMRM at 37°C for 10 min.
7. Acquire cells utilizing an appropriate flow cytometer [excitation wavelength = 488

nM; detection in the FL2 channel (585/42 nM bandpass filter)].
8. Perform data analysis using either Cell Quest software (Becton Dickinson) or

FlowJo software.
9. Distinguish apoptotic cells that demonstrate a low TMRM fluorescence from the

viable cells (see Fig. 3).



Mitochondria Potential, Bax Activation, and Cell Death 101

FL2-H

500

400

300

200

100

0

# 
N

um
be

r 
of

 c
el

ls

# 
N

um
be

r 
of

 c
el

ls

# 
N

um
be

r 
of

 c
el

ls

FL5 + IL-3

4.5 95.5

100 101 103 104 105

400

300

200

100

0

FL5 + IL-3 + CCCP

97 1.77

FL2-H

100 101 103 104 105

250

200

150

100

50

0

FL5 + 24 – h IL-3 deprivation

63.6 36.1

FL2-H

100 101 103 104 105

Fig. 3. Tetramethylrhodamine, methyl ester-perchlorate (TMRM) staining of FL5.12
cells with 500 uM carbonyl cyanide m-chlorophenylhydrazone (CCCP) (middle) for
10 min prior to staining, without CCCP (left), and with 24 h of interleukin-3 (IL-3)
deprivation (right). Cells were stained with 50 nM TMRM for 10 min at 37°C and
analyzed with a FacsCalibur. The percent of total cells in the TMRM low (dead) versus
high (live) gate is indicated above the marker.

3.4. JC-1 Staining

JC-1 is a lipophilic cation cyanine molecule that has also been used to
measure mitochondrial membrane potential (20). However, unlike DiOC6 and
TMRM, JC-1 fluorescence is examined by looking at the relative fluorescence
in two channels simultaneously (FL1 and FL2). This is due to the concentration-
dependent fluorescence properties of this dye. At low concentration, the dye is
present in monomeric form, and the fluorescence maxima can be detected in the
FL1 channel. In contrast, at higher concentrations, JC-1 aggregates form that
have a fluorescence maxima at a higher wavelength that is detected in the FL2
channel (20). The accumulation or concentration of the dye is dependent on
the mitochondria membrane potential. These properties make JC-1 a sensitive
method to detect changes in membrane potential.

1. Prepare a stock solution of JC-1 in DMSO at 2.5 mg/ml (stable if stored at –20°C).
2. Just prior to the experiment, prepare a 10× stock solution of JC-1 (100 �g/ml in

media).
3. Add FL5.12 cells in media to a flow cytometry tube at 0.2–1.0 million cells/ml in

a total volume of at least 0.3 ml.
4. Optional: as a control, add 100–500 �M CCCP to the cells and incubate for 10

min prior to JC-1 addition (e.g., see Fig. 4 of expected staining with CCCP).
5. Add JC-1 to a final concentration of 10 �g/ml.
6. Incubate cells with JC-1 at 37°C for 10 min.
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Fig. 4. JC-1 staining of FL5.12 cells with (right) and without (left) 500 uM carbonyl
cyanide m-chlorophenylhydrazone (CCCP) for 10 min prior to staining with 10 ug/ml
JC-1. Cells were then analyzed with a FacsCalibur as described in Subheading 3. The
percent of total cells in the “FL-2 low” gate (apoptotic) is indicated next to the marker.

7. Acquire cells utilizing an appropriate flow cytometer [excitation wavelength = 488
nM; detection in the FL1 channel (530/30 nM bandpass filter) and FL2 channel
(585/42 nM bandpass filter)].

8. Adjust the compensation so that the optimal separation of the viable and dead
cells is obtained. The emission spectra of JC-1 monomers and JC-1 aggregates
overlap. IL-3-deprived FL5.12 cells containing both viable and dead populations
are shown with and without compensation (see Fig. 5). Optimal compensation
settings will vary from cell type to cell type and even from experiment to exper-
iment (see Note 4).

9. Perform data analysis using either Cell Quest software (Becton Dickinson) or
FlowJo software.

10. Notice apoptotic cells generally demonstrate low-intensity staining for FL2 (aggre-
gates) and high-intensity staining for FL1 (monomers). We have found that the
loss of FL2 staining is a more reliable marker of apoptosis than the increase in
FL1 staining (see Fig. 5, left panel).

3.5. Annexin V Staining

It is possible to stain for mitochondrial membrane potential using any of
the previously described dyes while simultaneously staining with a second
apoptotic indicator. Here, we describe staining the cells with annexin V, which
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Fig. 5. FL5.12 cells were deprived of interleukin-3 (IL-3) for 24 h, then stained with
10 ug/ml JC-1 for 10 min at 37°C. Cells were then acquired with (left) and without
(right) compensation using a FacsCalibur flow cytometer.

detects the exposure of phosphatidylserine on the cell surface, an early marker
of apoptosis (21). This allows for the examination of membrane potential for
annexin V-positive versus annexin V-negative populations. Studies such as
these provide insight into the order of events during apoptosis.

1. Stain for mitochondrial potential as described in Sections 3.2, 3.3 or 3.4. Staining
should be performed in 1.5-ml Eppendorf tubes because the cells require centrifu-
gation for annexin V staining.

2. Centrifuge cells in a microcentrifuge for 7 min at 1200 g and aspirate media.
3. Resuspend cells in 0.25 ml annexin V buffer with 1:1000 annexin V-Cy5 and

transfer to flow tubes (see Note 5).
4. Incubate cells in the dark for 5 min at room temperature. They are then placed on

ice prior to data acquisition.
5. Acquire cells utilizing an appropriate flow cytometer [excitation wavelength = 635

nM; detection in the FL4 channel (661/16 nM bandpass filter)]. The acquisition
of mitochondrial potential as described in Section 3.2, 3.3 or 3.4 can be done
simultaneously utilizing the other excitation laser and detection channels. As a
second laser is utilized to detect Cy5, no compensation is necessary between the
mitochondrial potential dyes and the annexin V channel.
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6. Perform data analysis using either Cell Quest software (Becton Dickinson) or
FlowJo software.

7. Simultaneous staining with DiOC6 and Annexin V in FL5.12 following IL-3 depri-
vation indicates that nearly 100% of the Annexin V positive cells have low DiOC6

staining while a significant fraction (∼20% of Annexin V negative cells stain
brightly for DiOC6) (Fig. 6).
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Fig. 6. Cells were stained with 3,3´-dihexyloxacarbocyanine iodide (DiOC6) and
annexin V-Cy5 following 24-h interleukin-3 (IL-3) deprivation and analyzed with a
FacsCalibur as described in Subheading 3. The upper left plot shows percentages of
annexin V low (viable) and high (apoptotic) cells. The remaining plots show DiOC6

staining of the annexin V-negative population (bottom left), the annexin V-positive
population (upper right), and ungated population (bottom right).
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3.6. “Activated” Bax Staining by Flow Cytometry

This section describes staining for the N-terminal epitope of Bax that is
exposed following Bax mitochondria localization (16–24).

1. Pellet 1–2 × 106 FL5.12 cells by centrifugation (1000 × g for 7 min) and resuspend
in a small volume (typically 100 �l) of PBS.

2. Add an equal volume of PBS with 0.5% paraformaldehyde and incubate for 5 min
at room temperature to fix the cells.

3. Wash cells with PBS and resuspend in 100 �l blocking buffer [PBS with
0.01% digitonin, 5 �g/ml anti-FC (monoclonal Ab-2.4G2), and 10 % normal rat
serum].

4. Incubate at room temperature for 5–10 min.
5. Add anti-Bax antibody (clone 6A7) or isotype control (IgG1-kappa) at 2.5 �g/sample

and incubate at room temperature for 30 min.
6. Wash twice with PBS/0.01% digitonin.
7. Following the second wash, resuspend the pellet cells in 100 �l buffer (PBS/0.01%

digitonin) with 1 �g FITC-conjugated goat anti-mouse IgG antibody.
8. Incubate for 30 min at 4°C protected from light.
9. Wash twice with PBS/0.01% digitonin.

10. After the second wash, resuspend the cells with 300–400 �l DNA staining solution
(PBS with 5 �g/ml PI and 50 �g/ml RNase A).
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Fig. 7. Staining for activated Bax. FL5.12 cells were deprived of interleukin-3 (IL-3)
for 24 h or maintained in IL-3 as indicated. Cells were fixed and stained with a
monoclonal antibody that detects that “active” conformation of Bax or an isotype control
antibody. All cells were then stained with a GAM-FITC. Cells were counterstained
with propidium iodide (PI) to detect DNA content, and the FITC staining (FL1) of the
cells that were viable by DNA content is shown. The percentage of cells that shown
significant staining with FITC is indicated in the region.
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11. Incubate in the dark at room temperature for 20 min to allow RNase A to work.
12. Acquire cells utilizing an appropriate flow cytometer [excitation wavelength = 488

nM; detection in the FL1 channel (530/30 nM bandpass filter) and FL2 channel
(585/42 nM bandpass filter)]. Acquisition should be performed with doublet
discrimination turned on for the FL2 channel. In these studies, FL2 staining can
vary from sample to sample, so the FL2 gain is adjusted so that the diploid cells
run at the same location for all the samples (we center them around 400). During
analysis of FITC staining, doublets and subdiploid cells are excluded utilizing
gates within the FL2-A versus FL2-W plots.

13. Perform data analysis using either Cell Quest software (Becton Dickinson) or
FlowJo software (see Note 5).

14. Talk about results here (see Fig. 7).

4. Notes
1. The quality of the digitonin is critical; highly purified digitonin is required such as

that described here from Sigma. Lower grade digitonin will remain insoluble and
not permeabilize cells at these concentrations.

2. An 8% aqueous stock is prepared by adding 8 g/10 ml water in a 15-ml conical
tube. Two drops of 10 N NaOH are added, and the tube is placed into boiling
water until the paraformaldehyde dissolves. This generally takes 5–10 min. This
8% solution can then be stored at 4°C and should be prepared fresh every
month.

3. The optimal concentration of each dye can be determined by looking at the
difference in fluorescence in the presence and absence of CCCP. For CCCP
treatment, cells should be treated with 50–500 �M drug for at least 10 min at
37°C before the cells are stained with the respective dye. The concentration of dye
that gives that largest relative shift with CCCP should be chosen for subsequent
experiments.

4. This is not compensation in the “traditional” sense because there are no positive
controls with only FL-1 or FL-2 emission. This makes compensation much more
subjective for JC-1 than it is for traditional staining protocols. A qualitative analysis
of uncompensated data demonstrates that there is significant “bleeding” of the
monomeric emission into the FL-2 channel. JC-1 aggregate emission also shows up
to a lesser degree in the FL-1 channel. We have found that compensation settings
of FL1 = FL1 – 6.9 × FL2 and FL2 = FL2 – 38.4 × FL1 generally work well for
FL5.12 cells under the conditions described. However, this may vary dramatically
for other systems and should be optimized for each experiment.

5. Optimal concentration of annexin V-Cy5 should be determined for each cell type.
FL5.12 cells stain well brightly with annexin and require much less reagent than
the manufacturer recommends.
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In Vitro and In Vivo Apoptosis Detection Using
Membrane Permeant Fluorescent-Labeled Inhibitors
of Caspases

Brian W. Lee, Michael R. Olin, Gary L. Johnson, and Robert J. Griffin

Summary

Apoptosis detection methodology is an ever evolving science. The caspase family of cysteine
proteases plays a central role in this environmentally conserved mechanism of regulated cell
death. New methods that allow for the improved detection and monitoring of the apoptosis-
associated proteases are key for further advancement of our understanding of apoptosis-mediated
disease states such as cancer and Alzheimer’s disease. From the use of membrane permeant
fluorescent-labeled inhibitors of caspases (FLICA) probe technology, we have demonstrated
their successful use as tools in the detection of apoptosis activity within the in vitro and in vivo
research setting. In this chapter, we provide detailed methods for performing in vitro apoptosis
detection assays in whole living cells, using flow cytometry, and 96-well fluorescence plate
reader analysis methods. Furthermore, novel flow cytometry-based cytotoxicity assay methods,
which incorporate the FLICA probe for early apoptosis detection, are described. Inclusion of
this sensitive apoptosis detection probe component into the flow-based cytotoxicity assay format
results in an extremely sensitive cytotoxicity detection mechanism. Lastly, in this chapter, we
describe the use of the FLICA probe for the in vivo detection of tumor cell apoptosis in mice
and rats. These early stage in vivo-type assays show great potential for whole animal apoptosis
detection research.

Key Words: FLICA; in vivo; in vitro; apoptosis; caspase; tumor imaging; detection; cytotox-
icity assay.
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1. Introduction
Apoptosis is a genetically coded, evolutionarily conserved form of cell

suicide essential for the development and homeostatic maintenance of the multi-
cellular organism. Apoptosis is characterized as a caspase-mediated process
exhibiting the classic morphological features of an apoptotic cell (1). These
features usually consist of cytoplasmic and nuclear condensation, DNA fragmen-
tation, membrane blebbing, and the eventual compartmentalization of the
cellular cytoplasmic contents into membrane-enclosed apoptotic bodies (2). The
caspase family of cysteinyl aspartate-specific proteases lies at the center of this
highly regulated cell death process. Consequently, they have been extensively
studied and the subject of numerous publications and review articles (3–8).

Caspases are initially synthesized and stored as inactive pro-caspase
precursor molecules known as zymogens. Upon receiving an apoptotic signal
through a number of stimuli, including granzyme B incorporation from natural
killer (NK) or cytolytic T-cell attack, chemotherapeutic drugs, or environ-
mental condition changes, the inactive pro-form of the caspases is rapidly
converted into the active enzyme structure (8). This process is accomplished
through cleavage of the pro-domain at specific aspartic acid residues to
yield large (20 kDa) and small (10 kDa) subunits that assemble into the
heterotetrameric, catalytically active form of the caspase enzyme (4,9). Active
caspase enzymes recognize and target short tetra-peptide amino acid sequences
containing an aspartate in the P1 position of the four amino acid sequence
(10,11). These preferred tetra-peptide sequences are located within numerous
other intracellular proteins such as, poly ADP-ribose polymerase (PARP), the
pro-apoptotic Bcl-2 family member Bid, and other pro-caspase molecules. This
target sequence subjects these proteins to the caspase-mediated proteolytic
process (12).

Peptide-based inhibitors have been derived from the preferred tetra-peptide
caspase target sequences that were derived from Positional Scanning Combi-
natorial Library studies (11). Peptide-based inhibitors have been used exten-
sively to study the specific mechanisms involving apoptotic processes and
to assess the effects of apoptosis inhibition in numerous patho-physiological
disease states (13–20). Peptide-based inhibitor probes were especially important
in the early research in caspase discovery and isolation. For example,
the inhibitor probes Ac-Tyr-Val-Ala-Asp-COCHN2 (Ac-YVAD-AMK) and
Ac-YVAD-CHO were used to identify the interleukin-1 (IL-1) converting
enzyme that is now commonly referred to as caspase 1 (10). Peptide-based
inhibitor probes containing a fluoromethyl ketone (FMK) functional group
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provide an irreversible linkage and permanent inactivation of the cysteine
protease enzyme (21). FMK-type O-Me (methylated) inhibitor probes exhibit
high-affinity transmembrane kinetics allowing for rapid association with the
caspase reactive sites (13). Once this association step has been success-
fully completed, a second reaction occurs in which the reactive cysteine-SH
is alkylated, forming a thioether adduct (22,23) (see Fig. 1). These FMK
probes have an increased specificity compared with the chloromethyl ketone
(CMK) predecessors that bind and inactivate either cysteine or serine proteases,
regardless of the tetrapeptide sequence associated with them (22).

Successful use of the FMK-labeled tri- and tetra-peptide caspase inhibitors
led to the development of cell permeant fluorescent-tagged caspase detection
probes by Immunochemistry Technologies (Bloomington, MN). The technology
was later verified by the Brander Cancer Institute (Hawthorne, NY) (24–31).
Detection of intracellular caspase activity is an essential element in apoptosis
research. A number of approaches are currently used for analyzing the various
mediators of this apoptosis-driven protease cascade, which include but are not
limited to, fluorescence-labeled inhibitors of caspases (FLICA) (26), fluoro-
genic/chromogenic caspase substrate assays (32–37), immunocytochemical
detection assays that can identify the active caspase enzymes or their specific
cleavage products (38), DNA fragmentation detection assays through the
TUNEL assay system (39), and mitochondrial potentiometric dye-based assays
(40,41).

This chapter describes in vitro and in vivo apoptosis detection procedures
focusing exclusively on the use of the membrane permeant FLICA probe
methodology. Methods describing its use in in vitro apoptosis detection assays,
flow cytometry-based cytotoxicity assays, and in vivo apoptosis detection
applications are provided. In vitro caspase detection assays employ the cell
permeant fluorescent-tagged inhibitor properties of the FLICA probes to
detect up-regulated caspase activity in apoptotic adherent- and suspension-
type cell cultures. The total cytotoxicity assay incorporates a FLICA probe
with fluorescent general membrane and DNA-type vital stains to detect both
early and late apoptotic and necrotic cells in cell-mediated cytotoxicity (CMC)
activity assays. The increased sensitivity of the assay will allow it to replace the
radioactive chromium (51Cr) and enzyme release assays currently being used
to quantitate the level of cellular mortality in various CMC and (other) experi-
mental conditions. In vivo caspase detection assays involve the injection of the
FLICA reagent directly into the circulatory system or other internal regions of
the animal. Apoptotic regions showing elevated concentrations of the FLICA
probe can subsequently be monitored using various detection technologies.
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1.1. Intracellular Caspase Detection in Adherent and Suspension Cells

Apoptosis-associated up-regulation of the caspase cascade can be detected in
whole living cells using the FLICA probe assay technique. Following exposure
of the experimental cell population to various apoptosis-inducing conditions,
these cells along with an identical (non-induced) control cell population are
incubated with the FLICA probe. The cell permeant FLICA probe enters both
experimental and control cell populations. Up-regulated caspase enzymes in
apoptotic cells are covalently labeled with the FLICA probes (see Fig. 1).
Following several wash steps, which remove the unbound FLICA probe from
non-apoptotic cells, cells may be visualized and quantitated using fluorescence
microscopy, fluorescence plate reader, and flow cytometry methods. Non-
apoptotic cells should exhibit very low levels of bound fluorescence emission.

1.2. Flow Cytometry-Based Total Cytotoxicity Assay

Detection and quantitation of cellular death is an important and essential
process for understanding the pathogenic mechanisms associated with many
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Fig. 1. Covalent binding mechanism of a FAM-VAD-FMK inhibitor probe to
cysteine protease enzymes that include the caspase family of apoptosis-associated
proteases. Once the inhibitor probe sequence has been recognized by the caspase
reactive binding site (slow reaction), then the final covalent binding step (fast reaction)
proceeds almost immediately.
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intracellular bacterial and viral pathogens. A determination of the degree of
cell death is central to the study of graft rejection in organ transplantation
research. Although there are a number of different types of assays for the
detection of cellular death, CMC is most often measured using the 51Cr release
assay, first described by Brunner et al. (42). Assays of this type have been
used to study a wide range of CMC-driven processes. A few of these CMC-
driven events include antibody-dependent CMC of HIV-infected cells (43),
cytotoxic T lymphocyte targeting of virus-infected cells (44), cell targeting of
melanoma cancer cells (45), graft versus host disease (46), and T-cell-mediated
insulin-dependent diabetes (47).

51Cr release assays are based on the passive internalization and binding of
51Cr from sodium chromate within the target cells. Lysis of the target cells
by CMC results in the release of the radioactive probe into the cell-culture
supernatant (42). Although 51Cr release assays can provide useful quantitative
information regarding the level of CMC present in the cell population(s), major
concerns have been raised about the high cost of running the assays and
radiation exposure issues for laboratory workers (48). Other issues include the
disposal of radioactive reagent and waste products, the detrimental effect of
radioactivity emission on cell function (49), a labor-intensive protocol, wide
variations in radioactive labeling, and a relatively high level of spontaneous
51Cr release (50).

Over the past 10 years, the flow cytometer has rapidly become a powerful
tool for analyzing cellular function. The flow cytometer is a laser-based
instrument capable of analyzing cells and their products through the excitation
of fluorescent tags conjugated to antibodies or probes. Flow cytometry-based
cytotoxicity assays usually include a fluorescent membrane stain to label and
differentiate target cells from effector cells plus a fluorescent vital stain to detect
the dead and dying target cell population (50–55). Flow cytometric assays of
this design show an excellent correlation with the 51Cr release assays that were
run in parallel for comparison. Typical r2 linear regression analysis values ran
from 0.960 to 0.982 when percentage of cytotoxicity values from the two assay
formats were compared (50,51,53). Flow cytometric assays of this design have
a number of advantages over the traditional 51Cr release assays. These include
ability to monitor cytotoxicity effects on a single-cell level, detection of early
apoptosis (increased sensitivity), as well as necrotic cells, no radiation hazard,
elimination of detrimental radiation effects on the effector population, shorter
assay turnaround times, lower cost, ability to differentiate subpopulations of
cells (e.g., live targets, killed targets, live effectors, and dead effector cells),
and allow the assessment of the effector cell population viability (50–52,56).
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Flow cytometry-based cytotoxicity assays of the type in the previous
paragraph allowed for an easy and accurate examination of cellular death
(50–55). However, all single-sampling assay formats rely on a single time point
for their estimation of the cytotoxicity status of the target sample population.
The dependence on a cell membrane integrity-based fluorescent vital dye as
the only means by which to determine the percentage of cells entering cellular
death through apoptosis is inadequate. Early stage apoptotic cells retain intact
membrane integrity and are vital stain negative. Although these cells will
eventually become cell death positive by the membrane integrity (vital staining)
detection method, at the time of measurement, they will erroneously be labeled
as negative healthy cells. This leads to a substantial underestimation of the
actual degree of cell death activity from the CMC-associated interaction event.
Incorporation of a cell permeant caspase detection probe, such as the FLICA
reagent, into the flow cytometry-based cytotoxicity detection assay, allows for
the additional quantitation of the previously undetectable early apoptotic cell
population. Because the FLICA probe will readily penetrate the cell membrane
without permeabilization, cells entering into early stage apoptosis are accurately
detected (see Fig. 2).
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Fig. 2. Percentage of cytotoxicity detected by apoptosis detection probe (SR-VAD-
FMK) only, 7-AAD only, and combined 7-AAD and apoptosis probe analysis methods.
Combining an apoptosis detection probe with the 7-AAD vital stain results in a cytotox-
icity assay with greater sensitivity.
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1.3. In Vivo Apoptosis Detection Assay

Fluorescent-labeled FMK peptides, such as carboxyfluorescein-Val-Ala-
Asp(O-Me)-FMK (FAM-VAD-FMK) and sulforhodamine-B-Val-Ala-Asp(O-
Me)-FMK (SR-VAD-FMK), can be used to detect apoptosis in vivo. The cell
permeant FLICA probes can be injected intravenously (IV) into live mice,
allowed to circulate in the animal, and label areas of apoptosis. These areas
can be visualized through observation of the localization of the fluorescence
signal in areas having elevated levels of apoptotic activity.

2. Materials
2.1. In Vitro Apoptosis Detection Assays Using Flow Cytometry
and 96-Well Fluorescence Plate Reader Formats

2.1.1. Equipment

1. Hemacytometer (VWR Scientific, West Chester, PA) or other methods.
2. Flow cytometer equipped with a single 488-nm argon laser and 530-, 585-, and

>650-nm filters for analysis in FL1, FL2, and FL3 channels, respectively.
3. 96-well fluorescence plate reader with 488–492 nm excitation and 520–530 nm

emission filter capability.

2.1.2. Non-Fluorescent Reagents or Assay Components

1. Phosphate-buffered saline (PBS), pH 7.4: prepare in 500 ml quantities and store
at room temperature: 140 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 1.5 mM
KH2HPO4 (dry reagents from J.T. Baker, Phillipsburg, NJ).

2. Bovine serum albumin (BSA) (Sera Care Life Sciences, Oceanside, CA).
3. Apoptosis wash buffer (AWB), pH 7.4: dissolve BSA powder into PBS buffer to

obtain a 5 mg/ml BSA concentration. Sodium azide (J.T. Baker), at a concentration
of 0.05%, can be added for long-term storage at 2–8°C.

4. Cell-culture media, RPMI-1640 (Atlanta Biological, Lawrenceville, GA),
containing 10% FBS, 1 mM sodium pyruvate, non-essential amino acids, 2 mM
L-glutamine, 10 mM HEPES, 100 U/ml penicillin, and 100 μg/ml streptomycin
(all media additives obtained from Atlanta Biological).

5. Staurosporine (LKT Labs, St. Paul, MN).
6. Camptothecin (LKT Labs).
7. Trypsin-versene (Cambrex, Walkersville, MD).
8. Black 96-well microtiter plates (Corning-Costar, Corning, NY).
9. Molecular grade DMSO (Sigma Aldrich, St. Louis, MO).

10. Jurkat cells (ATCC, Manassas, VA).
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2.1.3. Apoptosis Detection—FAM-VAD-FMK and FAM-DEVD-FMK
(FLICA) Probes

1. Reconstitute vials of lyophilized FAM-VAD-FMK and FAM-Asp-Glu-Val-Asp-
FMK (FAM-DEVD-FMK) (Immunochemistry Technologies, Bloomington, MN)
with 50 μl DMSO (see Note 1). Mix/vortex vigorously. This yields a FLICA probe
concentration of (1 mg/ml) and forms a 150× stock concentrate.

2. Just prior to use, add 200 μl PBS to the vial and mix/vortex vigorously. This
produces a 30× FLICA probe concentration, which should be added to cell cultures
at a 1:30 v/v ratio as quickly as possible (see Note 2).

2.1.4. 7-AAD Vital Stain

1. Reconstitute lyophilized 7-aminoactinomycin D (7-AAD) (AnaSpec, San Jose, CA)
with DMSO to a concentration of 1 mg/ml yielding a 200× stock concentrate.

2. Using PBS, make a 1:10 dilution of 7-AAD yielding a 20× (0.1 mg/ml) solution.
3. Add to cell cultures at a 1:20 v/v ratio just prior to reading on the flow cytometer.

7-AAD-stained cells may be kept for longer periods (30 min) if stored on ice and
protected from light.

2.2. Total Cytotoxicity Assay

2.2.1. Equipment

1. Flow cytometer equipped with a single 488-nm argon laser and 530-, 585-, and
>650-nm filters for analysis in FL1, FL2, and FL3 channels, respectively.

2.2.2. Non-Fluorescent Reagents

1. PBS, pH 7.4: prepare in 500 ml quantities and store at room temperature: 140 mM
NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 1.5 mM KH2HPO4 (dry reagents from
Mallinckrodt Baker, Phillipsburg, NJ).

2. Cell-culture media, RPMI-1640 (Atlanta Biological) containing 10% FBS(Atlanta
Biological).

3. Molecular grade DMSO (Sigma Aldrich).

2.2.3. Target Cell Stain—CFSE

1. Dissolve 5(6)-FAM diacetate, succinimidyl ester (CFSE) (AnaSpec) with DMSO
to a 2500× working concentration (250 μg/ml).

2. Further dilute CFSE 1:250 in sterile PBS to make a 10× concentration.

2.2.4. Apoptosis Detection—SR-VAD-FMK

1. Reconstitute lyophilized SR-VAD-FMK (Immunochemistry Technologies) with
DMSO to a concentration of (2.62 mg/ml) yielding a 252× stock concentrate.

2. Using RPMI-1640, make a 1:12 dilution SR-VAD-FMK yielding a 21× solution.



In Vitro and In Vivo Apoptosis Detection 117

2.2.5. Vital Stain—7-AAD

1. Reconstitute lyophilized 7-AAD (AnaSpec) with DMSO to a concentration of
1 mg/ml yielding a 210× stock concentrate.

2. Using PBS, make a 1: 10 dilution of 7-AAD yielding a 21× solution.

2.3. In Vivo Apoptosis Detection Assay

2.3.1. Equipment

1. Flow cytometer equipped with a single 488-nm argon laser and 530-, 585-, and
>650-nm emission filters for analysis in FL1, FL2, and FL3 channels, respectively.

2.3.2. Reagents

1. Green FLIVO™ reagent, FAM-VAD-FMK, 50 �g per vial (Immunochemistry
Technologies). Dissolve in 50 �l DMSO. Dilute by adding 200 �l sterile PBS,
pH 7.4.

2. Red FLIVO™ reagent, SR-VAD-FMK, 131 �g per vial (Immunochemistry
Technologies). Dissolve in 50 �l DMSO. Dilute by adding 200 �l sterile PBS,
pH 7.4.

3. Arsenic trioxide (ATO or Trisenox, Cell Therapeutics, Seattle, WA), use 8 mg/kg
for intraperitoneal (IP) injection.

3. Methods
3.1. Methods for Performing the 96-Well and Flow Cytometer Assay

3.1.1. Cell Culture

1. Cultivate Jurkat cells in cell-culture media taking care not to allow cultures to
become too dense and overgrown (>106 cells/ml). Cell concentrations may be
determined by counting in a hemacytometer (see Note 3). If adherent cells are to
be used, they should be seeded at a low concentration (<1 × 105 cells/ml) onto the
surface of the chamber that the reaction will be performed in and grown to about
80–90% confluence (see Note 4.)

2. Split the cell-culture flask contents 1–2 days prior to performing the apoptosis
induction procedure. This serves to replace depleted media as well as adjust the
cell concentration to an optimal concentration density (3–6 × 105 cells/ml) (see
Note 5).

3.1.2. Induction of Apoptosis in Experimental Cell Population

1. Concentrate the cell-culture suspensions by centrifugation and recon using fresh
cell-culture media. Use centrifugation speeds yielding <500 × g. When performing
the 96-well fluorescence plate reader assay, cells should be adjusted to a 3 × 106 to
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1 × 107 cells/ml concentration. Flow cytometry analysis can be performed at 5- to
10-fold lower cell concentrations because of the nature of the detection system.

2. Set up the proper control conditions for performing flow cytometry and 96-well
fluorescence plate reader analysis. When performing Bicolor-Staining Flow
Cytometry analysis, three types of staining conditions are recommended for the
establishment of proper electronic compensation and quadrant statistics. They
consist of (i) cells stained with FLICA only (induced and non-induced), (ii) cells
stained with 7-AAD only (induced and non-induced), and (iii) cells stained with
FLICA and 7-AAD (induced and non-induced). Fluorescence plate reader analysis
does not require more than the inclusion of known induced (positive) and non-
induced (negative) cell populations to validate the utility of the FLICA probe
analysis.

3. Expose the experimental cell population to our particular apoptosis-inducing agent.
For illustrative purposes, we will use a 1 μM staurosporine (0.466 �g/ml) apoptosis-
inducing condition (see Note 6).

4. Incubate Jurkat cell apoptosis induction model at 37°C for 3–6 h.
5. Simultaneously, incubate an identical population of Jurkat cells with a concentration

of DMSO (carrier) that is identical to that which is present in the induced cell-
culture flasks. This condition will serve as a negative control for these apoptosis
induction assays (see Note 7).

3.1.3. Incubation of Cell Cultures with the FLICA Reagent

1. Add reconstituted FLICA reagent at either the 150× or the 30× concentration,
depending on volume of cell suspension (pipetting precision purposes) that is to
be analyzed. In this method procedure, we used a FAM-VAD-FMK probe in the
96-well fluorescence plate reader method and a FAM-DEVD-FMK probe for the
flow cytometry detection assay. FLICA reagent should be added to both the induced
and the non-induced cell populations.

2. Gently mix the FLICA reagent in the cell media to assure a homogeneous solution.
Incubate for 1 h in a 37°C CO2 incubator, taking care to occasionally mix suspension
cultures every 20–30 min.

3.1.4. Cell-Culture Wash Procedure

1. Wash the FLICA reagent treated cell cultures using the AWB. For suspension
cell cultures, transfer cells to 15-ml sterile polypropylene tubes and add a 1:5 v/v
aliquot of the AWB to each tube. Mix well. When washing adherent cells, carefully
decant the supernatants from the plate-well surface, taking care not to pull up any
non-adherent, apoptotic cells from the cell surface.

2. Centrifuge (<500 × g) to pellet suspension cells and remove and discard super-
natants.
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3. Add another 1–2 ml AWB to either the suspension cell pellets or the adherent cell
chambers. When washing adherent cells (suspension cells too), allow at least 3–5
min of AWB exposure time for each wash step (see Note 8).

4. Perform the wash steps two more times to remove any non-specifically bound
FLICA reagent from non-induced cells.

5. Resuspend suspension cells in 0.5–1.0 ml AWB. Note, when using 96-well fluores-
cence plate reader analysis methods, it is important to assure that the number of
induced and non-induced cells/well is approximately identical. To count cells, pull
out a small aliquot of each induction status flask and count in a hemacytometer.
Adjust cell concentrations by adjusting resuspension volumes of either the induced
or the non-induced sample tubes. This cell concentration equalization step is not
necessary when performing flow cytometry analysis.

