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Abstract

Purpose To examine the correlation between cell death

and a common surrogate of death used in screening assays,

we compared cell death responses to those obtained with

the sulforhodamine B (SRB) cell protein–based ‘‘cytotox-

icity’’ assay.

Method With the SRB assay, the Hill equation was used

to obtain an IC50 and final cell mass, or cell mass present

at infinite agent concentrations, with eight adherent cell

lines and four agents (32 agent/cell combinations). Cells

were treated with high agent concentrations (well above the

SRB IC50) and the death response determined as the time-

dependent decrease in cells failing to bind both annexin V

and vital fluorochromes by flow cytometry.

Results Death kinetics were categorized as fast (5/32)

(similar to the reference nonadherent Jurkat line), slow

(17/32), or none (10/32), despite positive responses in the

SRB assay in all cases. With slow cell death, a single

exposure to a chemotherapeutic agent caused a slow, pro-

gressive increase in dead (necrotic) and dying (apoptotic)

cells for at least 72 h.

Conclusions Cell death (defined by annexin and/or fluoro-

chrome binding) did not correlate with the standard SRB

‘‘cytotoxicity’’ assay. With the slow cell death response, a

single exposure to an agent caused a slow conversion from

vital to apoptotic and necrotic cells over at least 72 h (the

longest time point examined). Here, increasing the time of

exposure to agent concentrations modestly above the SRB

IC50 provides a method of maximizing cell kill. If tumors

respond similarly, sustained low doses of chemotherapeutic

agents, rather than a log-kill, maximum tolerated dose strategy

may be an optimal strategy of maximizing tumor cell death.

Keywords Apoptosis � Annexin V � Chemotherapy �
Cell death � Screening � Cytotoxicity

Introduction

Although cell death is the endpoint sought in cancer ther-

apy, surrogate endpoints of death are widely employed in

cancer drug development and in analyzing the response of

tumors to treatment. In vitro screening for chemothera-

peutic agents often relies on biochemical metrics of cell

function, including the sulforhodamine B (SRB) assay,

which measures cell protein [1, 2], the MTT assay, which

measures mitochondrial reductase activity [1, 3], and ATP

assays, which measure cellular ATP [4, 5]. Clinically, the

response to chemotherapy can be determined by imaging

fluorodeoxyglucose uptake or tumor volume, or analyzed

through the levels of tumor-related serum markers, though

none of these methods provides direct information on

tumor cell death or tumor cell survival.

Recently, however, a variety of probes have been

developed that selectively bind to apoptotic cells (cells

about to die) or necrotic cells (dead cells) [6–9]. Two types
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of these probes, those based on annexin V [10] and those

based on vital fluorochromes [11], are widely used in

fluorescence-based in vitro research and can be used to

image cell death in vivo by attaching radioactive or para-

magnetic reporters. In addition, the use of annexin V and

vital dye binding as measurements of cell death, and con-

sequently a lack of binding as survival, is consistent with

recent consensus statements on methods of determining

cell death [12, 13]. Thus, the chemotherapy-induced death

response might be examined in vitro using fluorescent

annexin V and vital fluorochromes, and hypotheses formed

about the death response evaluated using similar probes in

animal tumor models or humans.

Based on these technical developments, we posed two

questions: (1) How does the in vitro cell death response

compare with a popular in vitro surrogate of cell death, the

SRB ‘‘cytotoxicity’’ assay? (2) How do the rates of cell

death vary when cell lines are exposed to chemotherapeutic

agents?

We therefore examined the cell death response of eight

adherent cell lines originating from a variety of tissues

(lung, breast, prostate, etc.) to four chemotherapeutic

agents with different targets (microtubules, topoisomerase

I, etc.) (The selection of cell lines and agents is described

below). The death response was the time-dependent

decrease in the survival fraction (SF), or fraction of cells

that did not bind either annexin V or a vital fluorochrome

by dual wavelength flow cytometry after an exposure to an

agent. As a reference, we also measured the death response

of suspended Jurkat T cells studied previously [14]. Agent/

adherent cell line combinations were also characterized

with the SRB assay [1, 2, 15].

We found that the cell death response was highly vari-

able and did not correlate with the uniformly positive

responses obtained using a common surrogate of cell death,

the decrease in cell protein measured by the SRB assay.

Measurements of the cell death response were therefore

essential to interpret responses to chemotherapeutic agents.