6. Transfer 100 �1 aliquots to black microtiter plates for analysis. Adherent cells
may be disassociated from the cell chamber surface by incubation with trypsin-
versene solution. Once cells become detached from the chamber surface, they can
be removed and suspended in cell-culture media containing FBS. Following a brief
centrifugation (<500 × g), they can be resuspended in a reduced volume of AWB
and examined using either flow cytometry or 96-well plate reader analysis methods.

3.1.5. Apoptosis Detection and Analysis: Flow Cytometry Method

1. Stain the (7-AAD only) flow cytometer control pair (induced and non-induced)
described in Subheading 3.1.2, step 2, for 7-AAD compensation by diluting the
20× 7-AAD stain at a 1:20 v/v ratio to the volume of cell suspension present in
the control tubes.

2. Stain a second control pair (induced and non-induced, FLICA, and 7-AAD stained
controls) with 7-AAD (see Subheading 3.1.2., step 2). In this control pair, tubes
containing FLICA-stained Jurkat cells are stained with 7-AAD using a 1:20 v/v
ratio of 7-AAD (20×) concentrate to Jurkat cell suspension volume.

3. Set aside a third control tube pair that was stained with the FLICA reagent only
(see Subheading 3.1.2., step 2).

4. Incubate 7-AAD samples for 5 min on ice in dark.
5. Read samples on flow cytometer within 20 min.
6. Set up flow cytometer compensation settings to allow the clear differentiation

of the green fluorescent both induced (positive) and non-induced (negative) cell
populations and the differentiation of the healthy non-apoptotic 7-AAD-negative
cell population from the membrane compromised (dead and dying) 7-AAD-positive
cell population. For bicolor analysis, measure fluorescein fluorescence in the FL1
channel and the red fluorescence (7-AAD) in the FL3 channel.

7. Generate a log FL1 (X-axis) versus log FL3 (Y-axis) dot plot.
8. Put in quadrant cursors. The four quadrant areas contain the following cell popula-

tions: (i) quadrant 1, 7-AAD-positive/fluorescein-negative cells; (ii) quadrant 2,
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fluorescein/7-AAD-positive cells; (iii) quadrant 3, fluorescein/7-AAD-negative
cells; and (iv) fluorescein-positive/7-AAD negative cells (see Fig. 3 and Note 9).

3.1.6. Apoptosis Detection and Analysis: Fluorescence Plate
Reader Method

1. Turn on 96-well plate reader to allow unit to warm up and equilibrate.
2. Select the proper read-out settings for the particular make and model of fluorescence

plate reader in our laboratory. In this example, we used a Molecular Devices
Spectra-Max Gemini fluorescence plate reader equipped with adjustable wavelength
excitation and emission features for performing endpoint, kinetic, spectrum, and
well-scanning readings. On our instrument, we set up the reader to excite the
microtiter plate-well samples at 488 nm, read the fluorescence emissions at 530
nm, and use a 515 nm emissions cut-off filter setting to reduce plate and excitation
noise.

3. Transfer an equal number of washed, FLICA probe-treated (induced and non-
induced) Jurkat cell suspensions into black microtiter plate wells. Read at least
three 100 �l/well replicates per induced versus non-induced pairing (see Note 10).

4. Calculate the average random fluorescence units (RFUs) output from each set of
replicate wells and record in a laboratory notebook.
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Fig. 3. Scatter plot of staurosporine-induced Jurkat cells dual stained with 7-AAD
(vital stain) and FAM-DEVD-FMK apoptosis detection probe. Jurkat cells were
incubated at 37°C for 3.5 h in cell-culture media containing DMSO carrier (A) or 1 �M
staurosporine (B). Following an hour incubation with FAM-DEVD-FMK and subse-
quent wash steps, cells were stained with 7-AAD and analyzed on the flow cytometer
using the FL1 (fluorescein) and FL3 (7-AAD) channels. Quadrant 1, = caspase-negative,
dead/necrotic cells. Quadrant 2, living, non-apoptotic cells. Quadrant 3, dead and dying,
caspase-positive cells. Quadrant 4, early apoptotic cells with intact membrane integrity.
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5. Express induced versus non-induced RFUs output data in terms of an induced/non-
induced (I/NI) output ratio. For any given apoptosis induction experiment, the
ratio of induced population fluorescence over the non-induced (control) population
fluorescence is directly proportional to the degree of apoptosis induction in that
particular cell line using that specific apoptosis-inducing mechanism.

6. Create a bar graph to illustrate the differential RFUs output readings obtained from
a FLICA reagent probe analysis of an induced and non-induced cell population. In
this example, we show the results of a FAM-VAD-FMK caspase detection probe
analysis of a set of six 5-h staurosporine-treated Jurkat cell cultures (see Fig. 4 and
Note 11).
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Fig. 4. 96-well fluorescence plate reader analysis of apoptotic Jurkat cells using
FAM-VAD-FMK (FLICA) reagent probe. Jurkat cells were exposed to 1 �M
staurosporine or DMSO carrier control for 5 h at 37°C, incubated for 1 h at 37°C with
10 �M FLICA reagent, washed 3× in apoptosis wash buffer (AWB), and analyzed
in a Molecular Devices Spectra-Max 96-well fluorescence plate reader using 488 nm
excitation/530 nm emission settings. The black (induced) and white (non-induced)
columns represent the mean RFUs output values of a total of six separate staurosporine
induction assays that were probed using the FLICA reagent. The RFUs output for any
single induction assay is the sum of three 100 �l/well replicates.
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3.2. Methods for Performing the Total Cytotoxicity Assay

3.2.1. Assay Controls

1. CFSE-stained target cells + effector cells.
2. CFSE + 7-AAD-stained target cells.
3. CFSE-stained target cells + 7-AAD + effector cells.
4. CFSE + SR-VAD-FMK-stained target cells.
5. CFSE-stained target cells + SR-VAD-FMK + 7-AAD.
6. CFSE-stained target cells + SR-VAD-FMK + 7-AAD + effector cells.

3.2.2. Assay Procedure

1. Wash target cells (monocytes, K562 cells, or other antigen-presenting cell) 2× in
1× PBS.

2. Resuspend approximately 1–2 × 107 target cells in 1.8 ml PBS.
3. Add 200 �l 10× CFSE (see Subheading 2.2.3., step 2), vortex well, and incubate

at room temperature for 15 min.
4. Add 2 ml cell-culture media, centrifuge at <500 × g for 5 min, and discard

supernatant.
5. Resuspend cells in 4 ml cell-culture media and incubate in 37°C incubator for

30 min.
6. Centrifuge at <500 × g for 5 min, discard supernatant, and resuspend cells in

200–500 �l cell-culture media to concentrate the cells.
7. Prepare 100 �l aliquots containing 3 × 104 target cells (in cell-culture media) in

sterile FACS tubes.
8. Add effector cells (PBMCs, CD8, CD4, ��, etc.) at a concentration to achieve a

desired effector/target (E/T) cell ratio (see Note 12) in a total volume of 200 �l
(see Fig. 5). Add 100 �l media to each of the control tubes.

9. Incubate for 4–6 h. Incubation time will vary according to experimental design
and cell type.

10. Add 10 �l 20× SR-VAD-FMK (see Subheading 2.2.4., step 2) to all samples
approximately 45 min before the end of the 4- to 6-h incubation period (do not
wash).

11. Following incubation, add 200 �l cell-culture media to all samples.
12. Place all samples on ice.
13. Add 20 �l 21× 7-AAD (see Subheading 2.2.5., step 2) to appropriate control

tubes.
14. Set up flow cytometer (see Subheading 3.2.3.).
15. Following the set up of the flow cytometer (see Subheading 3.2.3.), add 7-AAD

to the remaining test samples and gently vortex.
16. Incubate samples for 5 min on ice in dark (see Note 13).
17. Immediately read samples on flow cytometer or place back on ice.
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Fig. 5. Plot of effector/target (E/T) cell ratios versus percentage of target cell killing.
Target cells were incubated with different E/T ratios to determine the optimal E/T ratio
for maximal cytotoxicity induction.

3.2.3. Flow Cytometry Set Up

1. Resuspend approximately 1 × 106 target and effector cells (see Subheading 3.2.1.,
control 1) at a 1:2 E/T cell ratio to set up an side scatter (SS) versus CFSE plot.
Draw a gate around the CFSE-positive target cell population (see Fig. 6). If greater
separation is required, incubate target cells with a higher concentration of CFSE.

2. Create a CFSE versus 7-AAD plot gated from target population in Fig. 6 and run
CFSE- and 7-AAD-stained target cell control (see Subheading 3.2.1., control 2)
(see Fig. 7).

3. Using CFSE versus 7-AAD plot, run CFSE- and 7-AAD-stained target cells +
effector cells control tube (see Subheading 3.2.1., control 3) to ensure adequate
separation between effector and target cells. Draw a gate around target cell
population (see Fig. 8). Set flow cytometer to collect 5000 events from the gate
created in Fig. 8.

4. Create a 7-AAD versus SR-VAD-FMK plot gating on the target population that
was gated in Fig. 8 and rerun:

a. CFSE-stained target cells + SR-VAD-FMK-stained control (see Subheading
3.2.1., control 4) ensuring proper compensation,

b. CFSE-stained target cells + 7-AAD-stained control (see Subheading 3.2.1.,
control 2) ensuring proper compensation, and

c. CFSE-stained target cells + SR-VAD-FMK + 7-AAD-stained control (see
Subheading 3.2.1., control 5) (see Fig. 9).
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Fig. 6. SS versus CFSE plot of an unstained effector and CFSE-stained target cell
population. Staining of target cells with the membrane stain, CFSE, allows for an easy
separation of the effector and target cell populations. Gating on these CFSE-stained
target cells allows for subsequent analysis using SR-VAD-FMK caspase detection
probe and the 7-AAD vital stain.

Fig. 7. CFSE versus 7-AAD plot of target cells stained with CFSE membrane stain
and 7-AAD vital stain. The PMT voltage was adjusted to place the stained target cells
in the third or fourth log decade.
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Fig. 8. CFSE versus 7-AAD plot of target + effector cell populations stained with
CFSE and 7-AAD. This plot is run to ensure proper separation between target and
effector cell populations. CFSE-stained target cells are gated within region R2 where
all subsequent analysis will take place.

5. Run CFSE-stained target cells + SR-VAD-FMK stain + 7-AAD stain + effector
cells control (see Subheading 3.2.1., control 6) to ensure all parameters are set
up correctly.

3.2.4. Total Cytotoxicity Calculation

1. Using the 7-AAD versus SR-VAD-FMK plot gated on the target population in
Fig. 8, the total percentage of cytotoxicity from this effector cell interaction can
be defined as the sum of the events in quadrants 1, 3, and 4 divided by the total
number of events in all four quadrants × 100 (see Fig. 9 and Note 14).

3.3. Methods for Performing the In Vivo Apoptosis Detection Assay

3.3.1. Assay Controls

1. Include a set of mice that receive only sterile saline injections instead of
ATO. These mice will still receive the same quantity of the FLIVO™ reagent
consisting of either the FAM-VAD-FMK or the SR-VAD-FMK fluorescent-
labeled caspase inhibitor probe. Differences in fluorescence staining because of the
presence or absence of the apoptosis-inducing chemotherapeutic agent can then be
documented.
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Fig. 9. SR-VAD-FMK versus 7-AAD plot showing the four different types of target
cells present, following an effector CMC reaction. This analysis was performed on the
CFSE-stained target cell population gated within the R2 region of the CFSE versus
7-AAD plot shown in Fig. 8. The total cytotoxicity percentage from this effector cell
interaction can be defined as the sum of the events in quadrants 1, 3, and 4 divided by
the total number of events in all four quadrants × 100. Quadrant 1, caspase-negative,
dead/necrotic cells. Quadrant 2, living, non-apoptotic cells. Quadrant 3, dead and
dying, caspase-positive cells. Quadrant 4, early apoptotic cells with an intact membrane
integrity.

3.3.2. Assay Procedure

1. 2 × 105 Song, Clement, Kang (SCK) murine mammary carcinoma cells were
injected into a skin fold in a window chamber in A/J mice and allowed to grow for
7–9 days.

2. The mice were injected IP with either saline (controls) or ATO at 8 mg/kg (test) to
induce apoptosis in the tumors.

3. Six hours after injection with saline or ATO, mice were injected IV with 40 �l FAM-
VAD-FMK (8.0 �g) as prepared in Subheading 2.3.2, step 1, or mice were injected
with 40 �l SR-VAD-FMK (21.0 �g) as prepared in Subheading 2.3.2, step 2.

4. The cell permeant probe, either FAM-VAD-FMK or SR-VAD-FMK, was allowed
to circulate in the mouse for 30 min before analysis.

3.3.3. Fluorescence Microscopy Observation

1. Tumors in the control and test mice were examined through the window chamber
using a suitable microscope capable of detecting fluorescence (see Note 15).

2. Fluorescent images are captured using a camera or fluorescent imaging device (see
Note 16).



In Vitro and In Vivo Apoptosis Detection 127

3.3.4. Flow Cytometry Analysis

1. Tumor tissue was collected from the window chamber by scraping the tumor out
of the chamber into a trypsin solution, stirring for 30 min with 10 �g/ml DNase
and 5 �g/ml collagenase, and finally filtering the suspension using a 70 �M cell
strainer (see Note 17).

2. Flow cytometry was then performed using a FACS Caliber flow cytometer (Becton
Dickinson Immunocytometry System, San Jose, CA) for the analysis of apoptosis
in the cell population obtained from the window chamber. The fluorescence derived
from the intracellular-bound FLICA inhibitor probes was monitored through argon
laser-driven 488 nm excitation/530 nm emission filter-tandem setting.

3. All data were acquired with an event acquisition set for 10,000 events. Data were
analyzed using CellQuest Pro cytometer software (see Note 18). The results of the
flow cytometry analysis demonstrate that ATO induces a greater level of apoptosis
in SCK tumor cells, 39% in ATO treated mouse versus 18% in saline control mouse.

4. Notes
1. The FAM-labeled FLICA reagent probes are synthesized with nine different amino

acid caspase targeting sequences to accommodate the differing caspase reactive
site preferences. The VAD sequence is a generic sequence that will associate with
caspases 1, 2, 3, 6, 8, 9, 10, and 13 to a varying degree. Other sequences consisting
of VDVAD are preferred by caspase 2, DEVD by caspase 3, VEID by caspase 6,
LETD by caspase 8, LEHD by caspase 9, AEVD by caspase 10, and LEED by
caspase 13. None of these preferred caspase target sequences are totally specific
to any one type of caspase.

2. Once the FLICA probe reagents have been diluted into PBS to give the 30×
intermediate concentrate solution, they should be further diluted into the cell
cultures as soon as possible to minimize the possibility of FMK hydrolysis.

3. Cell concentrations in suspension cultures can easily be determined by counting
in a hemacytometer. To perform this procedure, remove an aliquot (0.1 ml) and
dilute 1:10–1:20 in PBS. Mix the cells to obtain a homogeneous suspension. Add,
using a Pasteur pipette, a small drop to the grooved edge of a hemacytometer,
allowing the cell suspension to be drawn under the coverslip. Count the number
of cells within each of the four corners (just outside of the narrow grid lines) and
determine the average cell number/corner. Multiply this average cell number by
1 × 104 to get the cells per milliliter concentration in our 1:10 or 1:20 dilution.
Then multiply by our dilution factor to obtain the cell concentration in the original
cell-culture flask.

4. Care must be taken to avoid spontaneous apoptosis because of adherent cell
monolayer overgrowth. Ideally, adherent cell cultures should not be used for
apoptosis induction studies if they have been at 100% confluence for more than a
24-h period. Usually 80–90% confluence level monolayer cultures are optimal.
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5. Suspension cell cultures should not be allowed to exceed 1 × 106cells/ml. These
excessive concentrations will result in nutrient depletion and cell by-product build
up in the media. This will begin to initiate an increasing level of spontaneous
apoptosis in the cell-culture flask, which should always be avoided.

6. Apoptosis-inducing agents and the cell lines that are exposed to them will vary
extensively in their potency and cell susceptibility, respectively. It is usually
necessary to establish, at least a good positive control (inducer + cell recipient)
system where a known concentration of inducing agent will generate a known
apoptosis induction event within a known incubation period.

7. Cells will vary in their tolerance of DMSO in the cell-culture media. If our
apoptosis-inducing agent requires DMSO as a solubilizing agent or carrier, then
that same volume of the DMSO carrier should be added to the non-induced control
cell population so that any carrier-associated effects can be subtracted from the
induced population analysis.

8. Adherent cell monolayer cultures require at least a 3- to 5-min incubation with
wash buffer/wash to allow any unbound FLICA probe to diffuse back out of the
cell. Failure to allow adequate wash buffer equilibration time will result in higher
than expected background fluorescence in the non-apoptotic cells.

9. Partitioning the dot plots into quadrants allows for the quantitation of the four
different cell population types that are present in the induced/non-induced cell-
culture samples. In quadrant 1, where cells are 7-AAD positive (red) and green
fluorescein (FLICA) negative, we have a necrotic and/or very late stage apoptotic
cell population present. In quadrant 2 where we have very low green FLICA and
red 7-AAD fluorescence staining, we have our healthy, non-induced cell population
present. In quadrant 3 where we have both 7-AAD- and FLICA-positive cell fluores-
cence, we have the majority of our apoptotic cell population present. These cells
fluoresce green from the bound FLICA reagent and red from the bound 7-AAD
(vital stain dye), which was able to enter the cells because of a breakdown in the
cell membrane integrity. In quadrant 4 that contains cells exhibiting low 7-AAD
fluorescence and elevated FLICA green fluorescence, we have the very early
apoptotic cell population present that still retain their cell membrane integrity.

10. 96-well fluorescence plate reader analysis requires a higher cell density than if
reading on a flow cytometer. Ideally, cell quantities in the black microtiter plate
well should range from 5 × 105 to 1 × 106 cells/well although good results can
be obtained using as few as 2 × 105 cells/well. The required number is dependent
on the degree and method of apoptosis induction in the particular experiment.

11. 96-well fluorescence plate reader analysis requires that multiple cell suspension
aliquots be taken from the reaction tube and transferred into replicate wells on a
black 96-well plate. Typically, 100 �l aliquots work best. An average can then be
taken of these multiple sample readings for enhanced accuracy.

12. Titration of optimal effector/target cell ratios is often performed to define the
range of maximum cytotoxicity effectiveness. This effector to target cell ratio can
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then be utilized in less clearly defined experimental situations to enhance assay
sensitivity.

13. 7-AAD, the red (FL3) fluorescent vital staining dye, will penetrate very quickly
into membrane compromised cells and associate with the guanine (G) and cytosine
(C) regions of the DNA.

14. Utilization of an apoptosis detection probe in tandem with a cell viability probe
allows this flow cytometry-based total cytotoxicity determination assay to detect
cell membrane intact, early to mid-apoptotic cells, which would otherwise be
missed using a traditional 51Cr assay method. Traditional chromium and enzyme
release methods are only capable of detecting cells located in quadrants 1 and
3. This leaves (undetected) those cells in quadrant 4, which are caspase positive
but which still have intact cell membrane structure. The net result of traditional
cytotoxicity detection assay methods is an underestimation of the true level of
cytotoxicity activity.

15. Fluorescence was detected on an Eclipse TE200 bench-top microscope (Huntley,
IL) with a band pass filter (excitation at 488 nm, emission at 520 nm for the
FAM-VAD-FMK and excitation at 550 nm, emission at 580 nm for the SR-VAD-
FMK).

Fig. 10. In vivo apoptosis detection in a (saline-treated) control mouse, 7-day-old
SCK tumor, following exposure to the saline control (saline IP injection). The control
mouse received an IV injection of 8.0 �g cell permeant, FAM-VAD-FMK poly-caspase
detection probe 6 h after saline injection. The probe was allowed to circulate for 30
min before a 20× fluorescent image was captured using a Hamamatsu C2400 camera
and Broadway Imaging Software on an Eclipse TE200 bench-top microscope.
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16. Fluorescent images were captured at 20× using a Hamamatsu C2400 camera
(Hamamatsu Photonics, Hamamatsu City, Japan) and Broadway Imaging Software
(Data Translation, Malboro, MA) on an Eclipse TE200 bench-top microscope
(Nikon). The first photograph shows the negative control mouse (saline injection)
(see Subheading 3.3.1., control 1) that received an IV injection of FAM-VAD-
FMK (see Subheading 3.3.2., step 3). There is a low level of spontaneous
apoptosis as would be expected in the fast-growing SCK tumor. The second photo-
graph shows the ATO-treated test mouse that received an IV injection of FAM-
VAD-FMK (see Subheading 3.3.2., step 3). There is a high level of apoptosis as
a result of treatment with ATO (see Subheading 3.3.2., step 2) after 6 h.

17. To prevent photo-bleaching of fluorescent-stained apoptotic cells, minimize
exposure to light as much as possible during this procedure.

18. The results of the flow cytometry analysis demonstrate that ATO induces a greater
level of apoptosis in SCK tumor cells (39% in ATO-treated mouse) when compared
with only 18% apoptosis induction in the saline control mouse. Cell permeant
fluorescent-labeled FMK peptides that bind to active caspases can be used to
identify areas of apoptosis in living animals by IV injection. The cell membrane
permeability allows the probes to enter into several layers of tumor cells and
tissues. Unbound probe is naturally removed from non-apoptotic cells in the living

Fig. 11. In vivo apoptosis detection in an ATO-treated mouse, 7-day-old SCK tumor.
The test mouse received an ATO (8 mg/kg IP injection). The test mouse subse-
quently received an IV injection of 8.0 �g cell permeant FAM-VAD-FMK poly-caspase
detection probe 6 h after ATO injection. The probe was allowed to circulate for 30 min
before a 20× fluorescent image was captured using a Hamamatsu C2400 camera and
Broadway Imaging Software on an Eclipse TE200 bench-top microscope.
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Fig. 12. Flow cytometry histogram overlay of FAM-VAD-FMK-treated tumor cells
taken from either the saline-treated or the ATO-treated tumor masses (unpublished
data). In these results, the tumors were scraped from the window chambers 30 min after
IV injection with FAM-VAD-FMK. The tumors were excised, and cell suspensions
were made by dispersing the cells with trypsin. Cell suspensions were then analyzed by
flow cytometry. The increase in overall fluorescence (right shift) of the ATO-treated
tumor mice (cells) relative to that observed in the saline control mice reflects the
increased apoptosis induction rate generated by the ATO exposure (see Note 19).

animal, and bound probe remains within the apoptotic cells. This is an effective
method of detecting and measuring apoptosis in vivo.

19. The flow cytometry results support the results seen in the photographs (see Figs 10
and 11)is a detectable level of apoptosis in the control mice (placebo-treated)
tumors and a significant increase in apoptosis in the test mice (ATO-treated)
tumors.
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Caspase Activity Assays

Andrew L. Niles, Richard A. Moravec, and Terry L. Riss

Summary

Caspase activity assays in multi-well plate formats represent powerful tools for understanding
experimental modulation of the apoptotic response. These assays are configured to exploit
functional, biochemical, and temporal differences in substrate specificity and selectivity, which
are useful in defining the magnitude and mechanism of a compound or treatment effect. New
advances in fluorescent and luminescent chemistries now enable single addition “add-mix-
measure” determinations of caspase activity directly in the sample plate with unprecedented
sensitivity. Unlike other more cumbersome or laborious techniques, caspase activity induction or
inhibition measures are quantifiable and definitive. The highlighted techniques in this chapter are
cost efficient and allow for the rapid exploration of thousands of combinations and conditions.

Key Words: Caspase; activity; selectivity; cell based; induction; inhibition; fluorescence;
luminescence.

1. Introduction
Caspase activation is a central biochemical process in apoptosis. The

proteolytic activities of the caspases are known to initiate and augment the
apoptotic response by maintenance of the enzymatic cascade in a committed
program. Furthermore, activated caspases degrade both important structural
protein elements within cells and RNA splicing or DNA repair-associated
proteins (1–3). Ultimately, this group of enzymatic activities is responsible
for dramatic phenotypic changes and elimination of the apoptotic cell. The
caspase family of proteins can be conveniently distinguished from other cellular
proteolytic activities by their activity profile. In the most general sense, this group
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of proteases utilizing a cysteine residue in their active site, has an absolute
requirement for substrates containing aspartic acid residues (4–6). In fact,
these shared attributes were the genesis of the term “caspase” (for cysteinyl
aspartate-specific proteinase) (7).

1.1. The Biochemical Basis for Substrate Selectivity

The activity profiles and substrate preference of particular caspases have been
previously defined by Thornberry et al. (8). Using recombinantly expressed
caspases 1, 2, 3, 4, 5, 7, 8, and 9, and a combinatorial substrate approach varying
P4, P3, and P2 residues with respect to the scissile cleavage site (Schechter–
Berger nomenclature), they found that these enzymes could be grouped into
three major groups by substrate specificity (see Table 1). For each group, the
primary basis for substrate preference can be attributed to the influence of the
P4 amino acid.

Group I caspases prefer the tetrapeptide sequence WEHD but are poorly
selective. Caspases 1, 4, and 5, however, have an ill-defined role in apoptosis
and are likely to participate in other biological cascades such as the exacer-
bation of inflammatory responses modulated by interleukin-� and interferon-
�-inducing factor (9,10).

Group II caspases have a striking preference for the tetrapeptidic sequence
of DE(X)D, whereby the P2 amino acid residue dictates a high degree of selec-
tivity. Caspase-2 demonstrates a further preference for pentapeptide substrates
and favors valine at P5 position (11). In addition to a substantially restricted
substrate usage pattern, caspases 3 and 7 demonstrate unparalleled catalytic

Table 1
The caspase family and consensus peptide useage.

Family grouping Caspase Optimal sequence (P4-P3-P2-P1)

Group I Caspase-1 WEHD
Caspase-4 (W/L)EHD
Caspase-5 (W/L)EHD

Group II Caspase-3 DEVD
Caspase-7 DEVD
Caspase-2 VD(V/E)(A/H)D

Group III Caspase-6 VEHD
Caspase-8 LETD
Caspase-9 LEHD
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Fig. 1. Dose-response curve of caspase-3/7 activation in staurosporine-treated Jurkat
cells. Jurkat cells were plated at 10,000 cells per well in 50 �l volumes in RPMI 1640
+ 10% FBS. Serial dilutions of staurosporine (Biomol) or DMSO (Sigma) matched
vehicle were added to cells in an additional 50 �l volume. After 5 h of incubation at
37°C, the plate was removed from the incubator and allowed to equilibrate to room
temperature. Apo-ONE® Reagent (Promega) was added in an additional volume and
briefly mixed by orbital shaking. After 1 h, the resulting fluorescence was measured
using a CytoFluor II. The data were then plotted and fit by GraphPad Prism™ software.
EC50 value represents half-maximal caspase-3/7 activation. The R2 value represents the
goodness of fit. A.L Niles, unpublished data.

efficiencies against their favored substrates when compared with members of
the other groups (12). Furthermore, group II caspases demonstrate a high level
of intrinsic activity repression known as “zymogenicity,” when maintained in
an inactivated, proenzyme form (13,14).

The group III caspases utilize the general consensus sequence (L/V)E(X)D.
Selectivity among caspases 6, 8, and 9 is imparted by the P4 and P2 residues;
especially for caspase-9 that has a heavy preference for a histidine residue at P2.
The group III caspases have a selectivity profile akin to group I caspases and
are more promiscuous than group II caspases. This grouping also demonstrates
a higher level of proenzyme activity than the group II enzymes because their
activities are less tightly controlled by proenzyme leader sequences.

1.2. The Functional Basis of Differential Activity

The caspases directly involved in apoptosis can also be sub-grouped by
their functional role in the process. Although the initiator caspases 8 and 9
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Fig. 2. Dose-response curve of caspase-8 activation in recombinant TRAIL-treated
Jurkat cells. Jurkat cells were plated at 25,000 cells per well in 50 �l volumes in RPMI
1640 + 10% FBS. Serial dilutions of rTRAIL (Chemicon) or matched vehicle were
added to cells in an additional 50 �l volume. After 5 h of incubation at 37°C, the
plate was removed from the incubator and allowed to equilibrate to room temperature.
Caspase-Glo®-8 Reagent (Promega) was added in an additional volume and briefly
mixed by orbital shaking. After 1 h, the resulting luminescence was measured using a
BMG PolarStar™. The data were then plotted and fit by GraphPad Prism™ software.
The EC50 value represents half-maximal caspase-8 activation. The R2 value represents
the goodness of fit. A.L Niles, unpublished data.

both contain long pro-domains, it is well appreciated that each participates in
distinctly different initiation pathways. Caspase-8 activity is typically triggered
by a sequence of events beginning with cell surface receptor engagement
of the TNF superfamily by agonistic ligands (15,16). The binding of these
ligands allows for the assembly of a complex of proteins and adapter molecules
that lead to autocatalytic processing of pro-caspase-8 into a mature and fully
active enzyme. This activation mechanism is often referred to as the “extrinsic”
pathway.

The activation of caspase-9 by the “intrinsic” pathway involves cell death
signals derived from mitochondria. The stimulus for this event is perceived
damage to the cell from environmental stresses or accumulated metabolic
toxins. In this activation event, released cytochrome C complexes with Apaf-
1 and pro-caspase-9 in the presence of ATP to form a complex called the
apoptosome. The complex then becomes catalytically competent (17).
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Fig. 3. Caspase-8 activity inhibition by Ac-DEVD-CHO. Ac-DEVD-CHO
(Promega) was twofold serially diluted in RPMI 1640. DMSO matched vehicle served
as controls. Recombinant human caspase-8 (Biomol) was diluted to 100 U/ml in RPMI
1640, then added in an equal volume to wells containing caspase inhibitor or vehicle
controls. After 30 min of incubation at room temperature, Caspase-Glo®-8 Reagent
(Promega) was added in an additional 100 �l volume. Luminescence was measured 60
min after addition using a BMG FluoStar™. The data were plotted and fit by GraphPad
Prism™ software. IC50 value refers to the half-maximal inhibition of caspase-8 activity
by Ac-DEVD-CHO. The R2 value represents the goodness of fit. A.L Niles, unpub-
lished data.

Caspases 3 and 7 are distinct from the initiator caspases in that they mediate
effector or “executioner” functions downstream from the original stimulus. In
fact, caspases 3 and 7 require processing of their proenzyme leader sequence
by caspase-8 and/or caspase-9 to become activated. Independent of specific
induction pathway, the apoptotic program convergence at caspases 3 and 7
allows for a critical checkpoint in commitment for cellular regulation.

The precise role of caspases 2 and 6 remain to be fully elucidated (18–20).
Because pro-caspase-2 contains the caspase recruitment domain (CARD), it
is typically grouped as an initiator caspase. Caspase-6 appears to have a
clearer role as an effector caspase. Nevertheless, there is substantial evidence
to suggest both enzymes contribute to feedback amplification loops in the
apoptotic cascade (21).

As the study of apoptosis has progressed, so too have the tools and assays
available to measure the process. Early morphological observations of cells
undergoing apoptosis gave way to more specific and direct techniques such as
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TUNEL and annexin-V labeling of cells. Improvements in antibody availability
enabled western blot and immunohistochemical analyses of cleaved proteins
such as PARP and caspase-3. New techniques and chemistries have evolved
that further simplify caspase assays and allow multi-well plate-based analyses,
and these will be the scope of this chapter.

2. Materials
2.1. Equipment

1. 15-ml conical tubes (Corning, Lowell, MA, USA).
2. 75 cm2culture flasks (Corning).
3. Reagent reservoirs (Corning).
4. Sterile pipette tips.
5. Single and multi-channel micro-pipettors.
6. Hemocytometer and coverslip.
7. Bright-field microscope.
8. Table-top centrifuge.
9. Opaque-walled 96-well plate (Corning).

10. Fluorometer equipped with 485ex·527em optical filters.
11. Luminometer.
12. CO2 incubator.

2.2. Reagents

1. Cell-culture medium (RPMI, MEM, DMEM, etc.).
2. Animal serum (fetal bovine, horse, etc.).
3. Trypan blue solution (Sigma, St. Louis, MO, USA).
4. Staurosporine (Biomol, Plymouth Meeting, PA, USA).
5. Dimethyl sulfoxide (DMSO) (Sigma).
6. Recombinant TRAIL (Chemicon, Temecula, CA, USA).
7. Recombinant caspase-8 (Biomol).
8. HEPES hemisodium salt (Sigma).
9. Dithiothreitol (DTT) (Sigma).

10. Ac-DEVD-CHO caspase inhibitor (Promega, Madison, WI, USA).
11. Apo-ONE® Homogeneous Caspase-3/7 Assay (Promega).
12. Caspase-Glo®-3/7, 8, and 9 Activity Assays (Promega).

3. Methods
The methods described below outline experimental (i) caspase induction

in cell culture, (ii) biochemical caspase inhibition, (iii) fluorogenic caspase
activity measurement, and (iv) luminogenic caspase activity measurement.
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3.1. Caspase Activation

Cell-culture manipulation should be conducted in a laminar flow hood
or clean-room environment with sterile reagents and consumables. Aseptic
technique should be employed to avoid culture infection.

1. Harvest cells from culture. Remove a representative volume (1000 �l or less) for
analysis. Gently pellet the remaining pool by centrifugation at 200 × g for 8–10
minutes at room temperature.

2. Examine a dilution of the cell sample by trypan blue exclusion to determine the
population viability and cell count. If viability is greater than 90%, add complete
medium (with serum and nutrient/cofactor adjuncts) so that the cells are at a density
of 200,000 viable cells/ml.