In addition, we describe the slow cell death response, an

intermediate between frank resistance (no cell death) and

susceptibility (fast cell death). With the slow death

response, maximizing the duration of exposure to a modest

but effective concentration of agent (a time-kill strategy),

rather than a maximizing the concentrations present for

short durations (a log-kill strategy), can be an optimal

strategy for causing cancer cell death.

Materials and methods

The four agents used were vinblastine (VBN), camptothecin

(CPT), 5-fluorouracil (5-FU) and paclitaxel (PXL). Agents

were from Sigma–Aldrich and dissolved in DMSO to obtain

10 mM stock solutions. Our eight adherent cell lines (A549,

MDA-MB-231, PC3, U87 mg, HT29, MCF-7, 786-0, and

HeLa) and the suspended Jurkat T-cell line were from the

ATCC and cultured by their instructions. Cell lines were

selected for their widespread usage and to represent a variety

of tissues of origin. Allophycocyanin-labeled annexin V

(Annexin-APC) and Sytox Green were from Invitrogen.

Propidium iodide was from BD Pharmingen. SRB cell mass

assay: Approximately 5,000 cells were plated in a 96-well

format. Cells were incubated (48 h) with or without agents.

Cell masses were determined using based on the SRB cell

protein stain [16]. Cells were fixed (10% trichloroacetic acid,

4�C, 1 h), water washed, dried, stained (100 ll 0.4% SRB in

1% acetic acid, 30 min at RT), and then washed four times

(1% acetic acid). Dissolved SRB (10 mM Tris, pH 10) was

quantified (564 nm, BioTek ELx-800 reader). Cell mass

absorbances were fit to the Hill equation (Fig. 1b) with Prism

4.0 (GraphPad Software). Cell death response: Cells (80K

cells/24 well plate) were exposed to a single dose of agent for

the indicated times. Cells were detached (200 ll of 0.05%

Trypsin with 0.53 mM EDTA, 10 min @ 37�C), pelleted

(400 g, 5 min) and resuspended in 300 ll of Dulbecco’s

phosphate buffered saline (DPBS) with Ca2?, Mg2? and 1%

fetal calf serum. Cells were stained (1 ll of 1 lg/ml propi-

dium iodide, 1 ll of annexin V-APC, both Molecular Pro-

besTM) for 15 min at RT. One ml of DPBS was added, and

cells were pelleted as before, resuspended in 300 ll of

DPBS, and analyzed with a FACSCalibur flow cytometer.

Alternatively, Sytox Green replaced propidium iodide. Dot

plot quadrant statistics used FlowJo v8.2.2 software. Con-

centrations were 10 lM CPT, 50 nM VBN, 100 nM PXL,

and 10 lM 5-FU.

Results

To study the kinetics of cell death in response to chemo-

therapeutic agents, we selected eight adherent cell lines

from variety of organs of origin. They were 786-0 (renal

cell carcinoma), HeLa (cervical carcinoma), A549 (lung

carcinoma), HT-29 (colorectal adenocarcinoma), MCF-7

(breast adenocarcinoma), MDA-MB-231 (epithelial breast

carcinoma), PC-3 (prostatic adenocarcinoma bone metas-

tasis), and U87 mg (glioblastoma astrocytoma). We then

selected four agents to represent a variety of molecular

targets; they were camptothecin (‘‘CPT’’, noncycle-spe-

cific, topoisomerase inhibitor), paclitaxel (‘‘PXL’’, cell

cycle-specific, microtubule polymerizer), vinblastine

(‘‘VBN’’ cell cycle-specific, microtubule polymerization

inhibitor), and 5-fluorouracil (‘‘5FU’’, cell cycle-specific

inhibitor of DNA and RNA synthesis).

Protocols for obtaining the cell death response and

SRB assay allowed cells to proliferate under identical
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conditions, though more cells were needed to measure the

death response (Fig. 1).

To determine the death response (Fig. 1a), cells were

exposed to a chemotherapeutic agent (A), and the binding

annexin V and a vital dye were determined by dual channel

flow cytometry. The survival fraction (SF) was defined as

the proportion of annexin-negative and vital dye-negative

cells obtained by dual wavelength flow cytometry (single

gray box, lower left quadrant). The SF can be measured as

a function of time (Fig. 3a) or after a standard 48-h

exposure to agent (SF48, Figs. 2, 3), which is the incuba-

tion time used with the SRB assay. The survival fraction

(SF) is an in vitro assay parameter that quantifies the

inability of a chemotherapeutic agent to produce complete

cell death, a sad but common response to chemotherapy

seen clinically.