3. Plate the cells in 50 �l volumes (10,000cells/well) to a sterile, opaque-walled
96-well plate. Add 100 �l volumes of cell-culture medium to replicate wells to
serve as cell-free control. If the cells are attachment dependent, allow for a 2–16 h
equilibration period before proceeding.

4. (i) Prepare caspase induction control agents. For example, dilute staurosporine to
4 �M (or rTRAIL to 500 ng/ml) in complete cell-culture medium and conduct
twofold serial dilutions. Add the solutions in replicate 50 �l volumes to cell wells
for a final concentration range between 2 �M and 15.6 nM. (ii) Dilute unknown or
test compound to 20 �M in complete medium and add them in 50 �l volumes to cell
wells. (iii) Add 50 �l complete cell-culture medium to wells designated for non-
induction, negative control. Mix the plate by orbital shaking to insure homogeneity
and compound dispersion.

5. Incubate the plate at 37°C in a humidified CO2 environment for period between 4
and 24 h (determined empirically).

6. Proceed to activity assay.

3.2. Caspase Inhibition

Inhibition studies are useful for identifying and characterizing the agents
that negatively modulate caspase activity. When planning the experiment, tailor
the assay conditions to reflect the biology of the particular caspase enzyme of
interest. Although most secondary potency testing is conducted with purified
caspases in defined biochemical assay systems, more complex inhibition assays
can be performed with cell-culture models.

1. (i) Dilute test compounds to 20 �M in an appropriate assay buffer. In most cases,
a buffer constructed of 50 mM HEPES, pH 7.2, with 5–10 mM DTT will suffice.
For example, make an initial dilution of Ac-DEVD-CHO to 20 �M twofold serially
and dilute the test compounds in a micro-well plate in 50 �l volumes with a
multi-channel pipettor. Replicate wells should be created for each concentration of
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compound so that wells with enzyme and without enzyme are represented. (ii) Add
50 �l volumes of assay buffer to replicate wells to serve as uninhibited control.

2. Dilute the target caspase in the above assay buffer to a concentration that is known
to be in the middle of the activity linear range of the detection assay to be used.
This must be determined empirically prior to inhibition studies.

3. (i) Add the diluted caspase to replicate wells containing dilutions of inhibitor
and control wells not containing inhibitor. (ii) Add assay buffer only to parallel
background control wells containing inhibitor dilutions. Mix by orbital shaking and
incubate at 37°C until inhibition equilibrium; a period usually between 30 min
and 1 h.

4. Proceed to activity assay.

3.3. Fluorescent Caspase Activity Assays

The proteolytic activity of activated caspases can be measured in multi-well
formats by using profluorescent tetrapeptide substrates presented in a buffer.
In the absence of caspase activity, profluorescent substrates demonstrate poor
excitation and emission efficiency because of a peptidic quenching effect. After
caspase cleavage at the scissile bond linkage, the fluorophore is liberated from
the peptide. This free fluorophore exhibits a substantial increase in quantum
yield under optimal excitation. Because fluorophore accumulation is propor-
tional to caspase activity, the resulting fluorescence can be measured using a
fluorometer in either kinetic or endpoint experiments.

The homogeneous assay format offers a more convenient and robust protocol
than conventional multi-step methods by eliminating the need for wash and
centrifugation steps. In this protocol, a bifunctional buffer system mediates
lysis and supports optimal caspase activity in a single add and mix procedure.
This allows for interrogation of caspase activity directly in cell-culture medium.
Rhodamine 110 (R110)-derived peptide substrates are typically utilized in
commercial kits because this fluorophore permits greater assay sensitivity than
coumarin-derivatized substrates in 96 and 384 multi-well formats (22).

The following is an abbreviated protocol for performing a homogeneous
assay to measure caspase-3/7 activity from cells in culture. For complete details
of the assay format and potential usages, consult Promega Technical Bulletin
#295 that describes the Apo-ONE® Homogeneous Caspase-3/7 Assay.

1. Thaw assay buffer and 100 × substrate and allow them to equilibrate to room
temperature. Mix by manual inversion or by vortexing.

2. Dilute substrate 1:100 with the buffer to obtain the desired volume of Apo-ONE®

Homogeneous Caspase-3/7 Reagent.
3. Add the Apo-ONE® Reagent to assay wells in a 1:1 ratio (e.g., 100 �l reagent to

100 �l sample or control).
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4. Mix to homogeneity by gentle orbital shaking. Abstain from manual aspiration and
dispensing to avoid introduction of bubbles that complicate fluorescence measure-
ments.

5. Incubate the sample/reagent mixes shielded from ambient light for 1–18 h prior
to measuring the fluorescence using a fluorometer. The excitation and emission
optima for R110 are 499 and 521 nm, respectively. Paired filter sets in the range
of 485 ± 20 and 530 ± 20 nm are sufficient to accurately detect the Stoke’s shift
associated with the profluorescent and free fluorescent product.

3.4. Luminescent Caspase Activity Assays

Luminescent caspase activity assays are also configured in a homogeneous
format and offer an alternative to fluorescent assays (23). These homoge-
neous assays utilize amino-luciferin-derivatized peptide substrates configured
in a buffer system containing luciferase, MgSO4, and ATP. In the absence of
caspase activity, the amino-luciferin-derivatized peptide substrate is an exceed-
ingly poor substrate for luciferase and as such emits minimal light. In the
presence of caspase activity, however, the peptide moiety is removed from
the substrate, leaving amino-luciferin that is rapidly consumed by luciferase to
generate light that can be measured using a luminometer. This dual enzyme
system demonstrates a proportional response between caspase activity and
resulting stably sustained photon emission, known as a “glow-type lumines-
cence.”

The following is an abbreviated protocol for performing a homogeneous
luminescent assay to measure caspase activity from cells in culture. For
complete details of the assay format and potential usages, consult Promega
Technical Bulletins #323, 332, and 333 that describe the Caspase-Glo®-3/7, -8
and -9 Assays.

1. Equilibrate the frozen Caspase-Glo® buffer and lyophilized Caspase-Glo® substrate
to room temperature prior to use.

2. Transfer the Caspase-Glo® buffer to the lyophilized Caspase-Glo® substrate to
create the reagent. Mix by swirling or by inverting the contents until the substrate
is completely dissolved.

3. Add an equal volume of Caspase-Glo® reagent to sample wells containing cells,
enzyme, or controls, and mix well by orbital shaking. Do not mix the sample/reagent
mix by manual aspiration and dispensing as this may introduce bubbles that
complicate luminescent measurements.

4. Incubate the samples at room temperature for 15–30 min.
5. Measure luminescence on a luminometer. Actual incubation times (step 4) should

be determined empirically by repeated measurements in kinetic mode. The signal
derived at peak luminescence should be stable for at least 2 h after reagent addition.
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4. Notes
4.1. Cell-Culture Biology Considerations

Cell-based models of caspase induction or inhibition can be extremely
effective and efficient tools for dissecting apoptosis pathways or evaluating
potential therapeutic compound efficacy. It should be noted, however, that the
quality of the data derived from these studies is substantially dependent on
careful attention to experimental design and detail. In short, understanding the
test in vitro cell model and its limitations strengthens the data and ultimate
conclusion (24).

1. An early and important aspect of understanding the cell-culture model is to establish
cell growth parameters for normal physiology or proliferation during the experiment.
Normal doubling times and cellular volume vary greatly and impact initial seeding
density. In general, a density should be chosen in which cells will not become contact
inhibited, form multiple attachment layers, or require in-experiment replenishment
of medium or growth factors. Typical 96-multi-well formats accommodate anywhere
from 2500 to 10,000 cells/well.

2. Values derived from cell-based caspase activity assays represent an average response
to the treatment. Because of heterogeneity in the population of cells within the
well and position in the cell cycle, subsets of the population may be more or less
susceptible to caspase induction. Although cell cycle-synchronizing reagents exist,
their use is strongly discouraged because of unnecessary system perturbation and
possible unintended effects.

3. The kinetics of the caspase activation response should be examined with respect
to compound or treatment dosages and exposures. Several different concentrations
of a candidate compound should be added to cells in multiple wells while effects
are observed over the contact time. This approach not only helps to reveal the
optimal activation potency of particular subsets of caspase enzymes but addresses
the temporal aspects of that activation. For instance, the initiator caspases are
activated early in the cascade then decline in activity in accordance with their
enzymatic half-life. Conversely, effector caspase activities are less proximal to
the stimulus event and are largely maintained until cells proceed into secondary
necrosis. Any kinetic examination of caspase activation should include well-matched
vehicle controls or mock treatments to identify the magnitude of the specific effect.
Similarly, known inducing agents are useful to demonstrate the model system
caspase activation potential.

4. Inhibition experiments can be used to dissect critical checkpoints in the caspase
cascade or to identify and characterize the potency of potentially therapeutic
compounds or treatments. Inhibition studies in cell-based systems provide a wealth
of information in regards to compound stability and permeability within the context
of a complex biological environment. Data from cell-based assays provide a starting
point for ascertaining the practical potency of the inhibitor and potential biophysical
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limitations. For instance, small molecule inhibitors may exhibit excessive serum-
binding kinetics that substantially limit the free molecule concentrations that can
be obtained.

However, a common pitfall of cell-based, multi-well caspase inhibition studies
is the initiation of non-caspase cytotoxicity by the experimental treatment.
Erroneous conclusions therefore may be made with regard to inhibition effects
or potency. This problem can be mitigated by normalizing assay readouts for
cytotoxicity or viability by adding assay reagents to confirm viability status.
The specificity of the inhibitor response is also critical in this regard, as caspase
pathway inhibitors might have broad spectrum effects compromising cellular
health. Inhibitor specificity therefore should be addressed with not only purified
target but also structurally or functionally related caspase enzyme panels prior
to cell-based studies, when feasible.

Lastly, cell-based inhibition studies using exogeneously added chemical
mediators should include experimental design measures to remove non-
internalized and bound inhibitor. This can be accomplished by a wash step
prior to assaying for caspase activity. This step is necessary because lytic
endpoint caspase activity assays measure remaining activity in a lysate pool.
Therefore, unbound inhibitor may access and inhibit previously uninhibited
caspases liberated by the assay lysis reagent. The obvious caveat to washing the
treated cell populations is that profoundly apoptotic cells may have progressed
to necrosis and released their activated caspases. Similarly, cells undergoing
apoptosis often “lift off” culture wells during washes. These losses may lead
to underestimation of the caspase activation response in the uninhibited control
wells.

4.2. Fluorescent Caspase Activity Assay Considerations

1. Not all fluorescent activity assays are well suited for cell-based models. Enzymes
that demonstrate poor catalytic efficiency or are non-abundant suffer from low
sensitivity.

2. The largest detriment to fluorescent caspase activity assays is interference by the
sample compound with the fluorescence measurement of the reporting molecule.
For instance, color quenching by candidate compounds or bubbles in the sample
can impact the efficiency of excitation or emission. Similarly, auto-fluorescent
compounds may contribute fluorescence to the emission channel in the absence of
caspase activity and accumulated fluor (false positive).

3. Activity assay incubation times must be empirically determined to achieve the
highest signal to background ratio. Repeated measurements are not detrimental to
fluorescent product accumulated as a result of caspase cleavage of the substrate.
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4.3. Luminescent Activity Assay Considerations

1. Luminescent signal output is affected by temperature. To mitigate variation in
assay signal by uncontrolled temperature gradients in a cooling assay plate (edge
effects), remove cell-based multi-well plate cultures from the incubator and allow
for equilibration to room temperature prior to adding the reagent.

2. Intensely colored compounds that absorb light in the emission spectrum of lumines-
cence may reduce the measured light.

3. The possibility that compounds may interfere with the enzymatic activity of
luciferase must be considered. Although statistically rare, luciferase inhibition may
lead to false negative data.

4. The synchronous dual enzyme mechanism of the assay requires certain kinetic
constraints for rigorous determination of potency (IC50).
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Multiplex Caspase Activity and Cytotoxicity Assays

Andrew L. Niles, Richard A. Moravec, and Terry L. Riss

Summary

Multiplexed assay chemistries provide for multiple measurements of cellular parameters
within a single assay well. This experimental practice not only is more cost efficient but provides
more informational content about a compound or treatment. For instance, multiplexed caspase
activity assays can help establish the kinetics and magnitude of initiator and effector caspase
induction by candidate compounds or treatments. The ability to combine the activity profiles
within the same sample provides a level of normalization not possible with parallel assays.
Furthermore, multiplexing caspase activity assays with viability and/or cytotoxicity assays can
support conclusions regarding cytotoxic mechanism and provide normalization that may help
correct for differences in cell number.

Key Words: Multiplex; fluorescence; luminescence; cell based; cytotoxicity; caspase.

1. Introduction
The term “multiplex” is used extensively in biology to describe techniques

or assays that capture more than one set of data from the same sample by
measuring different parameters. The motivation for combining assays within
the same well is twofold: reduction in cost of reagents, consumables, and
operator time versus parallel assays and the intrinsic power of intra-well
response normalization. Regardless of which specific experimental application
is being described, all multiplex assays have an obvious requirement for the
combined assay chemistries to be compatible, distinct, and measurable. Assay
signal separation is achieved by various means including using fluorophores
with divergent excitation and emission spectra (1), using chemiluminescence
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and bioluminescence (2), using fluorescence and bioluminescence (3), or using
bioluminescence in a sequential manner with the aid of a quenching agent
(4). For the purposes of this chapter, we will describe only those chemistries
germane to cytotoxicity, viability, and caspase activation assays.

1.1. Multiplexed Caspase Activity Assays

Caspase activation in cell culture is an early and definitive hallmark of
apoptosis. The ability to further characterize the caspase induction response is
useful for profiling a compound or treatment (5). Multiplexed caspase activity
assays have utility in delineating the functional and temporal aspects of caspase
activation when used in time-course experiments. For instance, the initiator
caspases 8 and 9 are activated by specific extrinsic or intrinsic stimuli, respec-
tively. In turn, these caspases activate the effector caspases (3, 6, and 7) that
mediate cellular destruction (see 11 chapter for caspase biology and apoptosis
process review). Therefore, carefully configured homogeneous multiplexed
caspase activity assays can offer insight into the response magnitude, kinetics,
and primary pathway relative to model inducers.

Combining caspase detection chemistries is simple if standard reaction condi-
tions for both enzymes are met. The reagent formulations in most commercial
kits designed to measure individual caspase activities contain optimized concen-
trations of the buffering agent, salts, thiols, and cofactors, all at a specific
pH. Practically speaking however, optimized buffer formulation differences are
typically minimal, and the caspase family as a whole are generally accom-
modating of these subtle differences (6). Therefore, an optimal buffer system
for one enzyme may be adequate for assaying a range of different caspase
activities.

The primary basis for selectivity in caspase activity assays is imparted by
the tetrapeptide sequence of the substrate. The secondary basis for selectivity
is the kinetic constants of the substrate with respect to the target and off-
target caspases. When attempting to measure more than one (multiple) caspase
activities from a mixture, it is essential that the substrates are added to the
sample at appropriate concentrations. The most useful combinations of substrate
concentrations often reflect the individual Km of targeted enzymes.

1.2. Cytotoxicity and/or Viability Assays Multiplexed with Caspase
Activity Assays

Experimental manipulation of cells in culture leads to three general outcomes
after a defined exposure: no effect (with regard to viability or cytotoxicity),
proliferation, or cytotoxicity. Viability and/or cytotoxicity assays are therefore
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useful in defining either the general tolerability of a test compound or the
demonstrating cytotoxic potential.

It is often useful to couple the primary response data (e.g., caspase
activity) with global changes in cellular health when attempting to identify
compounds with apoptosis-inducing activity. For instance, caspase activation
with a commensurate reduction in viability (or increase in cytotoxicity) relative
to the control treatment would strongly support the conclusion of programmed
cell death by apoptosis. However, cytotoxicity and/or reduction in cellular
viability in the absence of caspase activation may indicate a primary necrotic
event. The ability to distinguish between these forms of cytotoxicity in a plate-
based format by a homogeneous multiplexed assay is often relevant from a
therapeutic perspective, because apoptosis can often be modulated, whereas the
necrotic process is less understood and typically detrimental (7).

The quality of caspase activity or inhibition data often can be improved by
determining the relative number of live or dead cells remaining at an endpoint
after treatment (8). For instance, a single parameter assay measuring only
caspase-3/7 activation may skew or confound the data set if cell clumping or
other experimental error influenced the initial number of cells in the sample
well. The risk is that statistically significant increases or decreases in caspase
activity may be due to cell number alone, not a specific biological effect.
Therefore, these multiplexed methods can substantially improve and control
erroneous conclusions and variation by response normalization.

Procedurally, multiplexed viability and/or cytotoxicity assays are easily
configured by the sequential addition of viability and/or cytotoxicity reagents
to the assay well prior to homogeneous caspase reagent addition (9,10).
This sequence-dependent addition is necessary because homogeneous caspase
activity assay buffers contain lytic components and reducing thiols in their
buffer systems, which would effect cellular viability and interfere with viability
or cytotoxicity measurements.

2. Materials
2.1. Equipment

1. 15-ml conical tubes (Corning Lowell, MA, USA).
2. 1.5-ml Eppendorf tubes.
3. 75 cm2 culture flasks (Corning).
4. Reagent reservoirs (Corning).
5. Sterile pipette tips.
6. Single and multi-channel micro-pipettors.
7. Hemocytometer and coverslip.
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8. Bright-field microscope.
9. Table-top centrifuge.

10. Opaque multi-well plate (Corning).
11. Multi-well fluorometer equipped with the following filter pairs:

a. 400ex·505em

b. 485ex·527em

c. 560ex·590em.

12. Multi-well luminometer.
13. CO2 incubator.

2.2. Reagents

1. Cell-culture medium (RPMI, MEM, DMEM, etc.).
2. Animal serum (fetal bovine, horse, etc.).
3. HL-60 cell line (ATCC Manassas, VA, USA).
4. HepG2 cell line (ATCC).
5. Jurkat cell line (ATCC).
6. Trypan blue solution (Sigma, St. Louis, MO, USA).
7. Tamoxifen (Sigma).
8. Dimethyl sulfoxide (DMSO) (Sigma).
9. Recombinant TRAIL (Chemicon Temecula, CA, USA).

10. Apo-ONE® Homogeneous Caspase-3/7 Assay (Promega Madison, WI, USA).
11. Caspase-Glo®-3/7, 8, and 9 Activity Assays (Promega).
12. CellTiter-Blue® Cell Viability Assay (Promega).
13. MultiTox-Fluor Multiplex Cytotoxicity Assay (Promega).

3. Methods
The methods described below outline experimental examples of (i) a caspase

induction time course in cell culture, (ii) simultaneous multiplexed caspase
measurement by a luminescent and fluorescent activity assay, (iii) dose-
dependent apoptosis, (iv) measurement of apoptotic responses by a multiplexed
fluorescent viability and caspase-3/7 assay, or (v) a multiplexed fluorescent
cytotoxicity and luminogenic caspase activity assay.

3.1. A Caspase Induction Time Course

Caspase activation can be initiated by a multitude of stimuli (11). However,
the resulting caspase responses can be functionally separated into two primary
pathways based on apoptotic mechanism. For instance, cell death signals that
stimulate the “intrinsic” mitochondrial pathway recruit and activate caspase-9
by forming a multi-unit complex known as the apoptosome. Activated caspase-9
can then act on pro-caspase-3 to affect caspase-3 activation and, ultimately,
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the executioner function. The “extrinsic” pathway is characterized by utilizing
cell surface receptors to engage cell death ligands that transduce signals for
caspase-8 to associate with adaptor molecules. Activated caspase-8 can then
activate pro-caspase-3 in a manner like caspase-9.

The following protocol induces an extrinsic caspase activation profile by
using tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). TRAIL
receptor expression is variable among cells of different lineages with primary
lines being particularly insensitive to induction (12). The protocol can be
amended to use staurosporine to promote the intrinsic activity profile.

To avoid culture contamination by microorganisms, conduct cell-based assay
experiments in a laminar flow hood or clean-room environment using aseptic
technique with sterile reagents and consumables.

1. Harvest cells from culture. Remove a representative volume (1000 �l or less) for
analysis. Gently pellet the remaining pool by centrifugation at 200 × g for 8–10
min at room temperature.

2. Examine a dilution of the cell sample by trypan blue exclusion to determine the
population viability and cell count. If viability is greater than 90%, add complete
medium (with serum and nutrient/cofactor adjuncts) so that the cells are at a density
of 500,000 viable cells/ml.

3. Plate the cells in 50 �l volumes (25,000 cells/well) to a sterile, opaque-walled
microtiter plate. Add 100 �l volumes of cell-culture medium to replicate wells to
serve as cell-free control. If the cells are attachment dependent, allow for a 2- to
16-h equilibration period before proceeding.

4. Prepare caspase induction control agent. For example, dilute rTRAIL to 200 ng/ml
in complete medium. Add the control-inducing agent in replicate 50 �l volumes to
replicate cell wells every hour for a 10-h time course.

5. Dilute unknown or test compound to 20 �M in complete medium and add them in
50 �l volumes to cell wells over the same time course.

6. Add 50 �l complete cell-culture medium (vehicle) or culture medium with dilution-
matched solvent (e.g., 0.1% DMSO, when appropriate) to wells designated for
non-induction, negative control.

7. Mix the plate by orbital shaking after each addition to ensure homogeneity and
compound dispersion.

8. Incubate the plate at 37°C in a humidified CO2 environment over the experimental
time course.

9. Proceed to multiplex caspase activity assay (see Subheading 3.2.).

3.2. Multiplex Caspase Assay

The biochemical basis for homogeneous, plate-based measurement of active
caspases has been described in greater detail in a previous chapter 11 in this
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Fig. 1. Multiplex luminescent caspase-8 and fluorescent caspase-3/7 assays of
rTRAIL-treated HL-60 cells. HL-60 cells were seeded at 25,000 cells/well in 50 �l
RPMI 1640 + 10% FBS. 50 �l rTRAIL (Chemicon, 100 ng/ml final) in RPMI 1640 or
vehicle control (RPMI 1640) was added to replicate wells every hour over a 10-h time
course. Caspase-Glo®-8 Reagent (Promega) was prepared by adding the provided assay
buffer to the substrate cake. A fluorescent caspase-3/7 substrate (bis-Z-DEVD-R110)
from the Apo-ONE® kit (Promega) was mixed into the Caspase-Glo®-8 reagent at a
final concentration of 50 �M. 100 �l combined reagent was added to the cells and
incubated 60 min prior to measuring luminescence and fluorescence using the BMG
FluoStar™. A.L. Niles, unpublished data.

book. This protocol merges chemistries supporting luminescent detection of a
caspase activity with a fluorescent caspase detection substrate. The resulting
signals for the respective caspase activities can be spectrally separated by using
a fluorometer and luminometer.

The following is an abbreviated protocol for combining a luminescent
caspase-8 or caspase-9 assay with a fluorescent caspase-3/7 substrate. For
details of the assay formats and potential usages, consult the Promega publi-
cation (24) that describes the complete series of multiplexed applications.

1. Equilibrate the frozen Caspase-Glo®-8 (or Caspase-Glo®-9) buffer and lyophilize
Caspase-Glo®-8 (or Caspase-Glo®-9) substrate to room temperature prior to use.

2. Transfer the Caspase-Glo®-8 (or Caspase-Glo®-9) buffer into the lyophilized
Caspase-Glo®-8 (or Caspase-Glo®-9) substrate to create the reagent. Mix by swirling
or by inverting the contents until the substrate is completely dissolved.
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Fig. 2. Multiplex viability and caspase-3/7 assays of tamoxifen-treated HepG2 cells.
HepG2 cells were seeded at 10,000 cells/well in 50 �l MEM + 10% FBS and allowed
to attach. Serial dilutions of tamoxifen (Sigma) were made in MEM + 10% FBS and
added in 50 �l. A DMSO-matched vehicle served as control. The compound dilution
series was incubated for 3.5 h. 5 �l CellTiter-Blue® Reagent (Promega) was added to
the wells and incubated an additional hour at 37°C. The plate was then removed and an
equal volume of Apo-ONE® Reagent added to each well. Fluorescence was measured
after 30 min. R.A. Moravec, unpublished data.

3. Remove the micro-well plate containing samples and controls from the incubator
and equilibrate to room temperature.

4. Thaw the 100× substrate from the Apo-ONE® kit and admix it into the Caspase-
Glo® reagent at a dilution ratio of 1:100.

5. Add the reagent mixture at a ratio of 1:1 (e.g., 100 �l reagent to 100 �l sample or
control), mix by orbital shaking, and incubate for 1 h.

6. Measure luminescence using a luminometer, then measure the fluorescent product
accumulation using a fluorometer with excitation in the range of 485 ± 20 nm and
an emission filter at 530 ± 20 nm.

3.3. Dose-Dependent Apoptosis in a Cell-Culture Model

1. Harvest and prepare HepG2 (or Jurkat) cells (see Subheading 3.1., steps 1 and 2)
in complete medium with the exception of re-suspending the cells at a final density
of 200,000 viable cells/ml.
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Fig. 3. Multiplexed viability and cytotoxicity with caspase-3/7 activity assay. Jurkat
were seeded at 10,000 cells/well in 50 �l volumes and allowed to equilibrate for 1
h. Staurosporine was diluted to 10 �M in RPMI 1640 + 10% FBS and added to
replicate wells every hour over a 7-h time course. RPMI 1640 + 10% FBS with
staurosporine-matched DMSO concentrations were added at the same time to serve as
vehicle controls. MultiTox-Fluor Reagent was added to the wells in a 10 �l volume and
viable and cytotoxic populations measured by fluorescence after 30 min of incubation
at 37°C. Caspase-Glo®-3/7 Reagent was added and luminescence measured after 20
min. The raw fluorescence data for the viability and cytotoxicity assay is plotted
versus the background subtracted (vehicle + cells) luminescence values. A.L. Niles,
unpublished data.

2. Plate the cells in 50 �l (10,000 cells/well) to a sterile, opaque-walled micro-well
plate. Add 100 �l cell-culture medium to replicate wells to serve as cell-free control.
If the cells are attachment dependent, allow for a 2- to 16-h equilibration period
before proceeding.

3. Prepare a caspase induction control agent. For example, dilute tamoxifen to 100 �M
in complete medium. Twofold serially dilute the compound in complete medium in
a sterile micro-well plate using a multi-channel pipettor. Add the control-inducing
agent dilutions in replicate 50 �l volumes to replicate cell wells in the test plate.

4. Dilute additional test compound to 20 �M in complete medium and then dilute and
add them in 50 �l volumes to cell wells as described for the control agent.

5. Add 50 �l complete cell-culture medium (vehicle) or culture medium with dilution-
matched solvent (e.g., 0.1, 0.05% DMSO, etc., when appropriate) to wells designated
for non-induction, negative control.
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6. Mix the plate by orbital shaking after each addition to ensure homogeneity and
compound dispersion.

7. Incubate the plate at 37°C in a humidified CO2 environment for a period between
3.5 and 24 h.

8. Proceed to protocols either 3.4 or 3.5.

3.4. Multiplex Viability and Caspase-3/7 Assay

Some cell viability assay chemistries are designed to measure biochemical
events that occur in viable but not compromised or dead cells. One such measure
of viability is metabolic capacity. In the following assay, a resazurin dye is intro-
duced into the cell sample in a physiological formulation. Normal viable cells
reduce the dye in a proportional manner, and the resulting product (resorufin)
can be measured with a fluorometer. Therefore, decreases in fluorescence
compared with control indicate cytotoxicity. After the viability measurement
has been recorded, the caspase activity assay reagent can be added to the sample
well to report caspase activities.

The following is an abbreviated protocol for performing a multiplexed
viability and homogeneous caspase assay to measure caspase-3/7 activity from
cells in culture. For complete details of both assay formats and potential
usages, consult Promega Technical Bulletin #295 that describes the Apo-ONE®

Homogeneous Caspase-3/7 Assay and Promega Technical Bulletin #317 that
describes the CellTiter-Blue® Reagent.

1. Thaw the CellTiter-Blue® Reagent and equilibrate to ambient temperature.
2. Add CellTiter-Blue® Reagent to each sample well during the last 2 h of experimental

treatment (5 �l reagent per 100 �l sample). Gently mix by orbital shaking to ensure
that the reagent is equally dispersed. Return the plate to 37°C and incubate for 1–3
h.

3. Thaw Apo-ONE® Assay buffer and 100× substrate and allow them to equilibrate
to room temperature. Mix by manual inversion or by vortexing.

4. Dilute Apo-ONE® Substrate 1:100 with the buffer to obtain the desired volume of
Apo-ONE® Homogeneous Caspase-3/7 Reagent.

5. At the end of the CellTiter-Blue® Reagent incubation period, remove the plate from
incubator and measure fluorescence at an excitation of 560 nm and emission of 590
nm.

6. Add the Apo-ONE® Reagent to wells of the plate at a ratio of 1:1 (e.g., 105
�l Apo-ONE® Reagent to 100 + 5 �l CellTiter-Blue® Reagent). Mix by orbital
shaking to ensure homogeneity and incubate at room temperature for at least an
hour prior to recording fluorescence at an excitation of 485 ± 20 nm and emission of
530 ± 20 nm.
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3.5. Multiplex Caspase Activity and Cytotoxicity Assay

Measurement of cell membrane integrity is a common method to establish the
degree of cytotoxicity or viability within a population in culture. The MultiTox-
Fluor assay used in this protocol simultaneously measures two protease activ-
ities: one is a marker of cell viability and the other is a marker of cytotoxicity.
The live cell protease activity is restricted to intact viable cells and is measured
using a fluorogenic, cell permeable, peptide substrate. The substrate enters
intact cells where it is cleaved to generate a fluorescent signal proportional
to the number of living cells. This live cell protease activity marker becomes
inactive upon loss of membrane integrity and leakage into the surrounding
culture medium. A second, cell impermeant, fluorogenic peptide substrate is
used to measure dead cell protease activity that has been released from cells that
have lost membrane integrity. By using this assay, the live and dead cell popula-
tions are directly defined in a non-lytic, homogeneous format. Furthermore, this
inversely complimentary viability profile provides a ratiometric response that
can improve assay precision and reduce erroneous interpretation of the results.

The following is an abbreviated protocol for performing a multiplexed
cytotoxicity and homogeneous caspase assay to measure caspase-3/7 activity
from cells in culture. For complete details of the both assay formats and
potential usages, consult Promega Technical Bulletin #348 that describes the
MultiTox-Fluor Multiplex Cytotoxicity Assay and Promega Technical Bulletin
#323 that describes the Caspase-Glo®-3/7 Assay.

1. Thaw the MultiTox-Fluor substrates and assay buffer components.
2. Vortex the components to ensure homogeneity.
3. Add 980 �l assay buffer to a 1.5-ml Eppendorf tube. Create a 20× MultiTox-Fluor

Reagent by adding 10 �l GF-AFC and 10 �l bis-AAF-R110 to the assay buffer
tube. Vortex vigorously.

4. With a multi-channel pipettor, add 10 �l 20× MultiTox-Fluor Reagent to all wells
of the plate. Mix by orbital shaking, then return the plate to the 37°C incubator for
at least 30 min, but not longer than 3 h.

5. Equilibrate the frozen Caspase-Glo®-3/7 buffer and lyophilize Caspase-Glo®-3/7
substrate to room temperature prior to use.

6. Measure fluorescence associated with viable and cytotoxic populations using the
following optimal wavelengths: 400ex·505em (live cells) and 485ex·527em (dead
cells).

7. Transfer the Caspase-Glo®-3/7 buffer into the lyophilized Caspase-Glo®-3/7
substrate to create the reagent. Mix by swirling or by inverting the contents until
the substrate is completely dissolved.

8. After 20–30 min of incubation at room temperature, measure the luminescent signal
associated with caspase-3/7 activity.
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4. Notes
1. The activity profiles for different caspases change throughout the apoptotic program.

Similarly, the kinetics and potency of any treatment may vary with treatment or
compound contact time (13). Multiple measurements at different time points may be
necessary to define the peak response for initiator or effector caspases. Single-point
multiplexed analyses may underestimate or miss these responses.

2. Caspase activity feedback loops may confound the interpretation of initiation
profiles (14).

3. When multiplexing a viability or cytotoxicity assay with a caspase activity measure,
always follow a sequential order of assay chemistry addition. This is required
because homogeneous caspase assay formulations contain agents that lyse cells.
Therefore, addition of caspase reagents prior to viability or cytotoxicity reagents
would automatically kill all cells in the culture.

4. Normalization of caspase activity responses to cell number by viability or cytotox-
icity assays is particularly useful in multi-well formats. However, care should be
taken in such normalization because caspases have activity half-lives and caspase
activity might be measurable prior to changes in cellular viability.

5. The CellTiter-Blue® chemistry utilizes the reduction of resazurin dye into the
fluorescent product resorufin. The intense color of the dye can lead to quenching of
the signal from either fluorescent or luminescent caspase activity assays. Although
thiols present in caspase activity buffers typically reduce remaining resazurin to
resorufin with short incubations, it is necessary to verify the uniformity in color
prior to measuring fluorescence or luminescence.

References
1. Grant, S., Sklar, J., and Cummings, R. (2002) Development of novel assays

for proteolytic enzymes using rhodamine-based substrates. J. Biomol. Screen. 7,
531–540.

2. Bronstein, I., Fortin, J., Stanley, P. E., Stewart, G. S. A. B., and Kricka, L. J. (1994)
Chemiluminescent and bioluminescent reporter gene assays. Anal. Biochem. 219,
169–181.

3. Wesierska-Gadek, J., Gueorguieva, M., Ranftler, C., and Zerza-Schnitzhofer, G.
(2005) A new multiplex assay allowing simultaneous detection of the inhibition
of cell proliferation and induction of cell death. J. Cell Biochem. 96, 1–7.

4. Nieuwenhuijsen, B., Huang, Y., Wang, Y., Ramerez, F., Kalgaonkar, G., and
Young, K. (2003) A dual luciferase multiplex high-throughput screening platform
for protein-protein interactions. J. Biomol. Screen. 8, 676–684.

5. Niles, A., Moravec, R., and Riss, T. (2004) Characterizing responses to treatments
using homogeneous caspase activity and cell viability assays. Cell Notes 9, 11–14.

6. Garcia-Calvo, M., Peterson, E., Rasper, D., Vaillancourt, J. P., Zamboni, R.,
Nicholson, D. W., and Thornberry, N. A. (1999) Purification and catalytic
properties of caspase family members. Cell Death Differ. 6, 362–369.



162 Niles, Moravec, and Riss

7. Leist, M., and Jaattela, M. (2001) Four deaths and a funeral: from caspases to
alternative mechanisms. Nat. Rev. Mol. Cell. Biol. 2, 589–598.

8. Niles, A., Worzela, T., Scurria, M., Daily, W., Bernad, L., Guthmiller, P.,
McNamara, B., Rashka, K., Lange, D. and Riss, T. (2006) Multiplexed viability,
cytotoxicity and apoptosis assays for cell-based screening. Cell Notes 16, 12–15.

9. Niles, A., Moravec, R., Scurria, M., Daily, W., Bernad, L., McNamara, B., Moraes,
A., Rashka, K., Lange, D., and Riss, T. (2006) MultiTox-fluor multiplex cytotox-
icity assay technology. Cell Notes 15, 11–15.

10. Farfan, A., Yeager, T., Moravec, R., and Niles, A. (2004) Multiplexing homoge-
neous cell-based assays. Cell Notes 10, 15–17.

11. Nicholson, D., and Thornberry, N. (2003) Life and death decisions. Science 299,
214–215.

12. Ashkenazi, A., Pai, R., Fong, S., Leung, S., Lawrence, D., Marsters, S., Blackie, C.,
Chang, L., McMurtrey, A., Hebert, A., DeForge, L., Koumenis, I., Lewis, D.,
Harris, L., Bussiere, J., Koeppen, H., Shahrokh, Z., and Schwall, R. (1999) Safety
and antitumor activity of recombinant soluble Apo2 ligand. J. Clin. Invest. 104,
155–162.

13. Riss, T., and Moravec, R. (2004) Use of multiple assay endpoints to investigate the
effects of incubation time, dose of toxin, and plating density in cell-based assays.
Assay Drug Dev. Technol. 2, 51–62.

14. Roy, S., and Nicholson, D. (2000) Cross-talk in cell death signalling. J. Exp. Med.
192, 21–25.



13

Homogeneous, Bioluminescent Proteasome Assays

Martha A. O’Brien, Richard A. Moravec, Terry L. Riss,
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Summary

Protein degradation is mediated predominantly through the ubiquitin–proteasome pathway.
The importance of the proteasome in regulating degradation of proteins involved in cell-cycle
control, apoptosis, and angiogenesis led to the recognition of the proteasome as a therapeutic
target for cancer (1–4). The proteasome is also essential for degrading misfolded and aberrant
proteins, and impaired proteasome function has been implicated in diseases such as Parkinson’s
and Alzheimer’s (5). The importance of the proteasome for general cell homeostasis has been
established, and the 2004 Nobel Prize for Chemistry honored the researchers that discovered the
ubiquitin–proteasome pathway. Robust, sensitive assays are essential for monitoring proteasome
activity and for developing inhibitors of the proteasome. Peptide-conjugated fluorophores are
widely used as substrates for monitoring proteasome activity, but fluorogenic substrates can
exhibit significant background and can be problematic for screening because of cellular autoflo-
rescence or fluorescent library compounds. To address these issues, we developed a homoge-
neous, bioluminescent method that combines peptide-conjugated aminoluciferin substrates and
a stabilized luciferase. We have developed homogeneous, bioluminescent assays for all three
proteasome activities, the chymotrypsin-like, trypsin-like, and caspase-like, using purified
proteasome. We have also applied this technology to a cellular assay using the substrate for
the chymotrypsin-like activity in combination with a selective membrane permeabilization step
(patent pending). The proteasome assays are designed in a simple “add and read” format and
have been tested in 96- and 384-well plates. The bioluminescent, coupled-enzyme format enables
sensitive and rapid protease assays ideal for inhibitor screening.

Key Words: 20S proteasome; bioluminescence; luciferase; aminoluciferin; bioluminescent
protease assay; 20S proteasome assay.
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1. Introduction
1.1. The Ubiquitin–Proteasome Pathway

In eukaryotic cells, the turnover of intracellular proteins is mediated mainly
by the ubiquitin–proteasome pathway, a non-lysosomal proteolytic pathway.
The 26S proteasome is a 2.5-MDa multiprotein complex found in both the
nucleus and the cytosol of all eukaryotic cells and is comprised of a single
20S core particle and 19S regulatory particles at one or both ends (6,7).
Three major proteolytic activities are contained within the 20S core. Together
these three activities are responsible for much of the protein degradation
required to maintain cellular homeostasis including degradation of critical cell-
cycle proteins, tumor suppressors, transcription factors, inhibitory proteins,
and damaged cellular proteins (8,9). Proteins destined to be degraded by the
proteasome are first selectively targeted by the addition of a series of covalently
attached ubiquitin molecules. The 26S proteasome degrades poly-ubiquitinated
proteins in an ATP-dependent manner. The 19S regulatory unit binds and
removes the ubiquitin chains from tagged proteins, and ATPases within the
regulatory complex appear to unfold protein substrates and translocate the
unfolded polypeptides into the 20S core (8,9). There the polypeptides are
degraded to yield peptides ranging from 3 to 25 amino acids in length (10).
The 20S catalytic core and the 19S regulatory complex are highly conserved
from yeast to mammals (11).

The catalytic core of the complex, the 20S proteasome, is a barrel-shaped
assembly of 28 protein subunits that possesses three different proteolytic
activities designated as chymotrypsin-like, trypsin-like, and caspase-like (also
termed post-glutamyl peptide hydrolase) (11,12). The catalytic sites are located
on the inner surface of the central �-rings of the cylindrical particle, and access
to them is controlled by narrow, gated channels in the outer �-rings of the
complex. The association of the 20S particle with a 19S regulatory complex at
one or both ends of the barrel forms the 26S proteasome and confers an open-
channel conformation, resulting in much higher rates of peptide hydrolysis in
the 26S proteasome (13,14). Robust, sensitive assays for the catalytic activities
of the proteasome will aid in the discovery of new inhibitors.

The proteasome has been validated as a therapeutic target for cancer
treatment. Proteasome inhibitors can induce apoptosis, and interestingly, some
transformed cells display greater susceptibility to proteasome inhibition than
non-malignant cells (3). The enhanced proliferative rate of malignant cells may
cause accumulation of damaged proteins at a higher rate that in turn would
increase dependency on proteasomal degradation (15). The first-generation
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proteasome inhibitor, bortezomib (PS-341, Velcade®), is now an FDA-approved
drug for the treatment of refractory multiple myeloma, and second-generation
inhibitors are currently being developed (16). The clinical testing of borte-
zomib, as well as other new proteasome inhibitors, for efficacy on an array of
cancers is currently in progress (17,18). We describe here the in vitro and cell-
based bioluminescent proteasome assays, demonstrate their utility, and compare
them with fluorescent assays. These assays enable robust, sensitive and rapid
monitoring of proteasome catalytic activities in a simple multiwell format.

1.2. Bioluminescent Proteasome Assay Concept

Peptide-conjugated fluorophores are widely used as substrates for monitoring
proteasome activity, but sensitivity of fluorescent assays can be limited for a
variety of reasons. Peptide-conjugated fluorophores can have residual fluores-
cence or spectral overlap with their cleaved fluorescent products, thus increasing
background and reducing sensitivity (19,20). Cells can exhibit autofluores-
cence and compounds from natural product or synthetic chemical libraries
frequently exhibit fluorescence that can cause assay interference (21). To
provide an alternative to fluorescence, we synthesized luminogenic substrates
and developed a homogeneous method for monitoring proteasome activity. We
first developed this coupled-enzyme bioluminescent method for monitoring
caspase activities (22) and have now developed bioluminescent assays for
all three proteasome activities. Using standard Fmoc chemistry, we synthe-
sized luminogenic versions of the commonly used fluorogenic coumarin-based
substrates, Suc-LLVY-aminoluciferin, Z-LRR-aminoluciferin, and Z-nLPnLD-
aminoluciferin, to monitor the chymotrypsin-like, trypsin-like, and caspase-like
activities of the proteasome, respectively (see Fig. 1).

The bioluminescent assays are homogeneous assays, such that the
proteasome and luciferase function simultaneously. As a result of this coupled-
enzyme format, the proteasome and luciferase rapidly reach a steady-state,
where the rate of proteasome cleavage of the substrate is equal to the rate of
luciferase utilization of the released aminoluciferin, and stable light output is
achieved. Steady-state is typically reached in 10–20 min, and stable light output
persists for several hours (see Fig. 2). Eventually, the light output decreases
when the 20S proteasome and the luciferase become inactivated, but the half-
life for each of the proteasome assays is greater than 3 hours (see Fig. 2).

At steady-state, the light output is proportional to the rate of proteasome
cleavage and thus the amount of proteasome activity (see Fig. 3). Another
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Fig. 1. The luminogenic, aminoluciferin substrates containing the Suc-LLVY,
Z-LRR, or Z-nLPnLD sequence recognized by 20S proteasome. Following 20S
proteasome cleavage, the substrate for luciferase (aminoluciferin) is released, allowing
the luciferase reaction to produce light.
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Fig. 2. Signal stability of the proteasome assays. The proteasome assays
(Proteasome-Glo™ 3-Substrate System) were tested with human purified 20S
proteasome (1 �g/ml) (closed symbols) or without 20S proteasome as a control (open
symbols) in 96-well plates in 100 �l total volume. Luminescence was monitored at
various times for 3 h on a Glo-Max™ 96-Microplate luminometer. The signals peak
rapidly and then are very stable for all three assays as shown on a log scale.
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Fig. 3. Luminescent proteasome assays are more sensitive than fluorescent
proteasome assays. Human 20S proteasome was serially diluted in 10 mM HEPES (pH
7.6) in 96-well plates. For each catalytic activity, half the plate received the appropriate
Proteasome-Glo™ Reagent and half the plate received the comparable fluorogenic
substrate, diluted in 100 mM HEPES, pH 7.5, 1 mM EDTA, to the same concentration
as the luminescent substrates. The fluorescent assay for chymotrypsin-like proteasome
activity was run with and without 0.02% SDS (see Note 1). Thirty minutes after
addition of the Proteasome-Glo™ Reagent, luminescence was recorded as relative light
units (RLU) on a Glo-Max™ 96-Microplate luminometer. Fluorescence was measured
30 min after adding the appropriate substrate on a LabSystems Fluoroskan Ascent
fluorometer and recorded as relative fluorescence units (RFU). To normalize between
RLU and RFU, the results were plotted as signal to noise ratios. Each point represents
the average of four wells. The Proteasome-Glo™ Assays were linear over four logs of
20S proteasome concentration for all three assays. The limit of detection is defined as
a signal to noise ratio = 3 (dotted line). The luminescent proteasome assays give higher
signal to noise ratios and lower limits of detection than the fluorescent assays. SDS,
which is frequently used to activate the proteasome when measuring the chymotrypsin-
like activity, improved the signal to noise ratio and linearity of the fluorescent assay
using Suc-LLVY-AMC, but the sensitivity still did not approach that of the luminescent
assay.

feature of the homogeneous, bioluminescent format is that any free aminolu-
ciferin that is a by-product of the peptide-conjugating synthesis is removed prior
to exposing the proteasome substrate to the test samples. Consequently, the
background is very low, and the linear dynamic range is very large (see Fig. 3).
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The broad dynamic range and stable signal results in increased sensitivity and
flexibility for the bioluminescent proteasome assays. A comparison of biolumi-
nescent and fluorescent proteasome assays demonstrates that the bioluminescent
assays are significantly more sensitive and have a much lower limit of detection
for proteasome activity (see Fig. 3).

1.3. Cellular Bioluminescent Proteasome Assay Concept

Typically, proteasome activity is measured in cells by making cell lysates,
using various methods to enrich for proteasome, and then testing for activity
using fluorogenic substrates (23). Being able to monitor proteasome directly
in cells in multiwell culture dishes would have obvious advantages for
high-throughput screening applications. The sensitivity of the bioluminescent,
homogeneous format enabled the development of a direct cellular assay for
proteasome activity. In addition to sensitivity, specificity is critical when devel-
oping a cellular assay. The proteasome catalytic activities are described as
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Fig. 4. Lactacystin inhibits the proteasome activity in cultured cells. The Proteasome-
Glo™ Cell-Based Assay was used to generate inhibition curves using DU145 and H226
cells. DU145 (human prostate-derived cells grown in MEM containing 10% FBS, 1 mM
sodium pyruvate, and 1× non-essential amino acids) and H226 (human lung-derived
cells grown in RPMI-1640 containing 10% FBS and 1 mM sodium pyruvate) cells
were plated at 5000 cells per well and 2500 cells per well, respectively, in 90 �l/well
volumes in a 96-well plate. Cells were allowed to attach and equilibrate overnight at
37°C, 5% CO2. Serial dilutions of lactacystin were prepared in culture medium, and
10 �l each dilution was added to wells. Cells were incubated at 37°C, 5% CO2 for 105
min. The plate was removed and allowed to equilibrate to 22°C before 100 �l/well of
Proteasome-Glo™ Cell-Based Reagent was added. Luminescence was measured with
a DYNEX MLX® luminometer 15 min after adding reagent.
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chymotrypsin-like, trypsin-like, and caspase-like, clearly indicating that other
proteases have similar catalytic properties. By extension, designing peptide
substrates that are unique for proteasome activity is difficult. To overcome
this problem, we developed a permeabilizing agent that enhances access
to the proteasome while leaving lysosomal vesicles generally intact, and
thus minimizing the effects of non-specific proteases. This method proved
very amenable for developing a direct, cellular assay for the chymotrypsin-
like activity of the proteasome using the Suc-LLVY-aminoluciferin substrate.
Numerous cell lines have been tested with the assay, including Jurkat, U937,
U266, H929, RPMI-8226, HL-60, H226, PA-1, DU 145, and MCF-7. The
specificity of the assay can be confirmed by inhibiting a majority of the activity
with the selective proteasome inhibitor, lactacystin (24–26) (see Notes 2 and 3).
Figure 4 shows examples for two cell lines. The cell-based proteasome assay
does not require lysate preparation and enables measurement of proteasome
activity in a more physiologically relevant environment. Achieving speci-
ficity for proteasome activity in a direct cell-based assay using bioluminescent
substrates for the trypsin-like and caspase-like activities is more challenging
and is currently being investigated.

2. Materials
2.1. Equipment

1. White-walled multiwell plates. Solid bottom plates are optimal for enzyme assays,
and clear bottom plates are optimal for cellular assays.

2. Multichannel pipette or automated pipetting station for delivery of Proteasome-
Glo™ Reagent.

3. Plate shaker for mixing multiwell plates.
4. Luminometer capable of reading multiwell plates (Glo-Max™ Microplate

Luminometer).
5. Fluorimeter capable of reading multiwell plates (LabSystems Fluoroskan Ascent).
6. 37°C incubator with 5% CO2.

2.2. In Vitro Assays

1. Proteasome-Glo™ Chymotrypsin-Like Assay, Proteasome-Glo™ Trypsin-Like
Assay, and Proteasome-Glo™ Caspase-Like Assay (Promega, Madison, WI).

2. 20S proteasome enzyme (Biomol, Plymouth Meeting, PA, or Boston Biochem,
Cambridge, MA) or 26S proteasome (Biomol).

3. 10 mM HEPES buffer, pH 7.6 (for proteasome dilution).
4. The proteasome inhibitors, lactacystin, clasto-lactacystin-�-lactone, and epoxomicin

(Biomol).
5. Dimethylsulfoxide (DMSO) (Hybri-Max®, Sigma, St. Louis, MO).
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6. Suc-LLVY-AMC (Calbiochem, EMD Biosciences, Ca Jolla, CA, USA).
7. Boc-LRR-AMC (Biomol).
8. Ac-nLPnLD-AMC (Biomol).

3. Methods
The methods described below outline (i) in vitro (biochemical) assays for

monitoring all three catalytic activities of the proteasome using purified 20S
proteasome, (ii) a direct, cellular assay for monitoring the chymotrypsin-like
activity of the proteasome, (iii) inhibition studies using both formats, and
(iv) a protocol for multiplexing the bioluminescent, cellular proteasome assay
and a fluorescent assay for caspase activity.

3.1. In Vitro Proteasome Assays

Directions are given for performing the in vitro Proteasome-Glo™ Assays
in a total volume of 100 �l using 96-well plates and a luminometer. However,
the assays can be easily adapted to different volumes providing the 1:1 ratio of
Proteasome-Glo™ Reagent volume to sample volume is preserved (e.g., 25 �l
sample + 25 �l Proteasome-Glo™ Reagent in a 384-well format).

3.1.1. Proteasome-Glo™ Reagent Preparation

1. Thaw the Proteasome-Glo™ Buffer and equilibrate both buffer and the lyophilized
Luciferin Detection Reagent to room temperature prior to use.

2. Reconstitute the Luciferin Detection Reagent in the amber bottle by adding the
appropriate volume of Proteasome-Glo™ Buffer. The Luciferin Detection Reagent
should go into solution easily in less than 1 min.

3. Thaw the appropriate substrate and equilibrate to room temperature prior to use. For
the Chymotrypsin-like Assay, use the Suc-LLVY-Glo™ Substrate; for the Trypsin-
like Assay, use the Z-LRR-Glo™ Substrate; and for the Caspase-like Assay, use
the Z-nLPnLD-Glo™ Substrate. A slight precipitate may be observed. Mix well by
vortexing briefly.

4. Prepare the Proteasome-Glo™ Reagent by adding the Proteasome-Glo™ Substrate
to the resuspended Luciferin Detection Reagent as per Table 1. Label the reagent
bottle to identify the substrate used.

5. Allow the Proteasome-Glo™ Reagent to sit at room temperature for 30 min prior
to use. This allows for the removal of any contaminating free aminoluciferin.
Although free aminoluciferin is not detected by HPLC, it is present in trace amounts
(see Fig. 5).
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Table 1
Instruction for making the Proteasome-Glo™ Reagents.

Proteasome-Glo™
Assay Cat. no. Substrate

Volume substrate
added (�l)

Substrate
concentration

in reagent
(�M)

Chymotrypsin-like
assay

G8621 Suc-LLVY-Glo™ 50 40

Chymotrypsin-like
assay

G8622 Suc-LLVY-Glo™ 250 40

Trypsin-like assay G8631 Z-LRR-Glo™ 100 30
Trypsin-like assay G8632 Z-LRR-Glo™ 500 30
Caspase-like assay G8641 Z-nLPnLD-Glo™ 50 40
Caspase-like assay G8642 Z-nLPnLD-Glo™ 250 40
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Fig. 5. Time course of free aminoluciferin removal from the Proteasome-Glo™
Reagent. The proteasome substrates (Suc-LLVY-Glo™, Z-LRR-Glo™, and Z-nLPnLD-
Glo™) were added to the reconstituted Luciferin Detection Reagent, and a time
course of luminescence loss was recorded. Trace amounts of free aminoluciferin are
present in the substrate and are removed by incubation with the reconstituted Luciferin
Detection Reagent. To achieve maximal assay sensitivity with minimal background
luminescence, the prepared Proteasome-Glo™ Reagent should be incubated for 30 min
before use.
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3.1.2. Proteasome-Glo™ Assay Conditions

Prepare the following reactions to detect proteasome activity (or inhibition
of activity) in purified enzyme preparations:

• Blank: Proteasome-Glo™ Reagent + vehicle control for test compound or inhibitor,
if used.

• Positive Control: Proteasome-Glo™ Reagent+vehicle control+purified proteasome
enzyme (20S or 26S).

• Assay: Proteasome-Glo™ Reagent + test compound + purified proteasome enzyme
(20S or 26S).

The blank is used as a measure of any background luminescence associated
with the test compound vehicle and the Proteasome-Glo™ Reagent and should
be subtracted from experimental values. The positive control is used to
determine the maximum luminescence obtainable with the purified enzyme
system. Vehicle refers to the solvent used to dissolve the inhibitor or test
compound used in the study.

3.1.3. Proteasome-Glo™ Standard Assay (96-well, 100 �l Final
Reaction Volume)

1. Add 50 �l Proteasome-Glo™ Reagent to each well of a white 96-well plate
containing 50 �l blank, control, or test sample. If reusing tips, be careful not to
touch pipette tips to the wells containing samples to avoid cross-contamination.

2. Gently mix contents of wells using a plate shaker at (see Notes 4–6). for 30 s.
Incubate at room temperature for 10 min to 3 h depending on convenience of
reading time. Maximal signal is reached typically within 10–30 min using purified
20S proteasome (see Fig. 2). At this time, sensitivity is optimal. Temperature
fluctuations will impact the luminescent readings; if the room temperature fluctuates
too much, a constant-temperature incubator may be desired.

3. Record luminescence with a plate-reading luminometer as directed by the manufac-
turer.

3.1.4. Determining Inhibition Curves for the Three Proteasome
Catalytic Activities

1. When generating IC50 curves for a proteasome inhibitor, titrate the inhibitor in
HEPES (10 mM, pH 7.6) and add 25 ul per well in a 96-well plate. Dilute 20S or
26S proteasome in the same buffer to 2 �g/ml and add 25 �l per well for a final
proteasome concentration of 1 �g/ml.

2. Incubate at room temperature for 1 hour to allow irreversible inhibitors such as
lactacystin and epoxomicin to bind completely.

3. Add 50 �l Proteasome-Glo™ Reagent, containing Suc-LLVY-Glo™, Z-LRR-
Glo™, or Z-nLPnLD-Glo™, to each well of a white 96-well plate.
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Fig. 6. Inhibition of proteasome with clasto-lactacystin � lactone. Inhibitor titrations
and 26S proteasome were combined in 96-well plates as described in Section 3.1.4.
All three proteasome activities were tested with clasto-lactacystin � lactone, the active
analog of lactacystin (26). Inhibition curves using the Proteasome-Glo™ Chymotrypsin-
Like Assay demonstrate consistent IC50 values when readings are taken between 10
min and 18 h after addition of the Proteasome-Glo™ Reagent. Within 10 min, the
dynamic range is maximal.

4. Gently mix contents of wells using a plate shaker for 30 s. Incubate at room
temperature for at least 10 min.

5. Record luminescence with a plate-reading luminometer. Luminescence can be read
at various times (see Fig. 6 and Table 2).

Table 2
A Summary of the IC50 values for clasto-lactacystin � lactone
on all three proteasome activities. IC50 values were
calculated from readings taken at 60 min. The relative
potencies are consistent with previous reports (23,24).

Inhibitor IC50 (�M)

Substrate Clasto-lactacystin-�-lactone

Suc-LLVY-Glo™ 0�02
Z-LRR-Glo™ 0�76
Z-nLPnLD-Glo™ 2�6
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3.2. Detection of Proteasome Activity from Cultured Cells

This protocol provides instructions for performing the Proteasome-Glo™
Cell-Based Assay in a total volume of 200 �l using 96-well plates and a
luminometer. However, the assay can be easily adapted to different volumes
if the 1:1 ratio of Proteasome-Glo™ Cell-Based Reagent volume to sample
volume is preserved (e.g., 25 �l sample + 25 �l Proteasome-Glo™ Cell-Based
Reagent in a 384-well format).

3.2.1. Proteasome-Glo™ Cell-Based Reagent Preparation

1. Thaw the Proteasome-Glo™ Cell-Based Buffer, and equilibrate both the buffer and
the lyophilized Luciferin Detection Reagent to room temperature before use.

2. Reconstitute the Luciferin Detection Reagent in the amber bottle by adding the
appropriate volume of Proteasome-Glo™ Cell-Based Assay Buffer (10 ml each for
cat. no. G8660 or G8661 and 50 ml for cat. no. G8662). The Luciferin Detection
Reagent should go into solution easily in less than 1 min.

3. Thaw the Suc-LLVY-Glo™ Substrate and equilibrate to room temperature before
use. A slight precipitate may be observed. Mix well by vortexing briefly.

4. Prepare the Proteasome-Glo™ Cell-Based Reagent by adding the Suc-LLVY-Glo™
Substrate to the resuspended Luciferin Detection Reagent. For cat. no. G8660 and
G8661, add 50 �l Suc-LLVY-Glo™ Substrate to the 10 ml Luciferin Detection
Reagent. For cat. no. G8662, add 250 �l Suc-LLVY-Glo™ Substrate to the 50
ml Luciferin Detection Reagent. Mix to homogeneity by swirling the contents
or inverting the bottle. The Suc-LLVY-Glo™ Substrate will be at a concen-
tration of 40 �M in the Proteasome-Glo™ Cell-Based Reagent and 20 �M in
the final assay. The apparent Km for the substrate is approximately 60 �M using
cells.

5. Allow the Proteasome-Glo™ Cell-Based Reagent to stand at room temperature for
30 min before use (see Subheading 3.1.1. and Fig. 5).

3.2.2. Controls and Assay Conditions

Prepare the following reactions to detect proteasome activity (or inhibition
of activity) using cells in culture:

• Blank: Proteasome-Glo™ Cell-Based Reagent + culture medium (without cells)
and vehicle control used.

• No-Treatment Control: Proteasome-Glo™ Cell-Based Reagent + culture medium
containing cells and vehicle control (without test compound).

• Inhibitor Control: Proteasome-Glo™ Cell-Based Reagent + culture medium
containing cells with a specific proteasome inhibitor such as lactacystin or
epoxomicin.
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• Test: Proteasome-Glo™ Cell-Based Reagent + culture medium containing cells with
test compound.

The blank is used as a measure of background luminescence contributed
by the cell-culture medium, the vehicle used to deliver test compounds, and
the Proteasome-Glo™ Cell-Based Reagent and should be subtracted from
all control and assay values. Vehicle refers to the solvent used to dissolve
the inhibitor or test sample used in the study. The no-treatment control
is used to determine the maximum luminescence obtained from untreated
cells. The inhibitor control is used to determine the maximum inhibition
of proteasome activity and helps identify non-specific protease activity not
related to the proteasome. Test samples represent the cells with their respective
treatments.

3.2.3. Proteasome-Glo™ Cell-Based Standard Assay (96-Well Plates)

1. Prepare the Proteasome-Glo™ Cell-Based Reagent as described in Section 3.2.1
and mix thoroughly before starting the assay.

2. Optimize cell number and treatment duration for each cell line. For a 96-well plate
format, we recommend working with approximately 10,000–20,000 suspension cells
per well or 5000–10,000 adherent cells per well (see Note 7).

3. For consistent results, equilibrate assay plates to a constant temperature before
performing the assay (see Note 8).

4. Use identical cell numbers and volumes for the assay and control reactions.
5. If preparing multiple plates, controls must be replicated on each plate.
6. Add 100 �l Proteasome-Glo™ Cell-Based Reagent to each 100 �l sample and

appropriate controls as needed. Cover the plate with a plate sealer or lid.
7. Mix the contents of the wells using a plate shaker for 2 min. Incubate at room

temperature for a minimum of 10 min.
8. Measure the luminescence of each sample in a plate-reading luminometer as directed

by the manufacturer.

3.2.4. Determining Inhibition of the Proteasome in Cultured Cells

1. Add cells to 96-well plates in a 90 �l volume at 5000–20,000 cells per well (see
Note 4) and allow the cells to equilibrate for 2 h (suspension cells) or overnight
(attached cells) at 37°C, 5% CO2.

2. Serial dilute the inhibitor in culture medium and add 10 �l per well, including a no
inhibitor control.

3. Incubate the inhibitor with the cells for 1–2 h.
4. Add the Proteasome-Glo™ Cell-Based Reagent, shake the plate, and measure the

luminescence as in Section 3.2.3 (see Fig. 7).
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Fig. 7. Comparison of two proteasome inhibitors tested in cultured cells. U266
multiple myeloma cells were grown in RPMI-1640 containing 10% FBS and 1 mM
sodium pyruvate. Cells were added to 96-well plates 10,000 cells per well in 90 �l
per well. Cells were then equilibrated at 37°C, 5% CO2 for 2 h. Serial dilutions of
lactacystin or epoxomicin were prepared in culture medium, and 10 �l each dilution
was added to wells. The cells were incubated with the drugs for 105 min at 37°C,
5% CO2. The plate was allowed to equilibrate to 22°C before 100 �l per well of
Proteasome-Glo™ Cell-Based Reagent was added. Luminescence was measured with
a DYNEX MLX® luminometer 15 min after adding reagent. The relative potency for
the two inhibitors is consistent with published information (27).

3.2.5. Multiplexing the Proteasome-Glo™ Cell-Based Assay
with a Caspase Activity Assay

1. Add cells in culture medium to 96-well plates in 90 �l per well and allow to
equilibrate overnight at 37°C, 5% CO2.

2. Add inhibitor or test drug to cells in 10 �l per well and incubate for various times
at 37°C, 5% CO2.

3. Remove plates from the incubator and allow them to equilibrate to room temper-
ature.

4. Prepare the Proteasome-Glo™ Cell-Based Reagent as in Section 3.2.1.
5. Prepare a modified Apo-ONE® Reagent by adding the Apo-ONE® substrate 1:20

into the Apo-ONE® Buffer. This gives a 10× Apo-ONE® Homogeneous Caspase
3/7 Reagent.

6. Add the Proteasome-Glo™ Cell-Based Reagent to the cells at 100 �l per well.
7. Incubate for 15 min and measure luminescence on a plate-reading luminometer.
8. Add 20 ul per well of the 10× Apo-ONE® Reagent.
9. Shake the plates for 2 min and incubate at room temperature for 30 min.

10. Measure fluorescence at 485/527 nm (see Fig. 8).
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Fig. 8. Sequential multiplex to determine proteasome and caspase-3/7 activity. H929
multiple myeloma cells were grown in RPMI-1640 containing 10% FBS and 1 mM
sodium pyruvate; they were added to 96-well plates 10,0000 cells per well in 90 �l
per well and incubated overnight at 37°C, 5% CO2. Epoxomicin was titrated in culture
medium and added at 10 �l per well. Cells were incubated with the inhibitor for 1.5 or
4.5 h at 37°C, 5% CO2. The plate was removed from the incubator and equilibrated to
room temperature before adding Proteasome-Glo™ Cell-Based Reagent. The plate was
mixed, and luminescence was recorded after 15 min. A 10× Apo-ONE® Homogeneous
Caspase 3/7 Reagent containing a �Z −DEVD�2-Rhodamine 110 was then added at 20
�l per well, and fluorescence was recorded after 30 min. Epoxomicin treatment for 1.5
h did not induce caspase-3/7 activity, but caspase-3/7 activity was induced after 4.5 h
treatment with >0.04 � M epoxomicin.

4. Notes
1. SDS cannot be used as an activating agent for the bioluminescent assay. Although

SDS is frequently used to enhance the chymotrypsin-like activity of the proteasome,
it is detrimental to luciferase and is not necessary for these bioluminescent assays.
Superior sensitivity is achieved even in the absence of SDS (see Fig. 3).

2. The Proteasome-Glo™ 3-Substrate System is optimized for use with purified 20S
or 26S proteasome. It may be possible to assay for proteasome activity in crude
cell lysates using the luminogenic substrates, but controls for specificity should
be included. None of the substrates are uniquely cleaved by the proteasome;
therefore, depending on the extraction method and level of purity of the proteasome,
confirming specificity with specific inhibitors may be critical. Lactacystin and
epoxomicin are natural inhibitors that are very selective for the proteasome (27,28),
although lactacystin has been reported to inhibit cathepsin A and tripeptidyl
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peptidase II under certain circumstances (28,29). Epoxomicin and lactacystin are
the most selective commercially available inhibitors and are most potent against
the chymotrypsin-like activity, followed by the trypsin-like and caspase-like activ-
ities (see table in Fig. 6) (28). Demonstrating specificity for the trypsin-like and
caspase-like activities of the proteasome is more difficult because of the lack of
commercially available potent and selective inhibitors.

3. The Proteasome-Glo™ Cell-Based Assay is formulated to minimize non-proteasome
cleavage of the Suc-LLVY-Glo™ Substrate. However, some cell lines may contain
protease activity that cannot be inhibited using either lactacystin or epoxomicin.
We recommend performing a proteasome-inhibitor control as well as an untreated
cell control in each assay plate to help define this window of activity attributable to
the chymotrypsin-like activity of the proteasome. Uninhibitable activity is typically
low and can be subtracted (see Fig. 7).