The SRB assay (Fig. 1b, c) measured the decrease in

cell mass as cell protein with increasing concentrations of

agent. As shown in Fig. 1b, a growth control (GC) is

obtained where cells proliferate in the absence of agent.

Since nonzero cell mass plateaus were seen over wide

concentrations ranges above the IC50 (see Fig. 2), a four

parameter Hill equation was employed to analyze data.

The GC was set at maximum of 100%, so the three-

parameter Hill equation now yielded an IC50, a value of

n (steepness), and a final cell mass (FCM). The IC50 was

the concentration of the cell mass at the curve midpoint

or (GC-FCM)/2. The Hill equation also provided a final

cell mass (FCM), which is a computer-generated value for

the cell mass at the high concentration plateau of an

agent. The quantity GC/ICM (growth control or unin-

hibited growth cell mass/initial cell mass) is a measure of

cell growth and was used to obtain the doubling times of

cell lines, see Fig. 4. When cell lines are exposed to high

agent concentrations (well above the IC50), FCM/ICM

value of the SRB assay can be used to categorize the

response of agent/cell line combinations as reviewed in

Fig. 1c. Thus, there can be partial inhibition of cell

growth (FCM/ICM [ 1), total growth inhibition (FCM/

ICM = 1), or ‘‘cytotoxicity’’ from a reduction below the

initial cell mass (FCM/ICM \ 1). See for example box 1

of [15].

Fig. 1 The cell death response

and the SRB cell mass assay.

a To obtain the death response,

cells were plated at 80,000 cells/

well in a 24-well plate format

and treated with agent

concentrations above the IC50

as determined by the SRB assay.

After 48 h, cells were detached,

incubated with a fluorescent

annexin and a vital dye, and

analyzed by dual wavelength

flow cytometry. The survival

fraction at 48 h (SF48) was the

fraction of cells negative for

annexin and vital dye

(represented by the gray
quadrant). b For the SRB assay,

cells were plated at 5,000 cells/

well in a 96-well format and

allowed to proliferate for 48 h.

With no agent (No A), the

growth control (GC) was the

100% value (solid gray circle).

Increasing molar concentrations

of agent [A] yielded data points

(open circles) analyzed with the

Hill equation to obtain a value

of n (slope), an IC50, and a final

cell mass (FCM). c ICM is not

used in curve fitting or data

reduction but can be greater

than equal to or less than the

FCM, yielding a categorization

system cell death based on the

SRB assay
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A comparison of the 48 h SRB assay with the flow cyto-

metry dot plots used to obtain SF48 values is shown for

eight agent/cell line combinations in Fig. 2. From left to

right are (1) the SRB data as linear/log plots fit to the Hill

equation, (2) dot plots of untreated cells, (3) dot plots of

cells treated for 48 h, and (4) a summary of SRB and cell

death data values.

The CPT/786-0 and VBN/HeLa agent/cell line combi-

nations that exhibited the fast death response are shown in

Fig. 2a. With the SRB assay, large decreases in cell mass

Fig. 2 Comparison of cell

death responses with responses

shown in SRB assays. a Fast

cell death responses of the

CPT/786-0 and VBN/HeLa

combinations. From left to

right: linear/log plots of the

SRB data fit to the Hill

equation, flow cytometry dot
plots of untreated cells, dot plots

of treated cells, and a summary

of SF48’s and SRB assay

values. CPT and VBN caused a

nearly complete conversion of

viable (lower left) quadrant cells

to annexin and/or vital dye

positive populations. b Slow

death responses with the CPT/

A549 and PXL/MDA-MB231

combinations. Agents caused a

partial conversion of viable cells

to annexin and vital dye binding

cells. c No death response with

the CPT/PC-3 and 5-FU/

U87 mg combinations. Viable

cells did not convert to annexin

or vital dye positive cells
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([50%) and well-defined IC50’s were obtained, with val-

ues given (far right) and listed in Table 1. Coefficients of

correlation for the Hill analyses were at least greater than

0.89 and averaged 0.948 ± 0.0345. Because values of

n were close to 1, they are not provided. An advantage of

using the Hill equation is that it allows others to regenerate

SRB response curves over the entire concentration range

from the values provided (Table 1, FCM, IC50).

Untreated 786-0 and HeLa cells exhibited the expected

preponderance of annexin-negative/vital dye-negative,

viable cells (lower left quadrant) that converted to apop-

totic and necrotic cells (two right quadrants) after exposure

to CPT or VBN. Post-treatment SF48’s of 0.11 (CPT/786-

0) and 0.24 (VBN/HeLa) indicated a high degree of con-

version of viable to apoptotic and/or necrotic cells.

Figure 2b shows the results for two agent/cell line

combinations (CPT/A549, PXL/MDA-MB231) that gave a

slow death response. Again, the SRB assays showed

apparent activity, with decreases in cell mass of at least

50% and well-defined IC50’s. However, SF48’s of 0.35

(CPT/A549) and 0.54 (PXL/MDA-MB231) indicated only

a partial conversion of viable to apoptotic and necrotic

cells.

Finally, the results for agent/cell line combinations

(CPT/PC3, 5-FU/U87) that exhibited the no death response

are shown in Fig. 2c. Although a clear response was seen

with the SRB assay, SF48’s of 0.85 (CPT/PC3) and 0.93

(5-FU/U87) were obtained, indicating a lack of conversion

of viable to apoptotic and/or necrotic cells. SF48’s and

SRB assay results from Figs. 2 and 3, along with the

other adherent cell line/agent combinations studied, are

summarized in Table 1. SF48’s are also provided for the

suspended Jurkat cell line, which were not analyzed by the

SRB assay due to the risk of cell loss.

After agent treatment, vital dye-positive, annexin-neg-

ative cells (upper left quadrant of dual wavelength flow

cytometry, Fig. 1a) were a minor population, as illustrated

by the six dual wavelength dot plots shown in Fig. 2. (A

similar observation was made in all cases, data not shown).

In addition, the fraction of annexin-positive apoptotic and

necrotic cells was always greater than the fraction of vital

dye-positive necrotic cells (data not shown). Therefore, a

cell death model where agents induced the conversion of

viable to apoptotic and then to necrotic cells appeared to

hold [14].

The time-dependent cell death responses of four cell

lines were further examined in Fig. 3a. For Jurkats, the fast

response to CPT, and lack of response to 5-FU (Fig. 3a),

has been described[14]. The nonlinear decrease in SF seen

with VBN, PXL and CPT and Jurkats or 786-0’s placed

those combinations in our fast cell death category. Linear

slow cell death responses were seen with VBN, PXL, CPT

and A549’s or the 5-FU/786-0 combinations. The no cell

death response (see criteria below) was seen with all agents

Fig. 3 Cell line-dependent and

time-dependent decreases in the

SF cell death response

parameter. a The SF decrease

for the suspended Jurkat and

adherent 786-0, A549, and PC-3

cell lines. Lines were obtained

by fits to a linear equation or a

simple exponential decay

equation. b SF48’s as a function

of cell line and agent for

adherent cell lines and

suspended Jurkat cells. Dotted
lines are the cutoffs between

fast and slow death responses,

and between slow and no cell

death responses
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and PC-3 cells. SF48’s of our eight adherent cell lines and

Jurkats are further compared in Fig. 3b. The mean SF48 for

untreated cells was 0.95 ± 0.09 (mean ± 1SD, n = 8),

providing a 2 SD cutoff between slow cell death and no

death response at an SF48 of 0.79. A cutoff between slow

and fast cell death responses was set at an SF48 of 0.30,

which corresponded to a cutoff between linear and non-

linear time-dependent increases in SF48’s (Fig. 3a). Using

these cutoffs, agent/cell line combinations were scored as

fast cell death (5/32), slow cell death (17/32), or no cell

death (10/32). The fast death response of adherent 786-0’s

and suspended Jurkats (CPT, PXL, VBN) indicated matrix

attachment was not an all-determining factor in slowing the

cell death response. Because cell death responses were a

function of both the agent and cell line employed (Fig. 3b),

we refer to responses as being a function of agent/cell line

combinations. The fast death response we obtained for

Jurkats and 786-0’s has been seen by others, both with

Jurkats and HBS2 lymphoma cells [14]. However, the fast

cell death response was atypical, being seen in only 5 of 32

agent/cell line combinations.