4. The chemical environment of the luciferase reaction will affect the enzymatic rate
and thus luminescence intensity. Solvents used for various chemical compounds
may interfere with the luciferase reaction and thus the light output from the assay.
DMSO, commonly used as a vehicle to solubilize organic chemicals, has been tested
at final concentrations up to 1% in the assay and found to have a minimal effect
on light output. Libraries stored in DMSO are compatible with the bioluminescent
proteasome assays.

5. Owing to the sensitivity of the Proteasome-Glo™ Assays, contamination with
other luciferin-containing reagents can result in high background luminescence.
Be sure that shared luminometers are cleaned thoroughly before performing this
assay. Avoid workspaces and pipettes that are used with luciferin-containing
solutions, including luminescence-based cell viability, apoptosis, or gene reporter
assays.

6. The final concentration of 20S proteasome should be within the linear range of the
assay (see Fig. 3). With the enhanced sensitivity of the bioluminescent assays, less
20S proteasome is typically needed for the assays. We recommend defining the
linear range for the particular proteasome preparation.

7. Owing to the sensitivity of these assays, researchers are encouraged to use an
appropriate number of cells to stay within the linear range for the Proteasome-Glo™
Cell-Based Assay. For a 96-well plate format, we recommend preparing bioassays
to contain approximately 10,000–20,000 suspension cells per well or 5000–10,000
adherent cells per well. Cell number can be scaled accordingly when using smaller
formats. Empirical determination of the optimal cell number and treatment duration
for each cell line and plate format may allow the use of even fewer cells; proteasome
activity may vary significantly depending on cell type.

8. Environmental factors that affect the rate of the luciferase reaction will also affect the
intensity of the light output and the stability of the luminescent signal. Temperature
can affect the rate of this enzymatic assay and thus the light output. For consistent
results, equilibrate assay plates to a constant temperature before performing the
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assay. For batch-mode processing of multiple plates, positive and negative controls
should be included for each plate. Additionally, precautions should be taken to
ensure complete temperature equilibration.
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A Simple Method for Profiling miRNA Expression

Jia-Wang Wang and Jin Q. Cheng

Summary

Here we describe a simple protocol that uses positively charged nylon membrane dot blot
to profile miRNA expression. A library of 515 antisense oligodeoxynucleotides of human and
mouse mature miRNAs was synthesized and spotted on GeneScreen Plus membrane using a
dot-blot equipment. Total RNA or enriched small molecular weight RNAs (smwRNAs) were
enzymatically radiolabeled by poly (A) polymerase and then hybridized to the nylon membrane
oligo arrays. The spot signal intensity on the membrane was analyzed using phosphorimaging.
This method offers a convenient and economic way to simultaneously detect the expression of
hundreds of miRNAs.

Key Words: Dot blot; microRNA; hybridization; oligodeoxynucleotide library; phospho-
rimaging.

1. Introduction
MicroRNAs are a class of small noncoding RNAs that are highly evolution-

arily conserved and have been shown to negatively regulate the expression of
targeted gene(s). miRNAs have been identified in almost all metazoans, ranging
from plants to worms, flies, and human (1). To date, more than 515 human
miRNAs have been identified. It has been predicted that the number of miRNAs
could exceed 1000 (2,3). Most miRNAs are present at very high steady-state
levels from 1000 molecules to 50,000 molecules per cell (4). Like conven-
tional, protein-coding mRNA, miRNAs are transcribed by RNA polymerase
II, spliced and polyadenylated (called primitive miRNA or pri-miRNA) (5).
However, unlike mRNA, the pri-miRNAs contain a stem-loop structure that
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can be recognized and excised by the RNAi machinery to generate hairpin
“precursor” miRNAs (pre-miRNA) that are approximately 70 nucleotides in
animals or approximately 100 nucleotides in plants. Pre-miRNAs are exported
to the cytoplasm for further procession that results in a “mature” miRNA
of approximately 21–25 nucleotides, which has a 5 ’ phosphate and free 3 ’
hydroxyl (5,6).

The mature miRNA then guides a complex called miRNA-containing
ribonucleo-protein particles (miRNP) to the complementary site(s) in the
3 ’untranslated region (UTR) of a target mRNA. Consequently, translation
blockade or mRNA degradation will occur depending on whether it is partially
matched or completely matched, respectively (7). In plants, miRNAs bind to
a single, general site in either the coding or 3 ’ UTRs of the target mRNA;
in animals, miRNAs bind to multiple, partially complementary sites in the
3 ’ UTRs (8). Bioinformatics analyses suggest that as much as 30% of all human
genes may be under miRNA regulation (9). Moreover, the levels of individual
miRNAs are dramatically changed in different cell types and different devel-
opmental stages (4), suggesting that miRNA may play a role in fundamental
processes such as cell differentiation, communication, and death during devel-
opment. Thus, misregulation of miRNA function might contribute to human
diseases like tumorigenesis and infectious diseases (10–12). Therefore, it is not
surprising that there is an explosion of interest in miRNAs from researchers
in all areas of cell and developmental biology, and the miRNA expression
profiling would be the first step to study the biological functions and gene
regulation of miRNAs.

The DNA microarray technology is a powerful tool to profile mRNA
expression. Predictably, it has been successfully applied to miRNA profiling,
and several techniques have been developed recently (13–16). However,
chip microarray-based miRNA techniques require expensive equipments and
reagents, and their uses are limited in a very small number of laboratories.
In contrast, because there are just hundreds of miRNA for each species, the
membrane-based profiling is quite feasible and could be widely used as a
routine technique. Here, we describe a method developed in our laboratory
that allows economically and sensitively detect miRNA expression, which
has also been used by other laboratories (17). We use positive-charged nylon
membrane to make dot-blot oligo array to detect miRNA expression. First,
a library of antisense oligodeoxynucleotides of mature miRNAs was synthe-
sized and spotted on GeneScreen Plus hybridization transfer membrane using
a Bio-Dot equipment. Then, total RNA or enriched small molecular RNA will
be directly [32P]-radiolabeled using yeast poly (A) polymerase. Finally, the
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nylon membrane oligo arrays were used for hybridization with the P32-labeled
probe, and the spot signal intensity on the membrane will be analyzed using
phosphorimaging and/or autoradiography.

2. Materials
2.1. Equipments

1. Bio-Dot Microfiltration Apparatus (cat. no. 170-6545, Bio-Rad, Hercules, CA,
USA).

2. Stratalinker® 2400 UV Crosslinker (Stratagene, La Jolla, CA, USA).
3. Microcon YM-100 (Millipore).
4. HB1D hybridization tubes (44 mm × 200 mm).
5. Hybridization incubator (cat. no. HB-1D, Techne, Cambridge, UK).
6. Phosphor storage screen.
7. Typhoon™, Phosphor Imager Imaging systems (GE Healthcare Life Sciences,

Pittsburgh, PA, USA).
8. Image Eraser (GE Healthcare Life Sciences).

2.2. Reagents

1. miRNA oligonucleotide synthesis: miRNA mature sequences were obtained
from miRBase (http://microrna.sanger.ac.uk/), converted to complementary DNA
sequence and triplicate the sequences, then chemically synthesized [also include
several positive controls (tRNA) and negative controls] at Integrated DNA
Technologies (IDT, Coralville, IA, USA) at 25 nmol scale and diluted at 50 �m
in a 96-well plate format.

2. GeneScreen Plus Hybridization Transfer Membrane (cat. no. NEF988,
PerkinElmer, Waltham, MA, USA).

3. Wetting buffer: 0.4 M Tris–HCl, pH 7.5.
4. Washing buffer: 0.5 N NaCl, 0.5 M Tris–HCl, pH 7.5.
5. TE buffer: 10 mM Tris–Cl, pH 7.5, 1 mM EDTA.
6. 2× denature buffer: 0.5 N NaOH, 1 M NaCl.
7. Dilution buffer: 0.1× SSC, 0.125 N NaOH.
8. G25 column filtration (cat. no. PD10, Amersham Pharmacia Biotech).
9. TRIZOL® Reagent (cat. no. 15596-026).

10. Chloroform.
11. Isopropyl alcohol.
12. 75% ethanol (in DEPC-treated water).
13. RNase-free water.
14. 1 M Tris (1000 ml): 121.1 g Tris, 800 ml H2O, 60 ml HCl to pH 7.5. Autoclave.
15. 10 N NaOH (500 ml): 200 g in 500 ml.
16. 20× SSC (1000 ml): 175.3 g NaCl + 88.2 g sodium citrate + 800 ml ddH2O,

pH 7.0 by NaOH. Add ddH2O to reach final volume of 1000 ml. Autoclave.
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17. 5 M NaCl (1000 ml): 292.2 g. Autoclave.
18. 32P-�-ATP (Amersham Pharmacia Biotech).
19. RNasin ribonuclease inhibitor (Promega, Madison, WI, USA), stored at –20°C.
20. Yeast poly (A) polymerase (USB, Cleveland, OH, USA), stored at –20°C.
21. MicroHyb Hybridization Buffer (Invitrogen, Carlsbad, CA, USA), stored at room

temperature. If crystals formed, dissolve at 42°C water bath before use.

3. Methods
The methods described in this section include (i) preparation of miRNA

oligo dot-blot nylon membrane array, (ii) miRNA extraction and enrichment
from tissues and cell cultures, (iii) RNA labeling by poly (A) polymerase, and
(iv) hybridization and detection by phosphorimaging.

3.1. Preparation of miRNA Oligo Dot-Blot Nylon Membrane Array

We use nylon membrane (dot-blot) arrays spotted with oligodeoxynu-
cleotides antisense to mature miRNAs. miRNAs from tissues or cells are radio-
labeled and used as probes to hybridize with the oligos on the membrane. The
spot signal intensity on the membrane was quantitated using a phosphorimager.

1. Cut GeneScreen Plus Hybridization Transfer Membrane (cat. no. NEF988,
PerkinElmer) to the exact size (95 mm × 120 mm) of the dot manifold (cat. no.
170-6545, Bio-Dot Microfiltration Apparatus, Bio-Rad, Hercules, CA, USA).

2. Wet the membrane in wetting buffer and soak for 5 min.
3. Place the wet membrane on the manifold and assemble according to manufacturers’

recommendations. The manifold should be well cleaned and rinsed at least three
times with Millipore water prior to use.

4. Dilute oligo in TE to 10 �M in a 96-well plate to make duplicate dot blots using
multiple channel pipettor (50 �M oligo stock 4 �l, TE buffer 16 �l).

5. Adding equal volume (20 �l) of 2× denature buffer to the diluted oligos, mix
well, and denature DNA for 10 min at room temperature (10 �M diluted oligo
20 �l, 2× denature buffer 20 �l).

6. Add 40 �l H2O and dilute DNA samples on ice to desired concentrations in 150 �l
dilution buffer to make a volume of total 230 �l.

7. Load 100 �l samples into the manifold.
8. Apply a light suction to the manifold until the loading buffer is drawn through the

wells, approximately 30 s.
9. Add 100 �l washing buffer to each well and apply a light suction as in step 8 to

neutralize and wash the membrane.
10. Remove the membrane from the manifold and place the wet membrane on a piece

of wet filter paper. This will prevent the membrane from drying.
11. Fix the DNA to the membrane by UV Autocross-linking (1200 uJ × 100,

Stratalinker® 2400 UV Crosslinker, 120 V).
12. Repeat steps 8–11 for another blot.
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13. Proceed directly to the prehybridization step or air-dry the membranes and store
them at 4°C in a plastic bag for future use.

3.2. miRNA Extraction and Enrichment from Tissues and Cell Cultures

The starting material for detection of miRNAs can be either total RNA
or enriched small molecular weight RNA (smwRNA). Total RNA is isolated
by standard TRIZOL (guanidinium isothiocyanate/acidic phenol) method
according to manufacturers’ instructions with the following modifications (see
Note 1). smwRNAs are enriched by Microcon YM-100.

1. Grow cells in a 60-mm tissue culture plate to 70–80% confluency. Lyse cells directly
in a culture dish by adding 1 ml TRIZOL Reagent to the dish, and passing the cell
lysate several times through a pipette. Incubate for 5 min at room temperature. Add
0.2 ml chloroform. Cap sample tubes securely. Shake tubes vigorously by hand for
15 s and incubate them at room temperature for 10 min. 3 Centrifuge the samples
at top speed for 30 min at 4°C.

2. Precipitate the RNA from the aqueous phase by mixing with 2.5 volume of cold
(kept at –20°C freezer) 100% alcohol to efficiently precipitate miRNA. Incubate
samples at room temperature for 10 min and centrifuge at top speed for 10 min at 2°C.

3. When wash the RNA pellet with 75% ethanol, keep at room temperature for over
30 min. Mix the sample by vortexing and centrifuge at no more than 7500 × g for
5 min at 2–8°C.

4. Briefly air-dry the RNA pellet for 5–10 min at room temperature. Dissolve RNA
in RNase-free water.

3.3. Enrichment of microRNAs

1. Use 50–100 �g total RNA at concentration of 1 �g/ul in RNA-free water. The
RNAs were preheated at 80°C for 3 min, cooled on ice for 2 min (see Note 2).

2. Apply to top of an YM-100 column. Do not touch the pipette tip on to the membrane
and filter through Microcon YM-100 concentrators to obtain enriched microRNAs.

3. Spin at 500 × g at 4°C for 30 min.
4. Save the effluent containing the small RNA in the collection tube. Use a spectropho-

tometer to assay the material in elution buffer (10 mM Tris, pH 7.5) to obtain an
accurate concentration. Reading in water will give inaccurate results.

5. The sample can be frozen at –20°C for several days. Ideally, proceed immediately
to the miRNA labeling step (see Note 3).

3.4. RNA Labeling

1. Use as much as possible of the enriched miRNA derived from 50 to 100 �g total
RNA. At room temperature, add the tailing reaction reagents to each miRNA sample
in the order shown below and mix well by pipetting a few times. For experiments
that include more than samples, it is a good idea to prepare a master mix.
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2. Mix the following: 10 �l 5× poly (A) polymerase reaction buffer.
33 �l RNA (5–10 ug total RNA or as much as possible enriched smwRNA).
5 �l 32P-�-ATP.
1 �l poly (A) polymerase.
1 �l RNasin.

3. Divide the master mix into two 8.5 �l aliquots. Adding 16.5 �l RNAs that contain
miRNA to bring the final volume to 25 �l for each sample. Incubate at 37°C for
about 2–3 h (see Note 4).

4. Post-Tailing miRNA Clean-Up is not necessary, but if want, can be done by G25
column filtration (cat. no. PD10, Amersham Pharmacia Biotech).

3.5. Hybridization

1. Prehybridized in 3 ml MicroHyb Hybridization Buffer (Invitrogen) in a
hybridization tube at 37°C for at least 30 min, then followed by an overnight
hybridization in new hybridization buffer containing RNA probe.

2. Following hybridization, wash membranes twice with 20 ml of 2× SSC/0.5% SDS
at 37°C. The second wash was performed twice in 20 ml 1× SSC/0.5% SDS at
37°C. Each for 10 min.

Fig. 1. MicroRNA expression arrays hybridized with RNA from human primary
tumor (right panel) or normal tissues (left panel). Arrows show some miRNAs that have
significantly different levels in the tumor and normal tissues. A probe complementary
to methonine tRNA �tRNAMet� was used as a control for equal hybridization.
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3. Expose membranes to a phosphor storage screen, scanned using a Phosphor
Imager (Typhoon™) scanner, and quantify hybridization signals using Image Quant
software (Molecular Dynamics Inc., Sunnyvale, CA, USA). After exposure, strip
the membranes with 0.2% SDS at 72°C, test again by exposure to phosphorimager
screen, and rehybridize up to four times.

4. To detect human miRNA differential expression in primary tumor and normal
tissues, use these methods, and the results show that there are several miRNA
dramatically downregulated or upregulated in tumor tissues (see Fig. 1).

4. Notes
1. The short nature of microRNAs has presented unique obstacles for miRNA study.

Typically, RNA isolation methods that use RNA-binding glass-fiber filters do not
quantitatively recover RNA species smaller than 200 nucleotides. Avoid using such
methods to extract RNA.

2. It is essential to be preheated at 80°C for 3 min, cooled on ice for 2 min prior to
centrifuge. Otherwise, the yield would be very low. Typically, 50 �g total RNA
will yield 200 ng smwRNAs.

3. miRNAs are short and thus unstable; labeling should be done immediately after
isolation.

4. To label miRNA at high radioactive specificity, we prolong the incubation time to
24 h and got over 1 million cpm/�l.
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Apoptotic Caspase Activation and Activity

Jean-Bernard Denault and Guy S. Salvesen

Summary

Caspases are central to the execution of apoptosis. Their proteolytic activity is responsible for
the demise of cells in many physiological and pathological states. Great advances in understanding
caspases have been made using recombinant caspase expression and enzymatic characterization.
Assays to measure caspase activity in apoptotic cell extracts and the development of a recon-
stituted cell-free assay were also critical in establishing the hierarchy in the caspase activation
cascade and comprehend how caspase-9 is activated by the apoptosome. More recently, new
tools such as activity-based probes allowed us to detect caspase activation in their working
environment providing readout of the system with minimal interference. This chapter describes
some of the methods used by our group to study the activation mechanisms of caspases and their
activity.

Key Words: Activation; activity-based probe; apoptosis; caspase; kinetics.

1. Introduction
Apoptosis is an inflammation-free mechanism by which doomed cells are

removed from their environment. It is characterized by a series of hallmarks
including nuclear condensation and DNA fragmentation, mitochondrial depolar-
ization, phosphatidyl serine exposure on the plasma membrane, membrane
blebbing, and cell packaging into apoptotic bodies. All these phenotypes are
caused or regulated by caspases, a family of cysteine proteases, operating by
limited proteolysis of a set of cellular proteins (1,2). Less than 500 proteins
(death substrates) are cleaved by caspases during apoptosis (2), but few so
far, apart from caspases, have been demonstrated to have essential roles in the

From: Methods in Molecular Biology, vol. 414: Apoptosis and Cancer
Edited by: G. Mor and A. B. Alvero © Humana Press Inc., Totowa, NJ

191



192 Denault and Salvesen

apoptotic process [i.e., inhibitor of caspase-activated DNAse (ICAD) (3–7),
poly(ADP-ribose) polymerase (PARP) (8), and Bid (9,10)]. Caspases are also
important players in specific non-apoptotic roles during inflammatory response
(11–14). Other roles of caspases in cell cycle and receptor internalization have
been proposed but are less well understood (15).

1.1. Caspase Activation

Caspases are synthesized in the cytosol of all cells as inactive zymogens. A
caspase catalytic domain is composed of a large and small subunit linked by a
flexible region highly susceptible to proteolysis (1,16,17). Whereas executioner
caspases 3, 6, and 7 are dimeric in the cytoplasm, initiator caspases 2, 8, 9, and
10 are monomeric in their inactive conformation (18,19). Simple proteolysis of
the executioner caspases is sufficient to gain maximal activity. On the contrary,
cleavage of an initiator caspase does not activate it (18,20) although initiator
caspases are cleaved during apoptosis (16,21). This exemplifies a different
mechanism of activation for each class of caspase. In vitro studies of initiator
caspases assayed in the presence of kosmotropic salts (such as ammonium or
sodium citrate) showed enhanced activity several fold over assay conditions of
low salt, whereas very little increase is observed for executioner caspases (18).
Furthermore, such salts are able to dimerize caspase-9 (18,22). It is considered
that such salts mimic the natural dimerization of initiator caspases that is
postulated to occur within activation platforms found in cells (18,22).

Two main cellular pathways trigger apoptosis. The first pathway, termed
intrinsic, originates from within the cell to integrate lethal stresses derived from
genotoxicity, cell cycle deregulation, cellular traumas, developmental cues,
protein misfolding, and various chemical agents. Most, if not all, culminate
at the apoptosome, a heptameric macro-molecular complex of AAA+ ATPase
homolog Apaf-1 that assembles after the release of cytochrome c from the
mitochondria. This complex provides a platform for the activation of caspase-9
(23–26). The second pathway, termed extrinsic, involves the assembly of a cell
membrane receptor–adaptor–caspase complex named death-inducing signaling
complex (DISC) (27). This assemblage, like the apoptosome, transforms a
molecular signal into proteolytic activity, in this case by activating caspase-8
and/or caspase-10. Among the ligands able to activate the DISC are tumor
necrosis factor (TNF)-related apoptosis inducing ligand (TRAIL), FasL, and
TNF�, which through their cognate receptors and adaptors link the exterior to
the cytosol of a cell.

Once active, initiator caspases cleave the linker separating the large and small
subunits of the catalytic domain of dimeric executioner caspases and activate
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them. Using in vitro activation assay, we demonstrated that caspases 8, 9, and
10 strongly prefer Asp 198 of caspase-7 to other potential cleavage/activation
sites, the same preference seen for caspase-7 auto-activation in Escherichia
coli overexpression (28). The precise site within the linker is not of paramount
importance for the activation in vitro because granzyme B (GrB), a serine
protease delivered by cytotoxic lymphocytes, or exogenous proteases such
as subtilisin and cathepsin do activate caspase-7 at different sites (17). In
vivo, the cleaved site has some importance because of the newly revealed N-
terminus that may be useful for further regulation through degradation (29) or
inhibition (30,31).

1.2. Caspase Activity Measurement

Caspase activity measurement is a widely used technique in analyzing
apoptosis. It should be part of any thorough characterization of cell death
process because not all hallmarks described above occur in a given system.
Indeed, caspase activation has been proposed to be the central conserved
mechanism of apoptosis (32). Because caspases are proteases, it is relatively
simple to measure caspase activity using synthetic reporter substrates. Diagnosis
of caspase activity is aided by their stringent specificity for cleaving after
Asp (P1) (see Note 1) in proteins and peptide chains. However, the relatively
loose extended specificity of caspases makes it difficult to directly associate a
cleavage event to a particular caspase. The seminal work of Thornberry and
colleagues (33) on the specificity of caspases demonstrated that preferences
exist for specific sequences, with the caveat that there exist no absolute or
defining specificity (see Note 2). This implies that a given substrate could be
the target of many caspases and that some caspases may substitute for others
depending on the situation. The same cautions apply to peptidic inhibitors with
the added caveat that the irreversible nature of most of those inhibitors tilts the
equilibrium toward full inhibition also of other caspases rather than the one
originally targeted. Kinetic analysis of small peptidic substrates revealed that
caspase-3 is the most proficient caspase with a low KM and high kcat for many
non-optimal substrates (33,34). This means that caspase-3 will overpower other
caspases in a mixture such as a cell extract in most settings, even when non-
optimal substrates are used such as caspase-8 or caspase-9 “specific” substrates.
The bottom line is that no truly specific synthetic substrates or inhibitors are
commercially available and that strict caution must be exercised in ascribing
observed activity to distinct caspases.

Three main approaches are used to detect caspase activity: detection of
cleaved caspase and/or reduced zymogen forms by immunoblotting, enzymatic
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assays using small peptidic substrates, and activity-based probes (ABPs). In
many instances, cleavage of a given caspase constitutes a sign of activation or,
at least, a sign that a pathway involving that particular caspase was triggered. It
does not demonstrate that a caspase is active, especially for an apical caspase.
Moreover, cleaved caspase-3 or caspase-7 could be bound to X-linked inhibitor
of apoptosis protein (XIAP), an endogenous caspase inhibitor, and block their
activity (35,36); the same could be applied to caspase-9. Thus, the caspases
may have been activated, but activity is still held in check by the endogenous
inhibitor. This problematic issue is exemplified by the ability of small molecules
targeting the endogenous caspase inhibitors to kill tumor cells (37,38).

A more recent development in detecting and measuring caspase activity and
activation is the development of ABPs that directly target the substrate-binding
site of active caspases. These probes are small peptidic irreversible inhibitors with
an affinity purification/detection tag such as biotin or a fluorescent moiety (39).
One of the first applications of ABP to study caspases was the use of biotinyl-
hexanoic acid-Asp-Glu-Val-Asp-CHO [biotinyl-hexanoic acid-(DEVD)-CHO]
for the purification and identification of caspase-3 from THP-1 cells (40). Since
then several groups have used and ameliorated them to incorporate irreversible
and more specific reactive groups (39). The advantages of using ABPs over
immunoblotting and enzymatic assay are several fold. ABPs react primarily
with active proteases, which is not the case for antibodies, and, if the APB
is cell permeable, will only target non-inhibitor-bound enzyme within their
cellular environment. In addition, if ABPs are coupled to immunoprecipitation or
immunoblotting, the identity of the labeled enzyme can be revealed along with its
molecular form based on size (28,39,41).

In this chapter, we describe a range of techniques upon which several of the
studies mentioned above were based. Because we have been asked to focus
on our laboratory methodology, readers will find that many of the associated
references are from our laboratory.

2. Materials
2.1. Equipment

1. Cell culture 96-well transparent, flat-bottom microplate (Corning Inc. Life science,
Lowell, MA, USA).

2. Assay plate 96-well opaque (white), flat-bottom microplate (Corning).
3. Cell culture 96-well transparent, U-bottom microplate (BD Biosciences, Hampton

NH, USA).
4. 27-gauge needles with 1-cc syringes.
5. 150-mm tissue culture plates (BD Bioscience Franklin Lakes, NJ, USA).
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6. Cell lifter (Fisher Scientific Pittsburg PA, USA).
7. 50-ml disposable conical centrifuge tubes (Corning).
8. 0.22-�m filter units for 500 ml volume.
9. 0.22-�m filter units for 50 ml volume.

2.2. Reagents

1. Purified recombinant caspases (see Note 3).
2. Caspase dilution buffer: 50 mM Tris, 100 mM NaCl, pH 7.4.
3. High salt caspase buffer (prepared at 1.2 × concentration) 1 × : 50 mM

4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 1 M sodium
citrate, 50 mM NaCl, 0.01% w/v 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS), pH 7.4 (NaOH), and 10 mM dithiothreitol (DTT)
(freshly added). Notice this buffer uses a very high citrate concentration.

4. Caspase buffer (prepared as 2× concentration): 20 mM 1,4-
piperazinediethanesulfonic acid (PIPES), 200 mM NaCl, 20% w/v sucrose, 0.2%
w/v CHAPS, 2 mM ethylenediaminetetraacetic acid (EDTA), pH 7.2 (NaOH),
and 20 mM DTT (freshly added).

5. 1 M DTT in double-distilled water (ddH2O); store at –20°C in small aliquot.
6. 20 mM Acetyl-Asp-Glu-Val-Asp-paranitroanilide (AcDEVD-pNA) substrate or

other pNA chromogenic substrates (Bachem Bioscience, King of Prussia, PA,
USA) in dimethylsulfoxide (DMSO).

7. 10 mM AcDEVD-7-amino-4-trifluoromethyl coumarin (AcDEVD-Afc) substrate
or other Afc fluorogenic substrates (MP Bioscience, Solon, OH, USA) in DMSO.

8. Sterile ddH2O.
9. 10 mM carbobenzoxy-Val-Ala-Asp-fluoromethyl ketone (zVAD-fmk) inhibitor

(MP Bioscience) in DMSO.
10. Hypotonic buffer (prepared at 5× concentration) 1×: 20 mM PIPES, 20 mM KCl,

5 mM EDTA, 2 mM MgCl2, pH 7.4 (NaOH), and 2 mM DTT (freshly added).
11. Complete Dulbecco’s modified Eagle medium (DMEM Mediatech Inc. Herndon,

VA, USA) supplemented with 10% v/v heat-inactivated fetal bovine serum (FBS),
2 mM L-glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin (Invitrogen,
Carlsbad, CA, USA).

12. Complete RPMI 1640 media (Mediatech Inc.) supplemented in the same way as
for DMEM above (item 11).

13. 100 �M cytochrome c (from horse heart, Sigma-Aldrich, St-Louis MO, USA) in
ddH2O; store at –20°C.

14. 100 mM 2´-deoxyadenosine 5´-triphosphate in ddH2O (dATP, Roche, Indianapolis,
IN, USA).

15. mRIPA–EDTA buffer: 50 mM Tris, 100 mM NaCl, 1% v/v NP-40, 0.5% w/v deoxy-
cholic acid, 0.1% w/v sodium dodecyl sulfate (SDS), and 1 mM EDTA (pH 7.4).

16. 50% w/v sucrose in ddH2O; filter-sterilize and keep at 4°C.
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17. 40% w/v acrylamide:bis-acrylamide (37.5:1) solution (Fisher Scientific, Pittsburg,
PA, USA).

18. 40% w/v acrylamide:bis-acrylamide (19:1) solution (Sigma-Aldrich).
19. 10% w/v ammonium persulfate (APS, Fisher Scientific) in ddH2O; keep at 4°C.
20. N,N,N´,N´-tetramethylethylenediamine (TEMED, BioRad, Hercules CA, USA).
21. 5× Lower gel buffer (LGB): 556 mM 2-amino-2-methyl-1,3-propandiol

(ammediol, Sigma-Aldrich) and 224 mM HCl (no need to adjust pH); filter-sterilize
and keep at 4°C.

22. 4× Upper gel buffer (UGB): 334 mM ammediol and 239 mM HCl (no need to
adjust pH); filter-sterilize and keep at 4°C.

23. Low acrylamide mix (8%, 50 ml): 20 ml ddH2O, 10 ml 50% sucrose, 10 ml 5×
LGB, 10 ml 40% acrylamide (37.5:1), 75 �l 10% APS, and 30 �l TEMED.

24. High acrylamide mix (18%, 50 ml): 7.5 ml ddH2O, 10 ml 50% sucrose, 10
ml 5× LGB, 22.5 ml 40% acrylamide (37.5:1), 75 �l 10% APS, and 30 �l
TEMED.

25. Ethanol–LGB solution: 25% v/v ethanol in 1× LGB.
26. Stacking gel (4 ml): 1.68 ml ddH2O, 1 ml 50% sucrose, 1 ml 4× UGB, 0.32 ml

40% acrylamide (19:1), 40 �l 10% APS, and 4 �l TEMED.
27. 5× Upper reservoir buffer (URB): 205 mM ammediol, 200 mM glycine (BioRad),

and 0.5% w/v SDS (BioRad).
28. 5× Lower reservoir buffer (LRB): 313 mM ammediol and 240 mM HCl.
29. 3× Gel loading buffer: 50 ml 4× UGB, 20 ml glycerol, 7 g SDS, 0.1% w/v

bromophenol blue, and 60 mM DTT (freshly added).
30. SDS–polyacrylamide gel electrophoresis (SDS–PAGE) broad-range molecular

weight markers (BioRad).
31. Transfer buffer: 10 mM 3-[cyclohexylamino]-1-propanesulfonic acid (CAPS) and

10% v/v methanol [high-performance liquid chromatography (HPLC) grade].
32. Ponceau S solution: 0.25% w/v Ponceau S (Sigma-Aldrich) in 1% v/v acetic acid.
33. PBS (prepared at 10× concentration) 1×: 137 mM NaCl, 2.7 mM KCl, 10.2 mM

Na2HPO4, and 1.76 mM KH2PO4, pH 7.4 (HCl or NaOH).
34. PBS-T: PBS containing 0.1% v/v Tween-20 (BioRad).
35. PBS-T-milk: PBS containing 5% w/v non-fat dry milk (Carnation Nestlé, Wilkes-

Barre, PA, USA) and 0.2% v/v Tween-20.
36. PBS–BSA: PBS containing 3% w/v bovine serum albumin (BSA) Fraction V

(Sigma-Aldrich).
37. Anti-mouse and anti-rabbit IgG secondary antibodies (GE Healthcare, Piscataway,

NJ, USA).
38. WestPico SuperSignal chemiluminescence detection kit (Pierce Chem. Co.,

Rockford, IL, USA).
39. PBS-T-iBlock: PBS containing 0.2% w/v iBlock (dissolved at 50–60°C, Tropix)

and 0.1% v/v Tween-20 (added once PBS-iBlock has cooled). For convenience,
iBlock can be replaced by 3% BSA fraction V.
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40. Streptavidin–horse-radish peroxidase (HRP) (powder, Sigma-Aldrich) prepared at
1 mg/ml in PBS containing 50% v/v glycerol; keep at –20°C in small aliquot.

3. Methods
The techniques described below include (i) the measurement of execu-

tioner and initiator caspases activity, (ii) titration of recombinant caspases,
(iii) measurement of caspase activity in cell extracts, (iv) activation of caspase
in cell extracts and in vitro, and (v) labeling of caspases with ABPs in whole
cells and extracts, and of recombinant enzymes.