It appeared that the nature of the cell line rather than the

agent used was an important determinant of the cell death

response (Fig. 3). With three agents (VBN, PXL, and

CPT), the SF48 showed a similar cell line dependence:

Jurkat * 786-0 \ HeLa \ MDA-MB231\ A549 \ HT29

\ MCF-7 \ U87 \ PC3. The strong cell dependence of the

cell death response can be illustrated with CPT, which

caused fast death (Fig. 2a, CPT/786-0), slow death (Fig. 2b,

CPT/A549), or no cell death (Fig. 2c, CPT/PC-3). 5-FU was

notably ineffective at inducing cell death in all cell lines

except 786-0’s where a slow death response was obtained.

Although cell line doubling time can be an important

consideration in the response to chemotherapy, with faster

Table 1 Effects of chemotherapeutic agents by cell death responses and SRB assays

Cell line Jurkat 786-0 HeLa MDA-MB-231 A549 HT-29 MCF 7 U87 PC3

Cell death response @ 10 lM camptothecin (CPT)

SF48 0.039 0.11 0.48 0.56 0.35 0.46 0.59 0.77 0.85

Cell death response Fast Fast Slow Slow Slow Slow Slow Slow None

SRB Assay

IC50 (molar) * 3.40

E-10

3.14

E-08

8.98

E-07

5.02

E-08

1.44

E-07

3.97

E-07

6.70

E-08

1.89

E-08

FCM (%) 14.7 3.0 30.3 1.5 12.0 3.3 15.1 13.1

Cell death response @ 50 nM vinblastine (VBN)

SF48 0.091 0.18 0.24 0.58 0.49 0.59 0.72 0.84 0.87

Cell death response Fast Fast Fast Slow Slow Slow Slow None None

SRB assay

IC50 * 2.45

E-10

7.67

E-11

6.26

E-12

3.71

E-10

8.80

E-11

3.98

E-10

1.14

E-11

1.67

E-11

FCM (%) 19.4 14.7 46.4 14.5 31.7 24.4 46.8 45.7

Cell death response @ 100 nM paclitaxel (PXL)

SF48 0.09 0.19 0.17 0.54 0.52 0.63 0.77 0.84 0.93

Cell death response Fast Fast Fast Slow Slow Slow Slow None None

SRB assay

IC50 * 6.98

E-09

3.24

E-12

6.75

E-11

5.47

E-12

5.86

E-13

1.15

E-08

1.70

E-13

3.67

E-11

FCM (%) 17.6 26.8 46.1 19.5 25.1 28.2 35.9 35.4

Cell death response @ 10 lM fluorouracil (5-FU)

SF48 0.88 0.41 0.84 0.84 0.92 0.68 0.74 0.93 0.93

Cell death response None Slow None None None Slow Slow None None

SRB assay

IC50 * 3.90

E-06

5.18

E-07

1.42

E-06

8.45

E-08

3.68

E-07

2.15

E-06

4.90

E-07

1.13

E-06

FCM (%) 23.6 33 49.9 34.7 42.7 14.8 41.6 36.3

ND not determined

* Nonadherent Jurkat cells were not run in SRB assay due to cell loss
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proliferating lines (shorter doubling times) being more

susceptible than slowly proliferating lines to some types of

agents [17]. However, our cell lines had a narrow spectrum

of doubling times, ranging from as short as 22.4 ± 4.7 h

for 786-0’s to as long as 41.2 ± 14.0 h for U87’s. Dou-

bling times for our cell lines are given in Fig. 4 and

compared with literature values.

Discussion

Unfortunately, the SRB assay is widely described as a

‘‘cytotoxicity assay’’ [2, 15, 18, 19] which, based on the

lack annexin and vital fluorochrome binding seen with the

no cell death response, can be erroneous. Beyond the ter-

minological issue, SRB assay curves can be interpreted as

defining cytotoxicity when high concentrations of an agent

produce a final cell mass which is below the initial cell

mass (see Fig. 1c, FCM \ ICM). Our depiction of the

categorization of SRB assay curves as indicating partial

growth inhibition, cytostasis, or cytotoxicity is that (except

for notational changes) used by the NCI for their publically

available database. For a recent discussion of the NCI

terminology, see Box 1 of [14]. It might be argued that a

closer correspondence between the SRB and SF assays

could be obtained if the incubation time of the SRB was

extended beyond 48 h. However, as noted above, these

assays measure different types of responses and not similar

responses with different kinetics.

Some 10 of 32 agent/cell line combinations produced a

no cell death response (lack of statistically significant

effect on SF48 values), though there were large reductions

in cell protein and well-defined IC50’s with the SRB assay.

In other instances, the cell death SF48 assay indicated cell

death was occurring though the SRB assay indicated a

noncytotoxic, cytostatic response. One of the most striking

cases of this was PXL/MDA-MB-231 combination. PXL

produced a high-dose plateau (FCM = 46.1%, see

Fig. 2b), which is characteristic of a noncytotoxic, cyto-

static response as judged by the SRB assay, see Fig. 1c.

Nevertheless, the slow death response was occurring.

Implications of this are discussed further below.

Thus, the lack of correspondence between the SRB

assay and SF values resulted from the fundamentally dif-

ferent nature of the two measurements. The decrease in cell

protein mass reflected in the SRB IC50 likely results from a

combination of antiproliferative effects and alterations in

cell biochemistry such as a decrease in the amount of

protein per living cell. The SRB might be more appropri-

ately termed as ‘‘cell toxicity,’’ assay since cell death (i.e.

‘‘true cytotoxicity’’) cannot be assessed by this assay. The

SF48 overcomes a significant weakness of the SRB assay

and potentially other cell toxicity assays as well, by pro-

viding the frequency of survivors after cells have been

exposed to high agent concentrations. In this view, SRB

IC50’s provide information on the concentration depen-

dence of a cell line’s response, a valuable parameter for

characterizing the responses of cell lines to agents, but SF

measurements are essential to see whether cell death has

occurred at high agent concentrations.

When cells exhibit a slow death response, a protocol for

maximizing cell kill (with a single agent) is one which

maximizes the time of exposure to an effective agent con-

centration. The response of A549 cells to 10 lM CPT

(Fig. 2b), evident with an exposure at 199 times the SRB

IC50 of 50.2 nM, resulted in slow cell death evident as

progressive decreases in the survival fraction

(SF24 = 0.75, SF48 = 0.35, SF72 = 0.11), see Fig. 3a.

Thus, at the termination of the 48-h SRB assay, some 35%

of the cells remaining were survivors, but cell survival was

reduced to only 11% by continuing the exposure to CPT for

an additional 24 h. Another example of slow cell death was

the PXL/MDA-MB-231 combination (Fig. 2b). Here, an

SRB IC50 of 67 pM and a final cell mass (FCM) of 46.1%

were obtained, which were typical of the types of responses

to PXL seen for the cell lines we examined (Table 1).

Since the value of the FCM (46.1%) was greater than the

ICM (ICM = 36.7%), by the SRB assay, PXL produced

only partial growth inhibition, or a decidedly noncytotoxic

response. See [15]. Yet an exposure to 100 nM PXL, some

1480 times the IC50, produced a steady decrease in sur-

vival fraction (SF24 = 0.76, SF48 = 0.54, SF72 = 0.34).

Fig. 4 Cell line doubling times. Squares are means and error bars
are the standard errors of at least 6 values. Cell doubling times were

from growth controls (Fig. 1b, GC’s) and initial cell masses (ICM’s)

where k = [ln (GC/ICM)]/48 h]. Triangles are values from

http://dtp.nci.nih.gov/docs/misc/common_files/cell_list.html except

for HeLa and U87 cell lines which were from [20] and [21],

respectively
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We predict a high cell kill could be obtained if MDA-MB-

231 cells were maintained in the presence of 100 nM PXL

for a sufficient duration (e.g. greater than 72 h).

Our data summarized in Table 1 demonstrate the broad

continuum of cell death kinetics for our 32 agent/cell line

combinations. An expansion of Table 1 to include more

cell lines and agents may permit the testing of hypotheses

regarding the relationship between cell death kinetics and

types of agents used (cell cycle-specific, nonspecific,

alkylating agents, and antibiotics), between cell death

kinetics and site of primary tumor (lung, liver, and pan-

creas), or between cell death kinetics and the oncogenes

driving cell proliferation. The frequency of the no death

response suggests that many agent/cell line combinations

in the publicly available SRB database are describing the

responses of cells to agents that stress them, but which are

responses without cell death, see http://dtp.nci.nih.gov/

docs/dtp_search.html.