3.1. Activity Measurement of Recombinant Caspases In Vitro

Because caspases are obtained at high concentration during E. coli
expression, initiator caspase preparations are often a mixture of dimer and
monomer. For example, caspase-8 can be obtained as the active dimer at concen-
trations of >10 �M after purification because the reported KD is 3–5 �M (42) in
low salt buffer. In vitro high concentrations of kosmotropic salts were found
to force dimerization by lowering KD by 10-fold to 100-fold, hence activating
initiator caspases (18). For executioner caspases, incubation at 37°C to warm
the enzyme in the presence of DTT is sufficient to obtain full enzymatic activity.
Figure 1 presents a routine kinetic analysis of caspase-7 and caspase-8 to
obtain kinetic parameters in low and high salt conditions. Caspase prepara-
tions for these assays were recombinant caspase-7 (dimeric) and monomeric
recombinant caspase-8 obtained by anion exchange. High salt has a relatively
weak effect on caspase-7 increasing its kcat twofold, whereas caspase-8 is more
affected with a 23-fold increase in kcat and fourfold lowered KM. Hence, the
activation (kcat/KM) of caspase-7 by salt is only twofold, whereas caspase-8
activation is >90-fold. This is similar to the activation reported by Boatright
and colleagues (18).

3.1.1. Executioner Caspases

1. Thaw a 1 M DTT and caspase aliquots on ice.
2. Add DTT to 20 mM in 2× caspase buffer (2 ml); keep on ice.
3. Dilute caspase stock using caspase dilution buffer (see Notes 2 and 4); keep

on ice.
4. In an opaque white flat-bottom 96-well plate, dispense 50 �l of 2× caspase buffer.

Opaque black plates may also be used, but fluorescence yields will be much lower.
5. Add diluted caspase to each well (see Note 2).
6. Include a control well with caspase dilution buffer alone.
7. Top up to 80 �l with caspase dilution buffer; mix well by quickly pipetting up

and down three to five times with a multi-channel pipette.
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Fig. 1. (A) 2.5 nM recombinant caspase-7 or (B) 20 nM recombinant caspase-8
was activated in a low salt (open circles, 50 mM HEPES, pH 7.0, 50 mM NaCl and
0.01% CHAPS) or high salt buffer (close circles, buffer with 1 M sodium citrate; buffer
with 0.7 M sodium citrate for caspase-8) and was incubated with various concen-
trations of acetyl-Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl coumarin (AcDEVD-
Afc) or AcIETD-Afc, respectively (see Subheadings 3.1.1. and 3.1.2.). The initial
rates obtained from each sample using continuous measurement were plotted against
substrate concentration to obtain a typical Michaelis–Menten substrate saturation
curve. Determined KM and kcat for caspase-7 were 33.8 �M and 9.6 per second (low
salt) and 30.1 �M and 18.1 per second (high salt); KM and kcat parameters for caspase-8
were 19.8 �M and 0.07 per second (low salt) and 5.2 �M and 1.6 per second (high salt).

8. Incubate at 37°C for 15 min. This is best done in the plate reader.
9. Dilute Afc fluorogenic substrate to 2500 �M in dilution buffer (25 �l per sample);

warm to 37°C. Other concentrations of substrate (in the range 1–2500 �M) could
be used to determine kinetic parameters of substrate hydrolysis (e.g., KM).

10. Add 20 �l of substrate to each well (final concentration of 100 �M for a routine
assay); thoroughly mix.

11. Read immediately at 37°C in kinetic/continuous mode with intervals as short as
possible �EX�: 405 nm, EM�: 510 nm) (see Note 5).

3.1.2. Initiator Caspases

1. Thaw a 1 M DTT and caspase aliquots on ice.
2. Add DTT to 12 mM in 1.2× high salt buffer (see Subheading 2.2., item 3) (2 ml);

keep at room temperature.
3. Add 100 nM initiator caspase to the prepared 1.2× high salt buffer and dilute

buffer to 1× concentration with ddH2O (0.5 ml). The initiator caspase concentration
should be 100 nM final (see Note 4).
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4. Incubate at 37°C for 1 h.
5. In an opaque white flat-bottom 96-well plate, dispense the desired amount of

activated initiator caspases (see Note 2) planning for a final volume of 100 �l.
Opaque black plates may also be used, but fluorescence yields will be much
lower.

6. Include a control well with caspase dilution buffer alone.
7. Top up to 80 �l with 1× assay buffer; mix well by repeatedly pipetting up and

down three to five times with a multi-channel pipette.
8. Follow steps 9–11 above (see Subheading 3.1.1.).

3.1.3. Caspase Titration

Caspase activities are frequently cited in terms of units in the literature, but
we advise against this because each publication has a different definition of
“unit”. The preferred way to describe enzyme activity is active site concen-
tration, because this provides a more reliable comparison between different
laboratories. Therefore, in all assays, the exact concentration of active enzyme
should be determined if possible. This is important because caspase preparations
vary in purity, quality, and activity. Moreover, it is necessary to obtain accurate
kcat values and other kinetic parameters.

Caspase titration is a two-step process. First, the caspase is incubated with the
irreversible inhibitor (the titrant) zVAD-fmk at concentrations 0–10 times the
provisional caspase concentration in a minimal volume in assay conditions. The
provisional caspase concentration is estimated by the Edelhoch relationship,
which relates the amino acid composition of a given protein to its absorbance
at 280 nm (43). After preincubation, the assay is diluted by the addition of
an excess of substrate (100–200 �M) and the residual activity is determined
as in a standard assay. The concentration of active caspase is obtained by
plotting the relative activity rate against the concentration of zVAD-fmk. The
intercept of the tangent to the slope with the x-axis gives the active enzyme
concentration in the assay. The accurate titration is achieved when all the
titrant has reacted with the enzyme. This rate of the reaction is facilitated at
high enzyme concentration. Chromogenic substrates are thus preferred in this
application rather than fluorogenic substrates because they are less sensitive
and allow the usage of a higher enzyme concentration. Further details could be
found in ref. 44. The same protocol can be used for initiator caspases using high
salt buffer and with a preincubation period of 1 h to allow complete activation
(see step 5 below).

Figure 2 shows the full range of zVAD-fmk concentrations used to determine
the concentration of active caspase-3 and the restricted values used to determine
the active concentration. The assay was designed so caspase-3 was at 100 nM
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Fig. 2. (A) Caspase-3 was titrated using carbobenzoxy-Val-Ala-Asp-fluoromethyl
ketone (zVAD-fmk) as titrant and acetyl-Asp-Glu-Val-Asp-paranitroanilide (AcDEVD-
pNA) as a substrate to measure remaining activity (see Subheading 3.1.3.). The titration
reaction was done using 100 nM caspase-3 based on protein concentration, and a 10-
fold dilution of the inhibited reaction was used to measure the remaining activity. The
final value was found to be 109.5 nM in the first step of the assay. The inset shows
the data points (shaded area) used to determine the active caspase-3 concentration.
(B) Example of a bad titration of caspase-10 using zVAD-fmk. No clear linear portion
can be used to get the active caspase concentration. In addition, complete inhibition is
never attained even at 1 �M titrant.

protein concentration based on the Edelhoch relationship. Because caspase-3 is
highly active on AcDEVD-pNA, dilutions of the titration assays were used in
the second step of the assay. The final value was found to be 109.5 nM in the
first step of the assay. This type of titration allows an accurate determination of
the actual active site concentration and corrects the estimated concentration. It
relies completely on an accurate value of the titrant (zVAD-fmk) concentration,
so care must be taken to be precise when reagent is weighed and dissolved in
the stock solvent.

1. Estimate the concentration of caspase in the sample you plan to titrate using the
Edelhoch relationship.

2. Thaw a 1M DTT and caspase aliquots on ice.
3. Add DTT to 10 mM in 1× caspase buffer (2 ml).
4. Prepare 200 nM caspase in a microfuge tube in 1× caspase buffer (200 �l).
5. Incubate at 37°C for 15 min.
6. In a clear flat-bottom 96-well plate, pipet 10 �l of a serial dilution of zVAD-fmk

prepared in 1× caspase buffer into 15 wells to cover a 1000-fold concentration
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range starting at 2 �M as the highest titrant concentration. A two-third serial
dilution starting at 2 �M is suitable.

7. Include a sample without inhibitor for the uninhibited control sample.
8. Transfer 10 �l of diluted enzyme to each well; mix well by shaking in the

microplate reader or by pipetting up and down three to five times with a multi-
channel pipette.

9. Incubate for 30 min at 37°C (15 min for caspase-6; 1 h for caspase-2).
10. Prepare 250 �M AcDEVD-pNA substrate in 1× caspase buffer (1.5 ml); warm

to 37°C.
11. With a repeater pipette, rapidly add 80 �l of diluted pNA substrate; mix thoroughly.
12. Read immediately at 37°C in kinetic/continuous mode with intervals as short as

possible �EX�: 405 nm, EM�: 510 nm; read at 405 nm for chromogenic substrate)
(see Notes 5 and 6).

13. Plot the residual activity against zVAD-fmk concentration and determine the linear
regression for values at low zVAD-fmk concentrations including as many data
points as possible. The intercept of the slope with the x-axis gives the concentration
of enzyme in the assay in step 9.

14. If desired, titration can be repeated with a narrower range of zVAD-fmk concen-
trations to obtain a more accurate active caspase concentration.

3.2. Activity Measurement in Extracts

Although many investigators rely on cleavage of caspases as readout of their
activation, this can be misleading, particularly if one wishes to measure initiator
caspases. Therefore, direct measurement of caspase activity by using synthetic
reporter substrates is preferred. But there are caveats to the interpretation of
caspase activity measurements.

The activity of initiator caspases in cell extracts is minimal because prepa-
ration dilutes them, hence favoring inactivation of the initiator caspases through
dissociation of the active dimer. Furthermore, the activity of executioner
caspases surpasses the one from initiator caspases. This means that reporter
substrates will usually measure the activity of executioner caspases. Finally,
most extract preparation techniques do not protect the integrity of initiator
caspase activation platforms (DISC, apoptosome, PIDDosome, or inflam-
masome), and so accurate determination of the activity of their target initiator
caspases may be underestimated.

Nevertheless, one of these platforms, the apoptosome, can be recapitu-
lated in vitro in hypotonic extract (45,46). This technique, which uses the
general caspase substrate AcDEVD-pNa, was used to study the activation of
caspase-9 in controlled conditions. For example, Stennicke and colleagues used
it to demonstrate that cleavage is not required or sufficient to activate caspase-9
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Fig. 3. (A) Hypotonic extract was activated with 1 �M cytochrome c and 1 mM
dATP (see Subheading 3.2.1.); 400 �M acetyl-Asp-Glu-Val-Asp-paranitroanilide
(AcDEVD-pNA) was used to monitor caspase-3/caspase-7 activation. The three phases
displayed in the assay are identified. Note the exponential aspect of the activation section
of the trace. The steepness of the slope is indicative of the strength and quality of the extract.
At the end of the assay, the amount of AcDEVD-pNA consumed in the unactivated control
is roughly 20% that of the fully depleted sample.

(20). More recently, our group used reconstituted hypotonic extract to demon-
strate that the caspase recruitment domain (CARD) of caspase-9 is suffi-
cient for the activation of a caspase-8 hybrid (22). The basic protocol is
described below (see Subheading 3.2.1.). A typical result of hypotonic extract
activation is presented in Fig. 3 and shows several phases in the activation
process.

3.2.1. In Hypotonic Extract

3.2.1.1. Cell Culture

1. Grow 293A or 293T cells in complete DMEM and passage them at 1:8 when
confluence reaches 90%. 293A, an adherent clone of the original HEK-293 cell
line used to propagate adenovirus, is available form Q-Biogene (Irvine CA, USA)
whereas 293T are HEK-293 cells expressing the SV40 T-antigen and was developed
in Michelle Calos laboratory (Stanford University).

2. Seed cells into 10–20 150-mm tissue culture plates and grow them to a confluency
of no more than 70%. Higher confluency gives unacceptable backgrounds of caspase
activity.

3. Aspirate media and harvest cells with a cell lifter in 5 ml of ice-cold PBS.
Subsequent steps must be carried out on ice.

4. Collect cells by centrifugation at 500 × g for 10 min at 4°C in a 50-ml
conical tube.

5. Discard supernatant.
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3.2.1.2. Preparation of Hypotonic Extract

1. Resuspend cells by gently pipetting with a wide bore pipette in 10 ml of ice-cold
PBS; harvest as above (see Subheading 3.2.1.1., step 3).

2. Prepare 1× hypotonic buffer (without DTT); keep on ice.
3. Thaw a 1 M DTT aliquot.
4. Resuspend cells in one cell pellet volume of ice-cold hypotonic buffer (without

DTT).
5. Transfer to a 1.5-ml microfuge tube.
6. Collect cells by centrifugation at 2000 × g for 1 min at 4°C.
7. Add DTT to 2 mM in 1× hypotonic buffer (2 ml); keep on ice.
8. Resuspend cells in one cell pellet volume of ice-cold hypotonic buffer (with DTT).
9. Incubate on ice for 20 min.

10. Pass cells 20 times through a 27-gauge needle attached to a 1-cc syringe.
11. Clear cell debris by centrifugation at 18,000 × g for 30 min at 4°C.
12. Use immediately or aliquot supernatant in 45-�l portions and freeze at –80°C.

3.2.1.3. Activation and Measurement of Activity in Hypotonic Extract

1. Thaw 2 aliquots of hypotonic extract on ice.
2. Prepare a 50 mM dATP and 50 �M cytochrome c solution in ddH2O (10 �l).
3. In a clear U-bottom 96-well microplate, dispense 40 �l of hypotonic extract.
4. Include a well as a control that will not be activated.
5. Warm the plate to 37°C for 5 min.
6. Add 2 �l of 20 mM AcDEVD-pNA substrate to each well.
7. Add 1 �l of cytochrome c and dATP mix; mix thoroughly.
8. Read immediately at 37°C in kinetic/continuous mode with intervals as short as

possible (absorbance at 405 nm) (see Note 5).

3.2.2. In Detergent Extract

The above protocol cannot be used if samples already contain active caspases
and cannot be used in transfection experiments because of the large amount of
cells required to prepare concentrated hypotonic extracts. A means to measure
caspase activity in small samples is hence useful. Although many kits are
commercially available, they are expensive and can be simple to make from
scratch because they consist of a lysis buffer and a fluorogenic or chromogenic
caspase substrate.

Cells cultivated in a 60-mm plate provide sufficient material for an enzymatic
assay and one to five immunoblots depending on the sensitivity of antibodies.
Cells could be treated to undergo apoptosis or transfected with specific cDNA
to alter the apoptotic program. For example, Scott and colleagues used such
assay to assess the inhibitory effect of various XIAP mutants on the activity of
caspases in whole cells treated with TRAIL (30) (see Fig. 4).
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Fig. 4. 293A cells were transfected with 0.5 �g of myc-XIAP plasmids and treated
with 100 ng/ml TRAIL for 2 h, and lysates were prepared in mRIPA-EDTA buffer (see
Subheading 3.2.2.). One-tenth of the lysate was added to an assay containing 100 �M
acetyl-Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl coumarin (AcDEVD-Afc). Initial
rates were normalized for protein concentration. The lysates were balanced for equal
protein concentration and analyzed by immunoblotting with monoclonal anti-XIAP or
anti-hsp90 antibody as a loading control (see Subheading 3.5.) (30).

3.2.2.1. Preparation of Detergent Extract

1. Cultivate 293A cells in 60-mm dishes in complete DMEM to a confluence
of 60%.

2. Transfect cells with 0.5 �g of plasmid DNA of interest using Fugene 6 (or other
transfection reagents) as described by the suppliers.

3. Twenty-four hours post transfection, treat cells with 100 ng/ml TRAIL for 2 h
(or other stimuli and treatment conditions).

6. Aspirate media and harvest cells in 1 ml of ice-cold PBS by pipetting.
7. Collect cells by centrifugation at 500 × g for 10 min at 4°C in a microfuge tube.
8. Discard supernatant.
9. Resuspend cell pellet in 100 �l of mRIPA–EDTA lysis buffer with a pipette.
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10. Incubate on ice for 10 min (see Note 7).
11. Clear cell debris by centrifugation at 18,000 × g for 20 min at 4°C.

3.2.2.2. Measurement of Activity in Detergent Extract

1. Thaw a 1 M DTT and caspase aliquots on ice.
2. Add DTT to 20 mM in 2× caspase buffer (1 ml).
3. Dilute AcDEVD-Afc substrate to 1 mM in ddH2O (12 �l per sample).
4. In an opaque flat-bottom 96-well microplate, transfer 50 �l of 2× caspase buffer

for each assay to be performed; warm to 37°C for 5 min.
5. Transfer 40 �l of cleared lysate (see Subheading 3.2.2.1., step 7) to a well

containing buffer; warm to 37°C for 5 min.
6. Add 10 �l of diluted substrate to each well.
7. Read immediately at 37°C in kinetic/continuous mode with intervals as short as

possible �EX�: 405 nm, EM�: 510 nm) (see Note 5).

3.3. Activation of Recombinant Caspases In Vitro

The mechanism by which initiator and executioner caspases are activated
differs (see Subheading 1.). Because initiator caspases can be activated in vitro
by incubating them in high salt conditions, the assay described in Subheading
3.1.1 is an activation assay. Activation of hypotonic extracts (see Subheading
3.2.1.) is also a way to activate caspase-9 in vitro, but caspase-9 activity
cannot be accurately measured because caspase-3 and caspase-7 are present. For
executioner caspases, which can be obtained as zymogens by short expression
times (uncleaved, inactive) in E. coli, proteolysis of the linker region with an
initiator caspase (see Subheading 3.3.1.1.) or GrB (see Subheading 3.3.1.2.)
will result in activation of the executioner caspases.

3.3.1. Executioner Caspases

In vitro activation of executioner caspases is achieved when a protease
cleaves the linker region of the caspase zymogen. Activation is detected using
a good peptidic substrate for the executioner caspase. For the activation by an
initiator caspase, high salt caspase buffer is used to allow initiator caspases to
reach full activity before adding to the executioner caspase zymogen.

The trick to this protocol is determining the optimal concentrations of the
zymogen executioner caspase to be activated and the amount of activator. This
is also complicated by the fact that many activators, especially caspases 8
and 10, have relatively good activity on the reporter substrate used to detect
executioner caspase activation at the concentration necessary to efficiently
activate executioner caspases.
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In the example described in Fig. 5A, a series of concentrations of pro-
caspase-7 are activated by a fixed quantity of caspase-9. The chromogenic
substrate AcDEVD-pNA traces the activated caspase-7. Chromogenic substrate
is preferred to the more sensitive fluorogenic substrates because it allows the
use of higher concentrations of activator and executioner caspases. We used
this type of activation assays to determine the ability of caspases 2, 8, 9, and 10
to activate pro-caspase-7 (47). It has also been used with other activators such
as GrB or by exogenous proteases such as cathepsins and subtilisin for pro-
caspase-3 and pro-caspase-7 (17,48). The second protocol allows conversion
of pro-caspase-7 into fully processed caspase using GrB as an activator. This
is especially useful if one wants to convert an inactive, single-chain caspase
form into a processed two-chain form (see Fig. 5B).

3.3.1.1. Activation of Executioner Caspases by Initiator Caspases

1. Thaw a 1M DTT and caspase aliquots on ice.
2. Add DTT to 10 mM in 1× high salt caspase buffer (2 ml).

0.0

0.1

0.2

0.3

0.4

0 200 400 600 800

Time (sec)

A
bs

 4
05

 n
m

A B

cleavable uncleavable
+     – +    GrB

full-length

large subunit

small subunit

kDa
66.2

45

31

21.5
14.4

6.5
blue gel

100 nM 67

44

30

20

13
9

Fig. 5. (A) Various concentrations of pro-caspase-7 (9–100 nM) were incubated
with 50 nM caspase-9 in high salt caspase buffer, and acetyl-Asp-Glu-Val-Asp-
paranitroanilide (AcDEVD-pNA) was use to follow the activation of caspase-7 (see
Subheading 3.3.1.1.). Note that the progress curves have an exponential aspect in the
early phase, and this is the phase that must be used to calculate activation rates (shaded
area). The sharper the rate of AcDEVD-pNA hydrolysis increases, the stronger the
activation process. (B) The catalytic mutant of caspase-7 with an intact linker region
(cleavable) or the canonical activation site mutant (uncleavable) was incubated in buffer
alone (–) or with granzyme B (GrB) (+) and analyzed by SDS–PAGE (see Subheading
3.3.1.2.) (47).
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3. Prepare 100 nM caspase-9 in high salt caspase buffer and incubate for 1 h at
37°C (0.5 ml).

4. Prepare 4 mM AcDEVD-pNA in high salt caspase buffer (12 �l per assay) and
warm to 37°C.

5. Ten minutes before caspase-9 activation is over, set a serial dilution of pro-caspase-
7 in a column of a clear flat-bottom 96-well plate (wells B through H) starting
with 250 nM and down to 25 nM in 40 �l of high salt caspase buffer.

6. Add 40 �l of 1× high salt caspase buffer to a well (A) for the activator alone
sample.

7. Incubate the plate at 37°C for 5 min.
8. Using a repeater pipette, quickly add 10 �l of substrate to each well.
9. Using a repeater pipette, quickly add 50 �l of activated caspase-8 to each well

and mix rapidly.
10. Read immediately at 37°C in kinetic/continuous mode with intervals as short as

possible (absorbance at 405 nm) (see Note 5).

3.3.1.2. Activation of Executioner Caspases by Granzyme B

1. Thaw an aliquot of GrB and a pro-caspase (see Note 3) aliquot on ice.
2. Prepare 1 �g of pro-caspase in caspase dilution buffer.
3. Add 10 ng of GrB to the reaction (this is a concentration ratio of 1:100 based on

protein amount).
4. Incubate for 30 min at 37°C.
5. If the pro-caspase is expected to gain activity upon cleavage, perform an assay as

described in Subheading 3.1.2.
6. Analyze the processing efficacy on SDS–PAGE using at least 200 ng of protein

(see Subheading 3.5., the gel is stained using GelCode blue after Subheading
3.5.1.3). Smaller amounts (10 ng) can be analyzed by immunoblotting using caspase-
specific antibody (see Subheading 3.5.).

3.4. Labeling of Caspases Using Activity-Based Probes

ABPs consist of three functionalities: (i) an electrophilic group, such as a
fmk or acyloxymethyl ketone (aomk) that irreversibly labels the catalytic site,
(ii) a peptidyl sequence that targets a specific group of proteases, and (iii) a
moiety for detections—such as biotin or a fluorophore. For caspases, probes
with an Asp adjacent to the electrophile are used (39). As a rule of thumb,
1–10 �M of the probe (bVAD-fmk or bEVD-aomk) is sufficient to label any
caspases in vitro given enough time because of the irreversible nature of these
ABPs. Figure 6 presents the labeling of caspase-3 and caspase-7 in extract
of cells treated with anti-Fas antibodies and etoposide. The experiment uses
bEVD-aomk (see Note 8) to label an apoptotic extract, and labeled proteins are
isolated with streptavidin beads. Individual caspase is detected using a specific
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Fig. 6. Jurkat cells were treated with anti-Fas antibodies (50 ng/ml) or VP-16
(50 �M) for 8 or 12 h (see Subheading 3.4.1.2.). Hypotonic extracts were prepared in
the presence of protease inhibitors and 1 �M bEVD-acyloxymethyl ketone (biotinyl-
hexanoic acid-GluVal-Asp (bEVD)-aomk) activity-based probe (ABP). Input lysate
(5%) and pull-down proteins (25%) were analyzed by immunoblotting using caspase-3
and caspase-7 antibodies.

antibody, and labeled proteins can be detected using HRP-coupled streptavidin
(see Subheading 3.5.). In Fig. 6, active caspase-7 is a 20-kDa form, whereas
caspase-3 has a 20 and 17 kDa corresponding to the expected active form of
both executioner caspases. This type of experiment was used to demonstrate
that both the DISC and the apoptosome are very effective at cleaving the
catalytic units of both caspase-3 and caspase-7 dimers in a recently published
article (47).

3.4.1. Labeling Apoptotic Extracts

3.4.1.1. Cell Culture

1. Grow Jurkat cells in complete RPMI 1640 media and maintain at 0.1–2 × 106

cells/ml.
2. For each sample, grow 107 cells to a density of 106 cells/ml.
3. Collect cells by centrifugation at 200 × g for 10 min at room temperature; discard

supernatant.
4. Gently resuspend cell pellet in complete culture media at 2 × 106 cells/ml.
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5. Treat cells with 50 ng/ml anti-Fas (CH-11) antibody or 50 �M etoposide or leave
untreated; replace into cell culture incubator for 8–12 h.

6. Harvest cells as above.
7. Wash cells with 10 ml of cold PBS; harvest cells as above.
8. Transfer cells to a microfuge tube using 1 ml of cold PBS.
9. Drain cell pellet with a 27-gauge needle attached to a vacuum line.

3.4.1.2. Preparation of Extract and Labeling

1. Thaw a 1 M DTT aliquot.
2. Add DTT to 2 mM in 1× hypotonic buffer (1 ml).
3. Resuspend cells in 0.1 ml of hypotonic buffer containing 1 �M bEVD-aomk.
4. Incubate at 37°C for 45 min.
5. Pass lysate through a 27-gauge needle 10 times.
6. Incubate at 37°C for 15 min.
7. Repeat step 5 above.
8. Clear lysate by centrifugation at 18,000 × g for 30 min at 4°C.
9. Transfer supernatant to a fresh tube.

10. Reserve 30 �l of sample for input control immunoblots.

3.4.1.3. Capture Using Streptavidin–HRP

1. Add 0.33 ml of mRIPA buffer containing protease inhibitors (see Note 9) and
caspase inhibitors (100 �M AcDEVD-CHO and 100 �M zVAD-fmk).

2. Add 20 �l of mRIPA-washed streptavidin beads in 0.1 ml of mRIPA buffer to each
sample.

3. Agitate gently overnight at 4°C.
4. Recover beads by centrifugation at 800 × g for 1 min at 4°C.
5. Wash beads three times with 1 ml cold mRIPA buffer; recover beads as above.
6. Wash beads twice with cold PBS; recover beads as above.
7. Drain beads with a 27-gauge needle attached to a 1-cc syringe.
8. Boil beads in 50 �l of SDS–PAGE loading buffer containing 1 mM d-biotin from

10 min. Adding 1 mM d-biotin can improve recovery at this step.
9. Analyze by immunoblotting and streptavidin blotting (see Subheading 3.5.).

3.4.2. Labeling in Living Cells

3.4.2.1. Cell Culture and Labeling

1. Culture cells as above (see Subheading 3.4.1.1.).
2. Treat cells for the desired time with the desired apoptotic stimulus to induce

apoptosis.
3. Add 1 �M O-methylated bEVD-aomk (see Note 10) to the culture media; replace

into cell culture incubator for 1 h.
4. Collect cells by centrifugation at 500 × g for 10 min at 4°C; discard supernatant.
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5. Wash cells with 10 ml of cold PBS; harvest cells as above.
6. Transfer cells to a microfuge tube using 1 ml of cold PBS.
7. Drain cell pellet with a 27-gauge needle attached to a vacuum line.

3.4.2.2. Preparation of Extract

1. Resuspend cells into 100 �l of mRIPA buffer containing protease inhibitors (see
Note 9) and caspase inhibitors (100 �M AcDEVD-CHO and 100 �M zVAD-fmk).

2. Incubate on ice for 20 min.
3. Clear lysate by centrifugation at 18,000 × g for 30 min at 4°C.
4. Transfer supernatant to a fresh tube.
5. Reserve 30 �l of sample for input control immunoblots.
6. Capture biotinylated proteins as described above (see Subheading 3.4.1.3.).

3.4.3. Labeling of Hypotonic Extract

ABPs are well suited to study caspase activation in hypotonic extracts.
Figure 7 presents a time-course of caspases activation in an extract programmed
with cytochrome c. The bEVD-aomk is added after a lag period and allowed
to react for 30 min. It strongly labeled large subunits of executioner caspases
and mildly labeled proteins above 30 kDa that could correspond to initiator
caspases.

1. Prepare and activate hypotonic extract as describe above (see Subheading 3.2.1.);
omit AcDEVD-pNA substrate.

2. At the desired time point after addition of cytochrome c and dATP, add 5 �l of 10 �M
bEVD-aomk probe to each reaction.

3. Further incubate reaction for 30 min at 37°C.
4. Add 54 �l of caspase dilution buffer to each reaction; thoroughly mix.
5. Reserve 30 �l of sample for input control immunoblots.
7. Perform pull-down as described above (see Subheading 3.4.1.3.).

3.4.4. Labeling of Recombinant Proteins

The labeling of recombinant proteins is done in a similar fashion as done
for an enzymatic assay (see Subheadings 3.1.1. and 3.1.2.) with the exception
that the substrate is replaced with a molar excess of ABP. Figure 8 was
generated by incubating various active and inactive recombinant caspases
(see figure) with bVAD-fmk ABP for 1 h in assay buffer as described in
Subheading 3.1. Proteins were analyzed as in Subheading 3.5 by SDS–PAGE
and streptavidin blot.
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Fig. 7. A series of cytochrome c/dATP activation assays was set and 10 �M bEVD-
acyloxymethyl ketone (bEVD-aomk) was added at the indicated time point. Assays
were further incubated for 30 min. In the streptavidin blot, the asterisk indicates a
endogenously biotinylated protein (carboxylase) and it indicates a non-specific band
in the caspase-3 blot. Ensuing samples were analyzed using streptavidin–HRP and
caspase-7 or caspase-3 antibodies (see Subheading 3.5.).

3.5. Analysis by Immunoblot and Streptavidin Blot

3.5.1. By Immunoblot

The gel apparatus system used is the one from CBS Scientific, Del Mar, CA,
USA and gels are cast 10 at a time in a multigel-casting chamber using 0.75-
mm spacers and combs. The volume of gel mix hence needs to be modified
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Fig. 8. Recombinant caspases (1 �M) were incubated for 1 h in their corresponding
buffer (caspase buffer, caspase-3/6/7/14; high salt caspase buffer, caspase-2/8/9/10) in
the presence of 10 �M b-Val-Ala-Asp-fluoromethyl ketone (bVAD-fmk) (20 �M for
caspase-2). An aliquot of the protein was analyzed by SDS–PAGE or streptavidin–
HRP blotting. Lanes: 1, �CARD-Casp-2; 2, Casp-3; 3, Casp-3 C285A; 4, Casp-6;
5, �N-Casp-7; 6, pro-Casp-7; 7, �DEDs-Casp-8; 8, uncleavable �DEDs-Casp-8; 9,
�CARD-Casp-9 preparation 1; 10, �CARD-Casp-9 preparation 2; 11, �DEDs-Casp-10;
12, uncleavable �DEDs-Casp-10; 13, Casp-14.

according to the gel system used. We routinely use 8–18% acrylamide gradient
gels in a 2-amino-2-methyl-1,3-propandiol (ammediol) buffer system. This
buffer system provides good resolution over a great range of molecular weight
and is particularly good for visualizing small proteins such as caspase subunits.
But in principle, any SDS–PAGE system will work. The transfer is performed
to polyvinylidene fluoride (PVDF) membrane using a Hoefer chamber for
mini-gels using a CAPS buffer (49).

3.5.1.1. Gel Preparation

1. Assemble the gel-casting chamber, connect to a gradient maker with a peristaltic
pump in between, and set the pump to deliver 3.0 ml/min.

2. Prepare low and high acrylamide mixes without APS or TEMED (see Subheading
2.2. and Note 11).

3. Filter to degas using a 50-ml 0.22-�m membrane filter unit.
4. Add 20 ml of ethanol–LGB solution into the gel-casting chamber.
5. Add TEMED and 10% APS solution to each acrylamide mixes; mix gently.
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6. Pour both solutions into the gradient maker so the pump draws the liquid from
the low acrylamide solution first.

7. Start pump immediately and stop when the un-polymerized gel level is about 1
cm below where the bottom of a well would be.

8. Stop pump, close gel-casting chamber valve, and rinse tubing immediately with
ddH2O.

9. Let gel set for at least 4 h.
10. Disassemble the gel-casting unit, remove ethanol solution, and rinse gels with

ddH2O.
11. Store gels at 4°C in a tight container with a wet paper towel to keep moisture.
12. One hour before running the gel, pour stacking gel (see Subheading 2.2.) and set

comb in place.
13. Rinse wells with UGB prior to loading samples.

3.5.1.2. Sample Preparation

1. Add 60 mM DTT to 3× gel-loading buffer just before use (1 ml).
2. Add 0.5 volume of 3× gel-loading buffer to the sample to be analyzed (see Note 12).
3. Prepare 2 �g of molecular weight markers in 1× gel-loading buffer to the same

final volume as that of the sample to be analyzed.
4. Boil samples for 3 min and chill on ice before loading.

3.5.1.3. Running Gels

1. Fill the upper and lower chambers with 1× URB and 1× LRB, respectively.
2. Load 10–30 �l of samples per well; a similar volume of diluted molecular

weight marker is loaded on each extremity of the gel to prevent too much band
expansion.

3. Connect the gel chamber and apply 30 mA per gel until the bromophenol blue dye
runs out of the gel.

4. Disassemble the gel and carefully remove the stacking gel.

3.5.1.4. Transfer

1. Cut PVDF membrane to 7 × 10 cm and soak in 50 ml of methanol for 5 s.
2. Soak membrane in 50 ml of transfer buffer for 10 min.
3. Soak gel in 100 ml of transfer buffer for 10 min.
4. Assemble transfer pads, filter paper, gel, and membrane into transfer cassette.
5. Transfer for 45 min at constant current of 0.4 A with cooling.
6. Disassemble cassette and transfer membrane into ddH2O.
7. Stain membrane for 2 min in 10 ml Ponceau S solution.
8. Rinse with plenty of ddH2O.
9. Mark molecular weight markers with a pencil.