There are two general ways an understanding of the cell

death response might yield improved chemotherapeutic

protocols. (1) With a slow tumor death response (17 of 32

agent/cell line combinations), chemotherapy protocols may

fail because the fraction of surviving cells reflects slow

tumor cell death kinetics and not the maximum concen-

tration of agent achieved. However, extending the dura-

tions of the current protocols involving maximum tolerated

doses by infusing still more agent would be impractical,

since doses are already at the limit of toleration. As noted

above, it might be possible to determine tumor cell death

rates in a patient-specific manner using one of the many

probes used to image apoptosis or necrosis. The recogni-

tion of slow cell death by probe accumulation would

indicate optimal cell kill protocols for those individuals

would be those achieving agent concentrations sufficient to

drive slow cell death, e.g. 100–1,000 times an SRB IC50,

for the longest possible duration. (2) Although we have

employed single agents to develop methodology and

describe the variability of SF values, many chemothera-

peutic protocols are multi-agent in nature. Current methods

of selecting combinations of agents often rely on picking

agents with different dose-limiting toxicities and different

mechanisms of action. Alternatively, a procedure derived

from of ‘‘SF minimization’’ might be used to develop new

combinations of agents for tumor treatment. SF minimi-

zation would involve incubating cell lines with combina-

tions of two or more agents (at concentrations 100–1,000

times the SRB IC50 and sufficient to produce a maximal

response), and selecting combinations that minimize sur-

vivors (SF values). SF minimization may yield new

approaches to developing combination therapies.

Acknowledgments Financial support: NIH R01’s EB004472 and

EB009691 and by NIH P50CA086355.

Conflict of interest The authors declare no conflict of interest.

References

1. Rubinstein LV, Shoemaker RH, Paull KD, Simon RM, Tosini S,

Skehan P, Scudiero DA, Monks A, Boyd MR (1990) Comparison

of in vitro anticancer-drug-screening data generated with a tet-

razolium assay versus a protein assay against a diverse panel of

human tumor cell lines. J Natl Cancer Inst 82:1113–1118

2. Vichai V, Kirtikara K (2006) Sulforhodamine B colorimetric

assay for cytotoxicity screening. Nat Protoc 1:1112–1116

3. Keepers YP, Pizao PE, Peters GJ, van Ark-Otte J, Winograd B,

Pinedo HM (1991) Comparison of the sulforhodamine B protein

and tetrazolium (MTT) assays for in vitro chemosensitivity

testing. Eur J Cancer 27:897–900

4. Hirai T, Kawano K, Hirabayashi N, Nishiyama M, Yamashita Y,

Mukaida H, Iwata T, Toge T (1991) A novel in vitro chemo-

sensitivity test using materials collected by endoscopic biopsy.

Anticancer Drugs 2:269–274

5. Andreotti PE, Cree IA, Kurbacher CM, Hartmann DM, Linder D,

Harel G, Gleiberman I, Caruso PA, Ricks SH, Untch M et al

(1995) Chemosensitivity testing of human tumors using a

microplate adenosine triphosphate luminescence assay: clinical

correlation for cisplatin resistance of ovarian carcinoma. Cancer

Res 55:5276–5282

6. Nguyen QD, Smith G, Glaser M, Perumal M, Arstad E, Aboagye

EO (2009) Positron emission tomography imaging of drug-induced

tumor apoptosis with a caspase-3/7 specific [18F]-labeled isatin

sulfonamide. Proc Natl Acad Sci USA 106:16375–16380

7. Cohen A, Shirvan A, Levin G, Grimberg H, Reshef A, Ziv I

(2009) From the Gla domain to a novel small-molecule detector

of apoptosis. Cell Res 19:625–637

8. Reshef A, Shirvan A, Shohami E, Grimberg H, Levin G, Cohen

A, Trembovler V, Ziv I (2008) Targeting cell death in vivo in

experimental traumatic brain injury by a novel molecular probe.