10. Keep in ddH2O.



214 Denault and Salvesen

3.5.1.5. Immunoblotting

1. Prepare 50 ml of PBS-T-milk.
2. Incubate membrane in 35 ml of PBS-T-milk for 1 h at room temperature.
3. Store the remaining 15 ml of PBS-T-milk at 4°C for the secondary antibody.
4. Prepare 10 ml of PBS–BSA with primary antibody (see Note 13); keep on ice.
5. Rinse membrane three times with 20 ml PBS-T for 5 s.
6. Incubate membrane in antibody solution overnight at 4°C (see Note 13).
7. Rinse membrane three times with PBS-T for 5 s and three times for 15 min.
8. Incubate membrane in 15 ml of PBS-T-milk containing the secondary antibody

(1:5000) for 2 h at room temperature.
9. Rinse membrane as above.

3.5.1.6. Developing

1. Rinse membrane in PBS; drain liquid.
2. Overlay the membrane with WestPico SuperSignal detection reagent; make sure

the membrane is fully covered.
3. Incubate for 5 min.
4. Drain excess liquid.
5. Carefully wrap membrane in transparent sheets, and remove any air bubble by

rolling a Pasteur pipette over the covered membrane.
6. Expose to film for 2 min and develop.
7. Readjust exposure time if necessary.

3.5.2. By Streptavidin Blot

The entire procedure to perform a streptavidin blot is identical to the
one described above (see Subheading 3.5.) with the exception of the
immunoblotting procedure (see below). Furthermore, because of the high sensi-
tivity of biotin detection, less volume of sample is required; routinely one-fourth
of the amount used for immunoblotting is sufficient.

1. Prepare 50 ml of PBS-T-iBlock.
2. Incubate the PVDF membrane in 35 ml of PBS-T-iBlock for 1 h at room temper-

ature.
3. Prepare 15 ml of PBS-T-iBlock with 0.2 �g/ml of streptavidin–HRP; keep on ice.
4. Incubate membrane in diluted streptavidin–HRP overnight at 4°C (see Note 13).
5. Rinse membrane three times with PBS-T for 5 s and three times for 10 min.

Membrane is ready for development (see Subheading 3.5.1.6.).

4. Notes
1. P1 refers to the residue positioned N-terminus to the scissile bond cleaved by

the protease and extends toward the N-terminus (position P2, P3, …) of the
polypeptide, whereas prime positions (P1´, P2´, …) are C-terminus to the cleaved
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peptide bond (50). Those positions are matched by substrate-binding pockets
receiving substrate residues (S1 or S1´ and so on).

2. With the preferred Afc-coupled substrates, the following concentration of caspases
can be used but should be optimized for the fluorometer used: caspase-2 (Val-
Asp-Val-Ala-Asp (VDVAD)), 20 nM; caspase-3 (DEVD), 0.1–1 nM; caspase-6
(Val-Glu-Ile-Asp (VEID) or DEVD), 10 nM; caspase-7 (DEVD), 5–10 nM;
caspase-8 (Ile-Glu-Thr-Asp (IETD) or DEVD), 20–50 nM; caspase-9 (Leu-Glu-
His-Asp (LEHD), 10–20 nM; and caspase-10 (IETD or DEVD), 40–50 nM.

3. Recombinant caspases can be obtained from several commercial sources or can
be made in-house rather easily (44,51). Because of the variability in purity from
different suppliers, a critical aspect to consider is the usage of an active-site titrated
caspase preparation instead of an enzyme concentration based solely on protein
amount.

4. Initiator caspases are fully active only when dimerized. Because dimerization is a
bimolecular reaction, the higher the concentration, the faster the reaction. Initiator
caspases 8, 9, and 10 will fully dimerize at 100 nM in 1 M sodium citrate buffer
over a 1-h period.

5. Continuous read kinetics has several advantages over end point kinetics. It allows
the detection of substrate depletion that would otherwise lead to serious underes-
timation of the activity of fast reactions. It also permits the detection of enzyme
instability displayed by a decreasing slope of product generation over time.

6. Because the enzyme concentration will be high in the uninhibited sample, substrate
depletion may occur within minutes especially with caspase-3. It is thus critical
to read samples as fast and as soon as possible. One possibility is to add substrate
starting with wells containing the highest zVAD-fmk concentration and do one
titration at a time. Also, the enzyme inhibitor mixtures can be diluted 10–50 times
before addition of the reporter substrate.

7. Samples prepared in detergent extracts should not be frozen prior to performing the
enzymatic assays because of further caspase activation and increased background;
they should be analyzed as soon as possible.

8. The ABP bEVD-aomk probe is not commercially available. In most instances, it
can be substituted by bVAD-fmk. The advantage of bEVD-aomk over bVAD-fmk
is not only that aomk warhead is more specific than the fmk one and that the EVD
sequence is better recognized by caspases but that the biotin affinity tag is spaced
from the core of the ABP by a six-carbon spacer. This allows better capture of
the labeled proteins.

9. If post-lysis proteolytic activity is a problem, the following protease inhibitors
could be added to the lysis buffer without interfering with the assay: 5 mM
EDTA, 1 mM 1,10-orthophenanthroline, 10 �M E-64, 10 �M leupeptin, 10 �M
3,4-dichloroisocoumarin, and 1 �M MG-132. However, iodoacetamide, N-methyl
maleimide, or other cysteine-modifying agents must be avoided because caspases
utilize a cysteine residue in catalysis.
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10. Some non-O-methylated ABPs such as bEVD-aomk are cell permeable and can
be used instead of O-methylated ABPs. The cell-penetrating activities of caspase
ABPs have never been reported, and O-methylated Asp derivatives are generally
used in the hope that they will penetrate cells better. However, in our hands,
non-esterified probes do enter cells well enough for most applications.

11. The volume of gel mix to be used differs from gel system to another so it
should be adjusted. For mini-gels, the resolving gel level should be 1 cm below
the well.

12. If samples contain high salt, they should either be diluted at least 10-fold before
preparation so the sodium citrate concentration is 100 mM or lower. Alternatively,
proteins can be precipitated and recovered using acetone or trichloroacetic acid
(TCA).

13. The amount of antibody to use and time of blotting vary greatly between
antibodies and should be optimized for each analysis. As a starting point, using
half the supplier’s recommended concentration and overnight blotting should give
reasonable results. Blotting overnight allows the use of the smallest amount of
antibody possible without loss of signal or sensitivity.
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Biochemical Analysis of the Native TRAIL
Death-Inducing Signaling Complex

Henning Walczak and Tobias L. Haas

Summary

The extrinsic apoptosis pathway is activated when certain members of the tumor necrosis
factor (TNF) receptor superfamily (TNFRSF) are oligomerized by their cognate ligands that are
members of the TNF superfamily (TNFSF). The apoptosis-inducing capacity of a member of
the TNFRSF relies on the presence of a death domain (DD) in the intracellular portion of the
receptor protein. Such receptors are also referred to as death receptors. Binding of a TNFSF
ligand to a TNFRSF receptor that is expressed on the surface of a cell results in the formation of
a receptor proximal protein complex. This protein complex is the platform for further signaling
events within the cell. In case of death receptors like TNF-related apoptosis-inducing ligand
receptor 1 (TRAIL-R1/DR4), TRAIL-R2 (KILLER/APO-2/DR5/TRICK), CD95 (Fas, APO-1),
or TNF receptor 1 (TNF-R1), this complex is termed death-inducing signaling complex (DISC).
The compositions of the various DISCs have been intensively studied in the last 12 years. For
the CD95 and the TRAIL-R1/R2 DISCs, it is now clear that the adaptor protein Fas-associated
DD protein (FADD) forms part of these complexes and is necessary for recruitment of the pro-
apoptotic signaling molecules caspase-8 and caspase-10. Recruitment of these proteases allows
for their activation at the DISC and subsequent induction of apoptosis. The caspase-8 homologous
cellular FLICE-like inhibitory protein (cFLIP) can also be recruited to the DISC. cFLIP acts
as an anti-apoptotic regulator by interfering with activation of caspases 8 and 10 at the DISC.
Interestingly, treatment of TRAIL-resistant tumor cells with conventional chemotherapeutic drugs
or with proteasome inhibitors renders these cells sensitive for TRAIL-induced apoptosis. By
applying the methodology of the biochemical analysis of the TRAIL DISC described here, we
were able to show that this sensitization is mainly due to changes in the biochemical composition
of the DISC as the apoptosis-initiating protein complex of the extrinsic pathway.
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1. Introduction
Programmed cell death by apoptosis is a morphologically and biochemically

distinct event allowing for tissue homeostasis and removal of old, superfluous,
and potentially dangerous cells. Apoptosis plays an important role during
embryonic development in the immune system and in tissue homeostasis. Two
main apoptosis signaling pathways are known. Various forms of cellular stress
result in activation of the “intrinsic” or mitochondrial apoptosis pathway. The
“extrinsic” pathway is activated by death ligand-induced oligomerization of
death receptors. In both cases, “initiator” caspases are activated. This activation
occurs at high molecular weight protein complexes. Depending on the stimulus,
this complex is either the apoptosome for the intrinsic pathway or the death-
inducing signaling complex (DISC) for the extrinsic pathway. The apoptosome
serves as the activation platform for caspase-9 and the DISC as the activation
platform for caspase-8 and caspase-10. Together with caspase-2, these caspases
are the so-called “initiator” caspases. Initiator caspases are characterized by long
prodomains. These domains are required for their recruitment to and activation
at the above-mentioned protein complexes. The activation of initiator caspases
is needed to directly or indirectly activate the “effector” caspases 3, 6, and 7.
These caspases are then responsible for the demolition phase of apoptosis. The
sequential and ordered activation of initiator and effector caspases allows for
controlled cellular destruction. The proteolytic cascade triggered by initiator
caspase activation results in the typical morphological hallmarks of apoptosis.
These include nuclear fragmentation, chromatin condensation, DNA fragmen-
tation, cell shrinkage, and exposure of phosphatidyl serine on the outer leaflet
of the plasma membrane. The latter event allows for the recognition of a dying
cell by phagocytes.

The extrinsic pathway is activated by death receptors belonging to the
tumor necrosis factor (TNF) receptor superfamily (TNFRSF). The death
receptor subfamily includes the two death receptors for the TNF-related
apoptosis-inducing ligand (TRAIL), that is, TRAIL-R1 (DR4) and TRAIL-R2
(DR5/APO-2/Killer/TRICK2), CD95 (APO-1/Fas), the TNF receptor 1 (TNFR-
1; also known as p55 TNFR), and TNF related apoptosis mediating protein
(TRAMP/DR3). Upon crosslinking of death receptors by their corresponding
ligands or agonistic antibodies, a caspase cascade that triggers the controlled
death of the cell by apoptosis is activated. The TRAIL/TRAIL-R system is
particularly attractive for cancer researchers because of its apparent specificity
for killing of transformed cells while sparing normal cells (1). It will be the
key to the exploitation of the full therapeutic potential of agonists of the two
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TRAIL death receptors in the treatment of cancer to understand the biochemical
basis of the tumor selectivity of TRAIL (2).

TRAIL, also known as Apo2L, was first described in 1995 (3). It was
identified due to its homology to the ligand of CD95 (CD95L/FasL) (28%
identity) and TNF-� (23% identity). TRAIL is expressed as a type II trans-
membrane protein consisting of 281 amino acids with a short cytoplasmic
N-terminus and a long C-terminal extracellular receptor-binding domain. Like
TNF-� and CD95L, the carboxy-terminal extracellular part of TRAIL can be
cleaved off from the cell membrane by specific metalloproteases under certain
conditions. In solution, soluble TRAIL forms a homotrimer, which is stabi-
lized by a cysteine residue at position 230 that coordinates with a divalent zinc
ion (4). Soluble untagged recombinant trimerized TRAIL did not induce signif-
icant cell death at doses up to 100 �g/ml in human or cynomolgus monkey
hepatocytes or in human keratinocytes, whereas certain aggregated or antibody-
crosslinked forms of TRAIL may be toxic for these cells (5). This difference
might be due to differential stimulation of the TRAIL receptors by forming
high- versus low-order oligomers of the ligand or simply by different stimu-
lation capabilities for different cellular TRAIL receptors exerted by differently
prepared ligands. At any rate, the fact that certain forms of TRAIL as well as
certain TRAIL death receptor-specific agonistic antibodies exerted a cytotoxic
effect on several tumor cell lines, whereas sparing normal cells raised the hope
to use such TRAIL receptor agonists as novel tumor cell-selective anti-cancer
drugs.

A total of five different cellular receptors bind to TRAIL. These are
TRAIL-R1 (DR4), TRAIL-R2 (DR5/APO-2/Killer/TRICK2), TRAIL-R3
(DcR1/TRID/LIT), TRAIL-R4 (DcR2/TRUNDD), and osteoprotegerin (OPG).

TRAIL-R1 (DR4) was cloned by sequence comparisons between expressed
sequence tags (ESTs) in public and private sequence libraries and known
sequences of other death receptors (6). Interestingly, one part of its cytoplasmic
region showed significant homology to a domain found in CD95 and TNF-
R1. This domain, the so-called death domain (DD), is critical for apoptosis
induction and characteristic for all death receptors of the TNFRSF. TRAIL-
R1 shares another characteristic feature with TNF-R1 and CD95, namely
two complete cysteine-rich domains (CRDs) in the extracellular part of
the protein. These are important for the binding of the respective death
ligands.

Three different ways led to the identification of TRAIL-R2. We biochem-
ically purified TRAIL-R2 and subsequently cloned the corresponding
cDNA using TRAIL-based affinity chromatography followed by 2D gel
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electrophoresis, tandem mass spectrometric analysis of peptides derived
from specific protein spots, and cloning of the TRAIL-R2 cDNA with
peptide-derived oligonucleotides (7). Coming from a totally different angle,
Wu et al. (8) identified TRAIL-R2 as a p53-inducible gene. Lastly, TRAIL-R2
was identified by various groups in EST-based searches with the TRAIL-R1
sequence taking advantage of the 58% sequence homology that TRAIL-R2
shares with TRAIL-R1 (9–13).

TRAIL-R1 and TRAIL-R2 are both capable of transmitting an apoptotic
signal upon ligand binding. Interestingly, there are two alternative splice forms
of TRAIL-R2, TRAIL-R2a (TRICK2A), and TRAIL-R2b (TRICK2B) but not
of TRAIL-R1 (11). The two forms of TRAIL-R2 differ in a 23 amino acid
stretch between the transmembrane domain and the start of the first CRD,
present in TRAIL-R2b and absent in TRAIL-R2a. Regarding functionality, so
far no differences have been reported for the two isoforms of TRAIL-R2 (14).

EST database searches and cDNA bank screens resulted in the identi-
fication of two additional membrane-bound receptors for TRAIL, namely
TRAIL-R3 (DcR1/TRID/LIT) and TRAIL-R4 (DcR2/TRUNDD). These two
non-apoptosis-inducing TRAIL receptors, also referred to as “decoy receptors,”
are also capable of binding TRAIL, but unlike TRAIL-R1 and TRAIL-R2, they
cannot transduce an apoptotic signal because they lack a functional DD.

TRAIL-R3 is a GPI-anchored molecule with high homology to the extracel-
lular domain of TRAIL-R1 and TRAIL-R2. The transcripts of TRAIL-R3 are
predominantly found on peripheral blood lymphocytes (PBLs). The signaling
capacity of this receptor seems to be minimal because of the complete lack
of an intracellular domain. A potential decoy function on TRAIL has been
suggested but has only been shown in overexpression studies so far. High-
ectopic expression of this receptor protected TRAIL-sensitive cells from under-
going apoptosis upon TRAIL treatment, whereas artificial removal of the GPI
anchor by phospholipases resensitized these cells for TRAIL-induced apoptosis.
Specific upregulation of TRAIL-R3 was shown in tumors of the gastrointestinal
tract. However, a TRAIL decoy function of TRAIL-R3 still awaits to be proven
in a physiological setting (14).

TRAIL-R4 was also found by homology search, comparing the sequence
of TRAIL-R1 and TRAIL-R2 with EST databases (58–70% homology), and
by performing a cDNA screen with the TRAIL-R3 sequence. TRAIL-R4 is
widely expressed and not able to signal apoptosis due to the fact that it contains
only an incomplete DD. Like TRAIL-R3, it can act as a “decoy receptor”
upon overexpression, but again, this function has not yet been confirmed in
a physiological setting. Overexpression of TRAIL-R4 results in the activation
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of nuclear factor �B (NF-�B), which upregulates several anti-apoptotic genes,
resulting in protection from TRAIL-induced cell death (15).

The last human TRAIL receptor identified is OPG. OPG is a soluble
extracellular protein and best known for its activity as a regulator of the devel-
opment and activation of osteoclasts in bone remodeling. OPG ligand (also
called TRANCE or RANKL) binds to receptor activator of NF-�B (RANK)
and stimulates osteoclastogenesis. In vitro, the affinity of OPG for TRAIL
was shown to be about 10-fold lower than that of TRAIL-R1, TRAIL-R2,
and TRAIL-R3 at physiological temperatures (37°C). Taken together, it is still
unclear whether the TRAIL–OPG interaction is physiologically relevant or
not (14).

Signal transduction through most TNFRSF members is usually initiated by
ligand-induced recruitment of cytosolic signaling molecules to the intracellular
domain of the receptor. Protein complexes formed in this way contain adapter
proteins that recruit effector proteins that are activated following recruitment.
Upon stimulation of cells with TRAIL, the apoptosis-inducing signal is trans-
mitted into the cell through the oligomerization of the TRAIL receptors TRAIL-
R1 and/or TRAIL-R2.

Immunoprecipitation of the native TRAIL DISC, described in detail in this
review, led to the identification of Fas-associated DD protein (FADD, also
known as MORT1) as the adapter protein that was necessary for recruitment
of procaspase-8 to the TRAIL-R1 and the TRAIL-R2 signaling complexes
(16–18). FADD also turned out to be the adapter protein necessary for the
recruitment of procaspase-10 to ligand-crosslinked TRAIL-R1, TRAIL-R2, and
CD95 (19,20).

FADD is a small adapter protein consisting of 208 amino acid residues.
It comprises two functionally and structurally distinct but related protein–
protein interaction domains. According to the current model, the DD of FADD
directly interacts with the DD of CD95, TRAIL-R1, or TRAIL-R2. Through
its second functional domain, the death effector domain (DED), FADD recruits
procaspase-8 and procaspase-10 to the protein complex. This model of direct
interaction between the DDs of receptor and FADD was strengthened by the
solution structures of isolated FADD and CD95 DDs. It suggests that the
interaction takes place on a charged surface patch. However, recent reverse
two-hybrid screens identified a series of point mutations in the DED of FADD
abolishing the interaction with the CD95 DD indicating a potential role of the
FADD DED in receptor interaction (21).

Once recruited to the DISC, procaspase-8 is auto-catalytically activated. The
active enzyme initiates apoptosis in TRAIL-sensitive cells by cleaving specific
substrates like the pro-apoptotic of the Bcl-2 family member BID and the
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effector caspase-3. Caspase-3 is thereby activated and in turn cleaves a variety
of cellular proteins, among them PARP, lamins, and cytokeratins. The massive
proteolytic activity exerted by caspases leads to the characteristic apoptotic
phenotype of the dying cell.

Native TRAIL and CD95 DISC analyses showed that besides procaspase-8,
procaspase-10 also was recruited to and cleaved at these complexes (19–22).
However, the importance of caspase-10 as an initiator caspase in TRAIL-
induced apoptosis is controversial. In two earlier studies, transient overex-
pression of caspase-10 could substitute for caspase-8 with respect to apoptosis
induction. Yet recently, it was shown that this is not the case under more
moderate, stable overexpression conditions. On the contrary, lymphocytes
obtained from autoimmune lymphoproliferative syndrome (ALPS) type II
patients that lack functional caspase-10 are less sensitive to TRAIL-induced
apoptosis (23). Also, in almost 50% of cancer cell lines investigated (mainly
lung and breast cancer lines as well as some lymphoid cell lines), the protein
level of procaspase-10 is reduced. This appears to be more common than the
loss of caspase-8 (5). Thus, loss of functional caspase-10 may be of physio-
logical and pathological importance.

Both, procaspase-8 and procaspase-10 are expressed in different splice
variants as single-chain inactive zymogens. The two major isoforms of
procaspase-8, 8a and 8b, only differ in the linker region. Procaspase-10 is
expressed on the protein level in at least three isoforms, 10a, 10c, and 10d.
The 10c isoform consists only of the tandem DED and is catalytically inactive.
Procaspases 10a and 10d, just like procaspases 8a and 8b, are recruited to the
receptor complex, processed, and released as active enzymes (19,20).

The cellular FLICE-like inhibitory protein (cFLIP) (FLICE is the former
name for caspase-8) is a regulatory component of both the CD95 and the TRAIL
DISC. By now, there are three different splice variants of cFLIP known to be
expressed as polypeptides. cFLIPs (short form) and the recently characterized
cFLIPR consist only of the linker and the tandem DEDs, just like procaspase-10c
(24). The long form of cFLIP, cFLIPL, has an additional C-terminal caspase-
like domain but lacks protease activity because the catalytically active cysteine
is replaced by a tyrosine.

The cFLIP proteins are efficiently recruited to the TRAIL and CD95 DISC
where cFLIPL is rapidly processed like the procaspases 8 and 10. The exact
function of cFLIP in the complex is not unraveled to date. There are strong
indications that cFLIPs has anti-apoptotic function. Recently, the property of
cFLIPL as a solely anti-apoptotic regulator at the DISC has been challenged. The
controversial outcomes of the experiments are highly depending on the experi-
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mental system used: studies in which high-stable overexpression was achieved
uniformly showed that all three forms of cFLIP are potent inhibitors of TRAIL-
and CD95L-induced apoptosis. Ectopic expression of cFLIPs led to markedly
decreased recruitment of procaspase-8 to and activation at the CD95 DISC.
Overexpression of cFLIPL, on the contrary, resulted in the recruitment of both
procaspase-8 and cFLIPL to the CD95 receptor complex. However, in this case,
caspase-8 was only partially processed, and the cleaved intermediates remained
bound to the DISC (25). These results are in line with the findings that siRNA-
mediated downregulation of cFLIP sensitized TRAIL-resistant cell lines for
TRAIL-induced apoptosis (26). Using targeted downregulation of either cFLIPL

or cFLIPs, it was recently shown that the anti-apoptotic role of cFLIPL is even
more prominent than that of cFLIPS (27). Data obtained on mouse embryonic
fibroblasts deficient for cFLIP support the function of cFLIP as an inhibitor
of caspase-8 activation, as these cells are more sensitive to death receptor-
induced apoptosis. Also noteworthy is the finding that the expression of cFLIP
correlates strongly with malignant potential of several cancers like hepatocel-
lular carcinoma, colon adenocarcinoma, and melanoma (28). On the contrary,
it was observed that moderate ectopic cFLIPL expression could promote initial
caspase-8 processing and enhance CD95-induced apoptosis. A possible expla-
nation is the activation of caspase-8 by the caspase-like domain of cFLIPL
through heterodimerization. This event may trap the activated but incompletely
processed caspase-8 in the DISC, allowing for ongoing cleavage of DISC-
proximal substrates (29).

Phosphoprotein enriched in diabetes/phosphoprotein enriched in astrocytes-
15 (PED/PEA-15) is another DED-containing protein that is recruited to the
TRAIL DISC. Comparing the receptor complex of TRAIL-sensitive with
TRAIL-resistant glioma cell lines, Xiao et al. found PED/PEA-15 only in the
DISC of TRAIL resistant cells (30). The differential recruitment among the
various cell lines seemed to depend on the phosphorylation status of PEA-15
as recruitment of the double-phosphorylated form was only detectable in the
TRAIL-resistant cell lines (30). In addition, high endogenous expression of
PED/PEA-15 protected primitive neuronal cells from death receptor-induced
apoptosis. Recently, Ricci-Vitiani et al. (31) could demonstrate how in this
system that downregulation of PEA-15 by siRNA sensitized these cells to
apoptosis mediated by inflammatory cytokines and death receptors.

Analysis of the native TRAIL DISC was crucial for identification of factors
that play an important role in TRAIL-induced apoptosis and for dissection
of the underlying biochemical mechanisms. However, we are far from under-
standing all details of the initiation process of apoptosis induction by the DISC.
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Fig. 1. Scheme of a death-inducing signaling complex (DISC) immunoprecipitation.
For isolation of a stimulated receptor complex, the cells are incubated with a FLAG-
tagged tumor necrosis factor (TNF) family member for 5–30 min. After washing away,
unbound ligand cells are lysed in a physiological buffer by adding Triton X100. After
lysis, the DISC is immunoprecipitated with antibodies against the N-terminal FLAG
tag of the recombinant ligand. For the unstimulated control, cells are first lysed, and
then the FLAG-tagged ligand is added, which binds to the receptor in the lysate.
The receptor/ligand complexes are then precipitated by the addition of anti-FLAG
antibody antibodies. These non-stimulated receptor–ligand complexes do not contain
the stimulation-dependent DISC components.

Particularly, the biochemical analysis of regulatory DISC components will be
an important focus in the future. Here, we provide a detailed description of
the methodology we have successfully applied to identify and analyze core
components of the native TRAIL DISC (see Fig. 1).

2. Materials
2.1. Equipment

1. 150 cm2 tissue-culture flasks (Falcon, BD Biosciences, San Jose, CA, USA).
2. 75 cm2 tissue-culture flasks (Falcon).
3. Cell scrapers (Falcon).
4. 50- and 15-ml conical tubes (BD Biosciences, San Jose, CA, USA).
5. 1.5-ml Eppendorf tubes.
6. Nitrocellulose membranes (Amersham Biosciences, Uppsala, Sweden).
7. Precast PAA Gel (NuPAGE 4–12%, Invitrogen, Carlsbad, CA, USA).
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8. Mini-gel chamber + blotting unit (Invitrogen).
9. FACS Calibur (BD Biosciences).

2.2. Reagents

1. Phosphate-buffered saline (PBS).
2. Dulbecco’s modified Eagle’s medium (DMEM) + glutamax (Invitrogen).
3. 10× trypsin/EDTA (Invitrogen).
4. RPMI + glutamax (Invitrogen).
5. FBS (HyClone, Thermo Fisher, Waltham, MA, USA).
6. Fat-free powdered milk.
7. Tween 20 (GERBU, Gaiberg, Germany).
8. Propidium iodide (PI) (Sigma, Schnelldorf, Germany).
9. Bicinchoninic acid (BCA) assay (Pierce, Rockford, IL, USA).

10. Protease inhibitor cocktail (Roche Applied Science, Mannheim, Germany).
11. Streptavidin–phycoerythrin (SA-PE) or SA-FITC (BD Biosciences).
12. 0.2 g/l EDTA in ddH2O (0.22-�m filtered).
13. FACS buffer: PBS + 5% FBS (prepare freshly before use).
14. Flow cytometry antibodies:

a. HS101 (TRAIL-R1) (Axxora, San Diego, CA, USA).
b. HS201 (TRAIL-R2) (Axxora).
c. HS301 (TRAIL-R3) (Axxora).
d. HS401 (TRAIL-R4) (Axxora).
e. Anti-APO-1 (IgG1) (Axxora).
f. Unspecific IgG1 isotype control (Southern Biotechnology, Birmingham,

Alabama, USA).
g. Biotinylated anti-mouse IgG1 (Southern Biotechnology).

15. Recombinant FLAG-TRAIL (Axxora).
16. Recombinant FLAG-CD95L (Axxora).
17. M2-antibody (anti-FLAG) (Sigma).
18. Protein-G sepharose (Amersham, Biosciences, Uppsala, Sweden).
19. Triton X100 (Sigma).
20. Supersignal West DURA ECL Solution (Pierce).
21. Lysis buffer: 30 mM Tris/HCl (pH 7.4) containing 150 mM NaCl, 5 mM KCl,

10% glycerol, 2 mM EDTA.
22. 4× LDS (lithium dodecyl sulfate) protein loading buffer (Invitrogen).
23. 500 mM TCEP (tris(2-carboxyethyl)phosphine) (Pierce, Rockford, IL, USA).
24. Antibodies for western blot:

a. Anti-FADD (a66-2) (BD Biosciences, San Jose, CA, USA).
b. Anti-FADD (clone 1) (BD Biosciences, San Jose, CA, USA).
c. Anti-caspase-8 (C15) (Axxora).
d. Anti-FLIP (NF6) (Axxora).
e. Anti-TRAIL-R1 (CT) (Axxora).
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f. Anti-TRAIL-R2 (D3938) (Sigma).
g. Anti-CD95 (C20) (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

25. HRP-conjugated antibodies for western blot:

a. Goat anti-mouse IgG1-HRP (Southern Biotechnology).
b. Goat anti-mouse IgG2b-HRP (Southern Biotechnology).
c. Goat anti-rabbit IgG (H+L)-HRP (Southern Biotechnology).

26. Stripping buffer for western blot: 50 mM glycine, pH 2.3.
27. Enhanced chemiluminescence (ECL) solution West DURA (Pierce).
28. 20x MOPS (3-(N-Morpholino)propanesulfonic acid) running buffer (Invitrogen,

Carlsbad, CA, USA)

3. Methods
The methods are divided into (i) the cell culture of hepatocellular carcinoma

(HCC) and leukemic cell lines (e.g., HepG2 and BJAB), (ii) the flow cytometric
determination of the receptors, (iii) the DISC isolation by affinity purification,
and (iv) the biochemical analysis of the complex by western blot.

3.1. Cell Culture

3.1.1. HCC Culture (e.g., HepG2 ATCC HB-8065)

Two days before DISC isolation, the HCC cells have to be seeded into two
150 cm2 flasks with 6 × 106 cells per flask for DISC analysis and one 75 cm2

flask with 3 × 106 cells for flow cytometric receptor analysis. All steps have
to be carried out under sterile cell-culture conditions.

1. Wash the adherent cells with sterile 1× PBS.
2. Trypsinize the cells with 5 ml prewarmed 1× trypsin (stock diluted in 1× PBS).
3. Incubate the cells with the trypsin/EDTA solution for 10 min at 37°C.
4. Stop the trypsination with 1 volume prewarmed DMEM + 10% FBS (the FBS will

stop the trypsin).
5. Transfer the cell suspension into a 50-ml Falcon tube.
6. Count the cells.
7. Spin down and resuspend the cells in prewarmed DMEM + 10% FBS.
8. Seed 6 × 106 cells in each 150 cm2 flask and 3 × 106 cells in the 75 cm2 flask and

fill to 25 ml (12.5 ml with prewarmed DMEM + 10% FBS, respectively).
9. Culture at 37°C and 10% CO2 for 48 h (24 h, respectively).

3.1.2. BJAB (Human Burkitt’s Lymphoma Line) Culture

1. Count the suspension cells.
2. Spin down and resuspend the cells in prewarmed RPMI + 10% FBS.
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3. Seed 2 × 107 cells in a 75 cm2 flask for DISC analysis and 1 × 107 cells in a 25
cm2 flask for FACS analysis and fill to 50 ml (12.5 ml with prewarmed RPMI +
10% FBS, respectively).

4. Culture at 37°C and 5% CO2 for 48 h (24 h, respectively).

3.2. Flow Cytometric Determination of Receptor Expression

Expression of a given apoptosis-inducing receptor on the cell surface is
a prerequisite for successful DISC isolation after incubation with its cognate
ligand. In general, the expression level of the receptors correlates with the
amount of isolated DISC. Therefore, one should make sure that the death
receptors are expressed on the surface of the cells that are going to be used for
DISC analysis. Receptor surface expression can most readily be determined by
flow cytometry that is described in detail in this chapter.

3.2.1. Before Starting

1. Prepare FACS buffer (PBS + 5% FBS) and cool it on ice.
2. Warm the 0.2 g/l EDTA.
3. Prepare the antibody dilutions (each 10 �g/ml in ice-cold FACS buffer).
4. Prepare the SA-PE or SA-FITC dilutions (5 �g/ml in ice-cold FACS buffer, add 1

�g/ml PI and protect from light).

3.2.2. Preparation of the Cells for the Staining

1. Wash the adherent cells one time with 10 ml PBS per 75 cm2 flask.
2. Incubate the cells with prewarmed 0.2 g/l EDTA for 5–10 min at 37°C.
3. Detach the cells by gently pipetting up and down.
4. Collect the cells in a 50-ml Falcon tube and count the cells.
5. Spin down at 1200–1500 g.
6. Resuspend the cells from 5 × 105 cells/ml to 1 × 106 cells/ml in ice-cold FACS

buffer (same holds true for suspension cell lines).
7. Divide the cells into eight 1-ml Eppendorf tubes.

3.2.3. Staining Procedure (see Table 1)

1. Spin down the cells at 1200 g for 1 min in a precooled table-top centrifuge.
2. Remove the supernatant carefully.
3. Resuspend the cells in 50–100 �l primary antibody dilution (antibody diluted in

ice-cold FACS buffer). For auto and PI-only control, add 50–100 �l FACS buffer.
4. Incubate for 20 min on ice.
5. Wash the cells:

a. Add 1 ml ice-cold FACS buffer.
b. Spin down for 1 min at 1200 g at 4°C.
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Table 1
Recommended Staining Scheme

Sample
First antibody

(10 �g/ml)
Second antibody

(10 �g/ml)
SA-PE or
SA-FITC PI

Autofluorescence – – – –
PI – – – 1 �g/ml
Isotype control Mouse IgG1 Biotinylated goat

anti-mouse
IgG1

5 �g/ml +

TRAIL-R1 HS101 Biotinylated goat
anti-mouse
IgG1

+ +

TRAIL-R2 HS201 Biotinylated goat
anti-mouse
IgG1

+ +

TRAIL-R3 HS301 Biotinylated goat
anti-mouse
IgG1

+ +

TRAIL-R4 HS401 + + +
Anti-APO-1 Anti-APO-1 (IgG1) + + +

PE, phycoerythrin; PI, propidium iodide; SA, streptavidin; TRAIL-R1, tumor necrosis factor-
related apoptosis-inducing ligand.

c. Take off the supernatant.
d. Resuspend again in 1 ml ice-cold FACS buffer (gently by pipetting).
e. Spin down for 1 min at 1200 g at 4°C.
f. Take off the supernatant carefully.

6. Add the 50–100 �l second antibody dilution (10 �g/ml diluted in ice-cold FACS
buffer). For auto and PI-only control, add 50–100 �l FACS buffer.

7. Incubate for 20 min on ice.
8. Wash the cells (see Point 5).
9. Add 50–100 �l SA-PE (or SA-FITC) (5 �g/ml diluted in ice-cold FACS buffer +

1 �g/ml PI). For the PI-only control, add 50–100 �l FACS buffer + 1 �g/ml PI.
10. Incubate for 15 min on ice (protect from light).
11. Wash the cells (see Point 5).
12. Resuspend the cells in 100 �l FACS buffer and analyze by flow cytometry.

A typical result of a TRAIL receptor surface stain on the leukemic BJAB cell
line is shown in Fig. 2.
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Fig. 2. Flow cytometric analysis of tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) receptor surface expression on BJAB cells. Cells were stained
with the indicated antibody according to the protocol described, and the fluorescence of
propidium iodide (PI) negative cells is shown. The gray area shows the fluorescence of
the IgG1-negative control, and the thick line represents the staining seen with antibodies
specific for the indicated TRAIL receptors.

3.3. DISC Immunoprecipitation

3.3.1. Prepare Before

1. Cool PBS on ice.
2. Warm RPMI (for most suspension cell lines) or DMEM (for most adherent cell

lines) to 37°C.
3. Cool IP lysis buffer on ice and add the COMPLETE protease inhibitor cocktail as

recommended by the manufacturer.
4. Prepare 1.5 ml Eppendorf tubes.
5. Prepare stimulation mix (stable for 1 week at 4°C):

a. DMEM or RPMI with 1 �g/ml FLAG-TRAIL (for TRAIL DISC) + 2 �g/ml
M2 antibody and incubate for 30 min at room temperature.

b. DMEM or RPMI with 0.5 �g/ml FLAG-CD95L (for CD95L DISC) + 1 �g/ml
M2 antibody and incubate for 30 min at room temperature.

3.3.2. Stimulation and DISC Formation with Adherent Cells

1. Remove medium from the cells.
2. Wash the cells gently with 12 ml prewarmed DMEM (w/o FBS).
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3. Remove medium.
4. Stimulate one half of the cells with 4–6 ml stimulation mix

a. 5–15 min for FLAG-CD95L in the incubator at 37°C.
b. 5–30 min for FLAG-TRAIL in the incubator at 37°C.

5. Incubate the control cells for the same time with DMEM (w/o FBS). From now on,
all steps have to be carried out on ice with ice-cold buffers (see Note 1).

6. Stop the stimulation by adding 25 ml ice-cold PBS.
7. Remove the PBS.
8. Rinse the cells again with 25 ml ice-cold PBS.
9. Remove the PBS completely.

3.3.3. Stimulation and DISC Formation with Suspension Cells

1. Spin down 3 × 107 cells at 1200 g for 5 min.
2. Discard the medium.
3. Resuspend the cells gently in 12 ml prewarmed RPMI (w/o FBS).
4. Split the cell suspension into two new 15-ml Falcon tubes.
5. Spin down the cells at 1200 g for 5 min.
6. Discard the medium.
7. Stimulate the cells in one Falcon by resuspending them in 1–2 ml stimulation mix

a. 5–15 min for FLAG-CD95L in the incubator at 37°C.
b. 5–30 min for FLAG-TRAIL in the incubator at 37°C.

8. Incubate the control cells for the same time with RPMI (w/o FBS). From now on,
all steps have to be carried out on ice with ice-cold buffers (see Note 1).

9. Stop the stimulation by adding 10 ml ice-cold PBS.
10. Spin down the cells at 1200 g for 5 min.
11. Discard the PBS.
12. Spin down the cells at 1200 g for 5 min.
13. Remove the PBS completely.

3.3.4. Lysis and Immunoprecipitation

1. Add 1 ml IP lysis buffer to the flask (adherent cells) or directly to the cell pellet
(suspension cells).

2. Scrape off all the cells with the cell scraper (adherent cells).
3. Transfer the cell suspension into a Eppendorf tube.
4. Lyse the cells by adding 100 �l 10% Triton X100.
5. Incubate on the head to head shaker for 30 min at 4°C.
6. Spin down the debris at 15,000 g in a precooled (4°C) tabletop centrifuge for

30–45 min.
7. Transfer the supernatant into new Eppendorf tubes.
8. Remove 50 �l as pre-IP sample for western blot analysis and freeze away.
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9. Add 15–20 �l protein-G beads slurry + 1 �g M2 antibody (anti-FLAG).
10. Add 0.5 �g FLAG-TRAIL (or FLAG-CD95L) to the unstimulated control.
11. Let immunoprecipitate over night on a head to head shaker at 4°C.

3.3.5. Washing the Beads and Preparation of the Samples
for SDS–PAGE

Before starting, cool the IP lysis buffer (+1% Triton X100 + COMPLETE
protease inhibitor) on ice.

1. Wash the beads:

a. Spin down the beads in a tabletop centrifuge (850 g, 2 min, 4°C).
b. Place the tubes on ice for 1–2 min to let the beads settle down.
c. Remove the supernatant.
d. Add 1 ml complete IP lysis buffer (+protease inhibitor + 1% Triton X100) per

tube.
e. Mix by inverting gently.

2. Repeat the wash procedure five to six times.
3. Remove the IP lysis buffer completely and add 25 �l 2× LDS protein loading

buffer (+50 mM TCEP).
4. Thaw the pre-IP lysates and determine protein concentration by BCA according o

the manufacturers’ protocol.
5. Adjust the protein concentrations to 20 �g in 20 �l using IP lysis buffer.
6. Add 25 �l 2× LDS protein loading buffer (+50 mM TCEP, add freshly).
7. Incubate the samples for 10 min at 75°C.
8. Cool the samples for 1 min on ice and spin them down at 15,000 g for 1 min on a

tabletop centrifuge.

Now the samples are prepared for the separation of the proteins by SDS–PAGE.

3.4. Western Blot Analysis for DISC-Associated Proteins

The recruitment of DISC molecules to the receptor complex can be deter-
mined by western blot analysis using specific antibodies for caspase-8 and
caspase-10, FADD, the receptor(s), and cFLIP. The pre-IP lysate serves as
specificity control for the antibodies used.

3.4.1. Running the Gels

1. Place precast NuPAGE 4–12% gels into the running chamber.
2. Add 400 ml MOPS (3-(N-Morpholino)-propanesulfonic acid) running buffer.
3. Load 15 �l prepared samples.
4. Run gels at 200 V for 55 min.
5. In the meanwhile, prepare nitrocellulose membranes for the transfer (8.5 cm

× 7.5 cm).



236 Walczak and Haas

3.4.2. Transfer

1. Place sponges and membranes in transfer buffer + 10% MeOH.
2. Remove gels from the plates and prepare the blotting sandwich: sponges–filter

paper–gel–membrane–filter paper–sponges.
3. Place in transfer box and fill with transfer buffer.
4. Let blot for 2 h at 30 V.

3.4.3. Immunoblot

1. Stain the membranes for 1–3 min with Ponceau red to visualize the proteins.
2. Wash the membranes for 10 min with PBS/0.05% Tween 20 (PBST).
3. Block the membranes in PBST + 5% milk powder for 1–2 h at room temperature.
4. Wash the membranes two times for 5 min in PBST at room temperature.
5. Incubate the membranes in primary antibody solution (1 �g/ml antibody in PBST

+ 1% milk) over night at 4°C.
6. Wash the blots five times for 5 min with PBST.
7. Incubate with secondary antibody 1:20,000 diluted in PBST + 1% milk for 1 h at

room temperature.

3.4.4. Developing

1. Wash the membranes five times for 5 min with PBST.
2. Remove the fluid and add ECL solution; make sure that the membrane is fully

covered.
3. Incubate for 1 min at room temperature.
4. Place the membrane between transparent sheets.
5. Expose to film under safety light conditions and develop the film.

3.4.5. Stripping and Reprobing

After detection with the first antibody, the HRP-conjugated secondary
antibody can be stripped off by a low pH buffer, and the membranes can
be used again for detection of a new protein. This gentle stripping procedure
mainly destroys the HRP conjugated to the secondary antibody.

1. Wash the membranes two times for 5 min in PBST.
2. Incubate the membranes for 20 min in stripping buffer at room temperature.
3. Wash the membranes two times for 5 min in PBST.
4. Continue with blocking the membranes and adding the next primary antibody.
5. This could be repeated maximal for three to four times.

A typical result of a biochemical TRAIL DISC analysis with the B-lymphoma
cell line (BJAB) is shown in Fig. 3.
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Fig. 3. Biochemical analysis of the tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) death-inducing signaling complex (DISC) in BJAB cells.
Isolated receptor complexes were separated by SDS–PAGE and immunoblotted for the
proteins indicated. After detection, the membranes were stripped and probed with an
antibody for the next protein.

4. Notes
1. It is very important to perform the entire procedure of lysis and immunoprecipitation

at low temperature (4°C or on ice) to keep the complex stable.
2. Some members of the TNFSF do not bind their cognate receptor when the cells

are lysed before adding the ligand (e.g., CD95L–CD95). This has to be taken in
account for the unstimulated controls.

3. The stripping procedure does not remove the primary antibody, thus it is well
possible that it still signals if the subsequent antibody has the same isotype.

4. The anti-FLAG (M2) antibody is a mouse IgG1 isotype and may interfere with the
detection of FLIP as the NF6 anti-FLIP antibody is also a mouse IgG1 antibody
and the molecular weight of cFLIPL is very similar to the molecular weight of the
M2 heavy chain.
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Laser Microdissection Sample Preparation
for RNA Analyses

Christopher J. Vega

Summary

Gene expression analysis provides an insight into the unique and defining biomolecular
characteristics of a given cell type. However, heterogeneous cellular compositions hinder gene
analysis studies from most tissue samples. The laser microdissection (LMD) technique allows
for the unambiguous isolation of a desired cell population. However, preserving RNA integrity
can be challenging because of the deliberately limited amount of starting material, sometimes as
little as a single cell. General laboratory procedures for reducing ribonuclease (RNase) activity,
both in reagents and in the laboratory environment, are required for successful downstream
RNA isolation and quantitation. Quality RNA can be extracted from sections made from flash-
frozen and paraffin-embedded tissue. The standard histological stains such as hematoxylin and
eosin (H&E), or toluidine blue, can provide visualization of the cells of interest. Following LMD,
validation of RNA integrity should precede downstream analysis.

Key Words: Laser microdissection; laser capture microdissection; gene expression; RNA;
sample preparation; RNase.

1. Introduction
Laser microdissection (LMD), or laser capture microdissection (LCM), is

a technique for isolating microscopic samples of interest. The benefit of this
technique, with regard to studies of gene expression within heterogeneous tissues,
is that the cells of interest can be studied independently of their surrounding. That
is, the unique expression profile of the targeted cells will not be obscured by
expression levels contributed from neighboring cells. However, the neighboring
cells are not without value as they can be captured separately to allow compar-
ative studies, for example, expression variations in cancerous tissue versus non-
cancerous tissue.

From: Methods in Molecular Biology, vol. 414: Apoptosis and Cancer
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1.1. Suppressing Ribonuclease Activity

Handling and preparing samples, to protect RNA from degradation, is
paramount to the success of LMD isolation for gene expression analyses. The
ribonuclease (RNase) family of enzymes catalyzes the cleavage of nucleotides
in RNA leading to degradation. Unfortunately, RNases are everywhere. The
ubiquitous nature of these molecules makes working with tissue, for the purpose
of isolating RNA, a challenging endeavor.

Methods for reducing the effects of RNases within solutions and upon
laboratory equipment exist, but RNase enzymes are resilient. Bearing this in
mind, RNases will not be eliminated; they will be either denatured or chemically
modified, or both, to reduce enzymatic activity.

When performing RNA experiments, it is best to dedicate reserved locations,
reagents, and equipment. Always wear clean gloves when handling any
materials (sample, reagents, equipment, etc.) intended for work with RNA.
These steps will aid in reducing potential RNase contamination and subsequent
sample degradation.

1.1.1. Suppressing RNase Activity in Experimental Reagents
with Diethyl Pyrocarbonate

Autoclaving alone may not be effective in eliminating RNases; therefore, it
is common practice to chemically treat solutions and containers for use with
RNA. Diethyl pyrocarbonate (DEPC) is commonly used for this purpose, with
the exception of TRIS buffers, as DEPC reacts directly with TRIS. DEPC
covalently modifies the histidine residues of RNases and renders the enzyme
inactive. But be aware that DEPC will also react with RNA, so DEPC-treated
solutions must be heated to break down DEPC to CO2 and ethanol.

The protocol for DEPC treatment is uncomplicated, however, DEPC is a toxic
substance and suspected carcinogen. As such, care should be taken with its use.

1.1.2. Suppressing RNase Activity on Laboratory Equipment

RNaseZap is a commercial product (Ambion, Austin, TX) commonly used
to treat the surfaces of glassware, plastic surfaces, countertops, and pipettes
to reduce RNase contamination in the laboratory. RNaseZap can be applied
directly to the surfaces of laboratory items (although it is not recommended
for metal surfaces that may corrode). The solution works on contact, and the
treated equipment is ready for use following rinsing with distilled H2O and
drying. As always, wear gloves, which will then be RNaseZap-treated as well.
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1.2. Tissue Sectioning

Tissue sections compatible with the LMD method are prepared by one
of the two methods, cryostat sectioning of flash-frozen tissue or microtome
sectioning of fixed, paraffin-embedded tissues. Each method has its benefits
and drawbacks. Samples for cryostat sectioning can be prepared quickly
with flash-freezing, however, tissue morphology noticeably suffers. Paraffin
embedding is time consuming, but the tissue morphology from the resulting
sections is superior to those from a cryostat. However, samples for paraffin
embedding must be prepared with a fixative solution (typically formalin)
prior to embedding. Formaldehyde-based fixatives will negatively impact RNA
extraction and quality. Alternatively, alcohol-based fixatives are available that
have better compatibility for work with RNA.

Whether working with frozen or paraffin-embedded tissues, every precaution
should be taken to maintain the sectioning equipment and environment in an
RNase-free state. Disposable blades for sectioning should be used, if possible,
to reduce RNases but also to provide the best consistency in sections. A good
starting thickness for sections is 10 �m. This can be varied depending on
sample and application.

The Leica LMD6000 and its predecessor, the Leica AS LMD, use slides
that have a polyethylene (POL)-based, UV-absorbing membrane. The most
commonly used slide for RNA work is the polyethylene naphthalate (PEN)-
coated glass slide. These slides can be handled like standard glass slides with
tissue sections placed on the membrane side of the slides.

Alternatively, there are slides available with POL or polyethylene tereph-
thalate (PET) membranes extended over a metal frame. There is a small cavity
on one side of the slide because of the thickness of the metal frame, and the
section is mounted on the membrane surface on the backside of the cavity. As
there is no backing material to work as a heat sync when transferring cryosec-
tions, Leica offers a plexiglass support frame that fits into this cavity to aid
thermal section transfer.

1.2.1. Preparation of Cryostat Tissue Sections

Before sectioning, an embedding compound, for example, OCT, is required
to adhere the tissue to the microtome’s specimen holder. This compound will
solidify when frozen. However, excess embedding compound can interfere
with cutting during LMD, so its use should be done so sparingly. Preparations
made from disposable molds, in which samples are surrounded by embedding
compound and then frozen, should have the excess embedding compound
trimmed away to a minimum. OCT is water soluble, so if the tissue is to
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be immediately sectioned, without additional processing, then slide mounted
sections should be washed in 70% ethanol to clear remaining OCT.

The tissue can be flash-frozen either before or after being placed in the
embedding compound. The benefit of freezing before embedding is that it is
easier to gauge the progress of the tissue freezing. However, when placing
frozen tissue in embedding compound, the tissue will thaw to some degree.
The benefit of embedding first, then freezing is to ensure a single freezing
process.

The cryostat should be at the appropriate temperature for the tissue type
to be sectioned before the tissue block and specimen holder are mounted in
the microtome. Cryostat chamber temperatures in the range of –15 and –30°C
are common for flash-frozen tissues. Tissue sections can be made at thickness
between 5 and 15 �m, but this can be optimized based on the tissue and
application.

Before performing any staining protocols, the tissue sections should be fixed
with 70% ethanol or ice-cold acetone for approximately 30 s.

1.2.2. Preparation of Paraffin-Embedded Tissue Sections

Paraffin embedding requires more processing of the tissue than the flash-
freezing process. The tissue must be preserved, that is, fixed, typically with
formalin. However, formaldehyde-based fixatives cross-link and degrade RNA.
Alcohol-based fixatives, such as Carnoy’s solution or methacarn, are non-
crosslinking, protein-precipitating fixatives (1) and have been successfully used
as a fixative for paraffin-embedded tissues for downstream RNA analysis from
LMD-isolated samples (2,3).

Following adequate fixation, the tissue must be run through a series of
solutions that will take it from an aqueous state and allow it to be infiltrated by
a non-aqueous support medium, typically paraffin wax. The process begins by
dehydrating the tissue through a series of graded ethanol solutions. The tissue
is then exposed to a “clearant” that is an organic solvent, such as xylene, that
is miscible with both alcohol and paraffin.

As all the processes mentioned above require diffusion of solutions into
the tissue, it is recommended that the tissue not be larger than 5 mm in any
dimension. Following infusion of paraffin into the tissue, extra paraffin should
be trimmed before microtome cutting.

Sections of the paraffin-embedded tissues should be obtained using a rotary
microtome. Tissue sections with thickness between 5 and 15 �m should be made
into ribbons and stretched on a slide warmer prior to mounting on LMD slides.
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Before performing any staining process on the slide-mounted tissue sections,
the tissue must be free of paraffin. This is easily done with organic solvents
and a series of graded alcohol washes.

1.3. Tissue Section Staining

To minimize RNase activity and provide sufficient detail from the staining
process, a balance between the staining time and RNase activity must be
observed. The staining times therefore should be optimized for the tissue,
section thickness, and stain. A rough rule of thumb is that the total time for
the staining procedure should not exceed 30 min, and once stained, the sample
should be used immediately for LMD.

There are many common histological staining protocols, but two are
presented in this section for simplicity. The first, hematoxylin and eosin (H&E),
renders nuclei and some mitochondria blue and cytoplasmic compartments
pink. The second, toluidine blue, renders nuclei blue to purple.

1.4. LMD

During the LMD process, it is best to have a sample that has been fully
desiccated. This will ensure the best cutting and lowest RNase activity.

The local environment of the instrument is also a matter of concern. For
example, relative humidity should be in the range of 30–40% for the best cutting
results. Excessive relative humidity will encourage RNase activity and has
adverse effects on laboratory equipment. Low levels, below 30%, may allow
static charges to affect sample collection. A humidity monitor (hygrometer)
can be purchased at most home center locations and is recommended for deter-
mining the room’s moisture level. The area’s humidity level can be regulated
with a consumer grade humidifier or dehumidifier depending on conditions.

If static charge issues persist, a device known as the “ZeroStat” gun (Armour
Home Electronics, Hertfordshire, UK) can be used to attempt to neutralize the
static charge, at the level of the sample.

2. Materials
2.1. Suppressing RNase Activity

2.1.1. Equipment

1. Stir-plate.
2. Autoclave.
3. Autoclavable glassware.
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2.1.2. Reagents

1. DEPC (cat. no. D5758, Sigma–Aldrich, St. Louis, MO, USA).
2. RNaseZap (Ambion).

2.2. Tissue Sectioning

Whether tissue sections are produced on a cryostat or rotary microtome,
LMD compatible slides are required, and these include Leica’s PEN, PET, or
POL LMD slides.

2.2.1. Preparation of Cryostat Tissue Sections

2.2.1.1. Equipment

1. Beaker.
2. Bucket for dry ice.
3. Leica CM3050 S cryostat.

2.2.1.2. Reagents

1. OCT embedding compound.
2. Dry ice.
3. Liquid nitrogen.
4. Isopentane.

2.2.2. Preparation of Paraffin-Embedded Tissue Sections

2.2.2.1. Equipment

1. Paraffin-embedding molds.
2. Leica EG1150 H paraffin-embedding station.
3. Leica RM2255 microtome.

2.2.2.2. Reagents

1. Alcohol-based fixative (solutions list by v/v)

a. Carnoy’s fixative: 60% absolute ethanol, 30% chloroform, and 10% glaciec
acetic acid.

b. Methacarn: 60% absolute methanol, 30% chloroform, and 10% glaciec acetic
acid.

2. Graded ethanol series: 70% ethanol, 95% ethanol, and 100% ethanol.
3. Xylene, reagent grade.
4. Paraffin wax.
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2.3. Tissue Section Staining

2.3.1. Toluidine Blue

2.3.1.1. Equipment

1. 0.22-μm sterile syringe filter.
2. Slide rack and staining reservoirs.

2.3.1.2. Reagents

1. Toluidine blue.
2. DEPC-treated water.
3. 75% ethanol.

2.3.2. H&E

2.3.2.1. Equipment

1. Slide rack and staining reservoirs.

2.3.2.2. Reagents

1. Ethanol series: 70, 95, and 100%.
2. Hematoxylin solution, Harris-modified (cat. no. HHS-16, Sigma–Aldrich, St. Louis,

MO, USA).
3. Eosin Y solution, alcoholic, with phloxine (cat. no. HT110-3-32, Sigma–Aldrich,

St. Louis, MO, USA).
4. Bluing reagent 0.1% NH4OH (cat. no. 443182, Sigma–Aldrich, St. Louis, MO,

USA) in H2O.
5. Distilled H2O.
6. DEPC-treated water.

2.4. LMD

2.4.1. Equipment

1. Leica LMD6000.
2. 0.2- or 0.5-ml PCR tubes for sample collection.
3. Dehumidifier or humidifier.
4. ZeroStat gun.

2.4.2. Reagents

1. Lysis buffer (from RNA extraction kit).
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3. Methods
3.1. Suppressing RNase Activity

3.1.1. Suppressing RNase Activity in Experimental Reagents with DEPC

1. Prepare all solutions under a fume hood.
2. Wear gloves and protective eyewear.
3. Use only thoroughly cleaned glassware.
4. Open stock DEPC container slowly as pressure may have built up within the bottle.
5. Make solutions to DEPC concentration of 0.1% v/v.
6. Stir vigorously to ensure DEPC is thoroughly mixed within the solution.
7. Treat the solution for a minimum of 12 h (typically this is done overnight).
8. Autoclave for a minimum of 15 min for the decomposition of DEPC.

3.2. Tissue Sectioning

Depending on the materials and equipment available in the laboratory, four
flash-freezing options are presented.

3.2.1. Preparation of Cryostat Tissue Sections

3.2.1.1. Isopentane and Dry Ice (Working Under Fume Hood)

1. Place crushed, or powdered, dry ice in ice bucket.
2. Make a hollow in the ice in the center of bucket for a beaker.
3. Add enough isopentane to a pyrex beaker to submerge tissue and allow for 5–10 min

to cool.
4. Add tissue (which should turn bright white) to isopentane.
5. Remove tissue from isopentane and tap tissue. If it sounds dull or hollow, then it

is not frozen. Continue until it sounds solid.

3.2.1.2. Isopentane and Dry Ice Slurry (Working Under Fume Hood)

1. Pre-cool 2-methyl-butane in a beaker surrounded by dry ice. This will help the
2-methyl-butane from bubbling over when the dry ice is added.

2. In a beaker or specimen container, add crushed dry ice to the 2-methyl-butane to
make a slurry mixture of the two.

3. When bubbling stops, fix the 2-methyl-butane at correct freezing temperature.
4. Immerse the tissue slowly. Eventually, it will sink to the bottom of the 2-methyl-

butane.

3.2.1.3. Isopentane and Liquid Nitrogen (Working Under Fume Hood)

1. Pre-cool 2-methyl-butane in a beaker surrounded by liquid nitrogen.
2. Allow 2-methyl-butane to cool for 5–10 min.
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3. Add tissue (which should turn bright white when frozen) to isopentane.
4. Remove tissue from isopentane and tap tissue. If it sounds dull or hollow, then it

is not frozen. Continue until it sounds solid.

3.2.1.4. Flash-Freezing in Liquid Nitrogen

1. Place liquid nitrogen in a Styrofoam® container.
2. Place the Styrofoam® container inside a Petri dish lid (a support rack to hold the

Petri dish lid may be needed).
3. Place the tissue in a disposable mold and embed in the tissue-freezing medium, or

alternatively, place tissue embedded in the tissue-freezing medium on a coverslip
and place it in the liquid nitrogen.

3.2.2. Preparation of Paraffin-Embedded Tissue Sections

3.2.2.1. Fixation

Carnoy’s solution and methacarn should be freshly prepared before tissue
fixation and stored at 4°C until use. Small tissue samples should be submerged
in 5–10 times their volume in fixation for 2–12 h (depending on tissue size)
with gentle agitation at 4°C.

3.2.2.2. Dehydration and Clearing Process

Transfer the tissue to a graded series of alcohol and then to the clearant.
During the dehydration and clearing steps, the wax should be melted to the
appropriate temperature, typically 60°C.

1. 70% ethanol for 45 min.
2. 95% ethanol for 45 min.
3. 100% ethanol for 45 min.
4. 100% ethanol for 45 min.
5. Xylene for 45 min.
6. Xylene for 45 min.

3.2.2.3. Paraffin Infiltration Process

The paraffin infiltration process is completed by exposing the specimen to
several changes of molten paraffin and can be accelerated by working in a
vacuum. The final change of paraffin must be clean and cannot contain residual
clearant. Once infiltration is complete, the tissue can be placed face down in a
mold containing clean, melted paraffin, and then cooled to create a block for
sectioning.
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3.3. Tissue Section Staining

3.3.1. Toluidine Blue

To make a working 1% toluidine blue solution, dissolve 0.1 g toluidine blue
in 10 ml DEPC-treated water and pass through a sterile filter.

1. Toluidine blue solution for 3 min.
2. DEPC water for 15 s.
3. DEPC water for 15 s.
4. 75% ethanol for 3 min.
5. Air dry.

3.3.2. H&E

1. Distilled H2O for 30 s.
2. Hematoxylin for 1 min.
3. DEPC-treated water for 30 s.
4. Bluing reagent for 30 s.
5. Eosin for 10 s.
6. 70% ethanol for 30 s.
7. 95% ethanol for 30 s.
8. 100% ethanol for 30 s.
9. Air dry.

3.4. LMD

Turn the LMD system on (computer, microscope control box, and laser unit).
Start the Leica Laser Microdissection software. Place a slide, specimen facing
down, in a holder and place in stage insert.

Place a PCR tube, cap first and tube folded underneath, in the collection
device. Add a small amount of lysis buffer to the tube cap and load the collection
device into the microdissection stage. Each cap is uniquely identified in the
software and can be targeted for sample collection in the software’s tube cap
interface.

Regions of interest, that is, cells to be collected, are identified by outlining
their shapes and can be completed using two different modes within the
software. Regions can be identified one at a time by selecting “Single Shape”
so that only one region is drawn within the software. By choosing “Multiple
Shapes,” several regions of interest can be selected; additionally, these regions
can be marked and collected into different wells of the collection device.

The software also allows two drawing modes: “Draw + Cut” or “Move + Cut.”
With “Draw + Cut,” either single or multiple shapes are created with drawing
tools: line, circle, and rectangle. The circle and rectangle shapes automatically
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generate a “closed shape,” that is, there are no gaps in the laser cut line. Use
of the line tool, which is a free-hand drawing tool for complex shapes, will
not generate a “closed shape” unless the “close line(s)” option is checked. To
collect the regions of interest, select the “Start Cut” button. The laser then cuts
along the perimeter of all the shapes specified. If the “Move + Cut” option
is selected, the laser will cut “live” in a free-hand fashion, which has been
described as a “laser-scalpel” manner of cutting.

When the system cuts, a small ablation path results as the laser follows the
course of the shapes drawn. This ablation path must be taken into consideration
when drawing shapes. Additionally, rounded shapes tend to release from the
slide more easily than points or corners.

For users that require high-throughput cell collection, the optional Auto
Vision Control (AVC) module (accessory to the LMD software) performs a
cell-recognition algorithm to identify desired cells based on criteria such as
color and size.

To ensure collection and that regions of interest have been collected,
microdissectate can be inspected in the caps from within the software. Once
the desired quantity of cells has been collected, the collection device can be
unloaded from the LMD system, and the PCR tube with the cells of interest
can be used to complete downstream RNA methods.

4. Notes
4.1. Tissue Time

While in tissue, RNA will be vulnerable to degradation. The goal of LMD
sample preparation is to reduce the time required to take the sample of interest
from living tissue into lysis buffer, that is, tissue time. To elaborate, lengthy
staining procedures that increase tissue time will very likely have an adverse
effect on RNA quality. This is always a compromise; the better the morphology,
the greater the sacrifice of molecules of interest, that is, RNA. As such, one will
benefit from a faster, albeit lighter staining, when downstream RNA analyses
are performed. To reduce tissue time, many users work toward a target of 30
min to take the cells of interest from tissue to lysis buffer.

4.2. How Many Cells to Collect?

A starting point for the novice would be hundreds of cells. The number
of cells needed for analysis depends on a variety of criteria such as tissue
type, abundance of mRNA of interest, extraction kit, and mRNA quantitation
method, among others. So the exact number of starting cells varies.
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As a frame of reference, the number of cells a given LMD-based experi-
menter will collect can be divided into three groups, one-third collect more
than 1000 cells, one-third collect between 100 and 1000 cells, and one-third
collects less than 100, even down to a single cell.

4.3. How Much RNA will I Obtain?

As the amount of starting material changes, so should the kit used for RNA
isolation. Kits designed for different amounts of starting material will concen-
trate the extracted RNA into a range that will be acceptable for downstream
analysis protocols, for example, real-time PCR.

The total amount of RNA in a mammalian cell is typically on the order of
10–30 pg. As a rough rule of thumb, 100 cells will provide 1 ng total RNA. This
relationship can be extended linearly so that 10 cells would result in 0.1 ng or
1000 cells would provide 10 ng, and so on. Keep in mind, however, that the
proportion of mRNA will only be 1–3% of the total RNA amount.

4.4. Determine the Quality of Extracted RNA

Before pursuing further downstream analysis, determine the quality of the
purified RNA. Chip-based, electrophoretic systems, for example, Agilent Bioana-
lyzer, can be used to assess RNA quality with a minimum of extracted RNA, using
only 1 �l per “lane.” The system can analyze the peak shoulders, or elevation of
baseline, of 28s and 18s ribosomal RNA present within the sample that indicates
RNA degradation.

Acknowledgments
The author thank Bob Fasulka and Andy Lee, Laser Microdissection Appli-

cation Specialists, Leica Microsystems, for sharing their technical expertise
and reviewing this document. Additional thanks are extended to Jan Minshew,
HT, HTL (ASCP, Marketing Manager, Leica Microsystems) for reviewing the
protocols on sample preparation, and Pam Jandura, Marketing Specialist, Leica
Microsystems, for editorial assistance.

References
1. Puchtler, H., et al., Histochemie 1970; 21(2): 97–116.
2. Takagi, H., et al., J. Histochem. Cytochem. 2004; 52(7): 903–13.
3. Jiang, K., et al., Plant Mol. Biol. 2006; 60(3): 343–63.


	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17

	57: 
	58: 
	59: 
	60: 
	61: 
	62: 
	63: 
	64: 
	65: 
	66: 
	67: 
	1: 
	2: 
	3: 
	4: 
	5: 
	6: 
	7: 
	8: 
	9: 
	10: 
	11: 
	12: 
	13: 
	14: 
	15: 
	16: 
	17: 
	18: 
	19: 
	20: 
	21: 
	22: 
	23: 
	24: 
	25: 
	26: 
	27: 
	28: 
	29: 
	30: 
	31: 
	32: 
	33: 
	34: 
	35: 
	36: 
	37: 
	38: 
	39: 
	40: 
	41: 
	42: 
	43: 
	44: 
	45: 
	46: 
	47: 
	48: 
	49: 
	50: 
	51: 
	52: 
	53: 
	54: 
	55: 
	56: 