J Neurotrauma 25:569–580

9. Fonge H, Chitneni SK, Lixin J, Vunckx K, Prinsen K, Nuyts J,

Mortelmans L, Bormans G, Ni Y, Verbruggen A (2007) Necrosis

avidity of (99m)Tc(CO)3-labeled pamoic acid derivatives: syn-

thesis and preliminary biological evaluation in animal models of

necrosis. Bioconjug Chem 18:1924–1934

10. Blankenberg FG (2009) Imaging the molecular signatures of

apoptosis and injury with radiolabeled annexin V. Proc Am

Thorac Soc 6:469–476

11. Garanger E, Hilderbrand SA, Blois JT, Sosnovik DE, Weissleder

R, Josephson L (2009) A DNA-binding Gd chelate for the

detection of cell death by MRI. Chem Commun (Camb)

29:4444–4446

12. Galluzzi L, Aaronson SA, Abrams J, Alnemri ES, Andrews DW,

Baehrecke EH, Bazan NG, Blagosklonny MV, Blomgren K,

Borner C, Bredesen DE, Brenner C, Castedo M, Cidlowski JA,

Ciechanover A, Cohen GM, De Laurenzi V, De Maria R,

Deshmukh M, Dynlacht BD, El-Deiry WS, Flavell RA, Fulda S,

Garrido C, Golstein P, Gougeon ML, Green DR, Gronemeyer H,

Hajnoczky G, Hardwick JM, Hengartner MO, Ichijo H, Jaattela

M, Kepp O, Kimchi A, Klionsky DJ, Knight RA, Kornbluth S,

Kumar S, Levine B, Lipton SA, Lugli E, Madeo F, Malomi W,

Marine JC, Martin SJ, Medema JP, Mehlen P, Melino G, Moll

UM, Morselli E, Nagata S, Nicholson DW, Nicotera P, Nunez G,

Oren M, Penninger J, Pervaiz S, Peter ME, Piacentini M, Prehn

JH, Puthalakath H, Rabinovich GA, Rizzuto R, Rodrigues CM,

Rubinsztein DC, Rudel T, Scorrano L, Simon HU, Steller H,

Tschopp J, Tsujimoto Y, Vandenabeele P, Vitale I, Vousden KH,

802 Cancer Chemother Pharmacol (2011) 68:795–803

123

http://dtp.nci.nih.gov/docs/dtp_search.html
http://dtp.nci.nih.gov/docs/dtp_search.html


Youle RJ, Yuan J, Zhivotovsky B, Kroemer G (2009) Guidelines

for the use and interpretation of assays for monitoring cell death

in higher eukaryotes. Cell Death Differ 16:1093–1107

13. Kroemer G, Galluzzi L, Vandenabeele P, Abrams J, Alnemri ES,

Baehrecke EH, Blagosklonny MV, El-Deiry WS, Golstein P,

Green DR, Hengartner M, Knight RA, Kumar S, Lipton SA,

Malorni W, Nunez G, Peter ME, Tschopp J, Yuan J, Piacentini

M, Zhivotovsky B, Melino G (2009) Classification of cell death:

recommendations of the nomenclature committee on cell death

2009. Cell Death Differ 16:3–11

14. Guchelaar HJ, Vermes I, Koopmans RP, Reutelingsperger CP,

Haanen C (1998) Apoptosis- and necrosis-inducing potential of

cladribine, cytarabine, cisplatin, and 5-fluorouracil in vitro: a

quantitative pharmacodynamic model. Cancer Chemother Phar-

macol 42:77–83

15. Shoemaker RH (2006) The NCI60 human tumour cell line anti-

cancer drug screen. Nat Rev Cancer 6:813–823

16. Voigt W (2005) Sulforhodamine B assay and chemosensitivity.

Methods Mol Med 110:39–48

17. Zubrod CG (1972) Chemical Control of Cancer. Proc Natl Acad

Sci USA 69:1042–1044

18. Lee AC, Shedden K, Rosania GR, Crippen GM (2008) Data

mining the NCI60 to predict generalized cytotoxicity. J Chem Inf

Model 48:1379–1388

19. Fricker SP, Buckley RG (1996) Comparison of two colorimetric

assays as cytotoxicity endpoints for an in vitro screen for anti-

tumour agents. Anticancer Res 16:3755–3760

20. Jacobson BS, Ryan US (1982) Growth of endothelial and HeLa

cells on a new multipurpose microcarrier that is positive, negative

or collagen coated. Tissue Cell 14:69–83

21. Denoyer D, Perek N, Le Jeune N, Cornillon J, Dubois F (2005)

Correlation between 99mTc-(V)-DMSA uptake and constitutive

level of phosphorylated focal adhesion kinase in an in vitro model

of cancer cell lines. Eur J Nucl Med Mol Imaging 32:820–827

Cancer Chemother Pharmacol (2011) 68:795–803 803

123


	The slow cell death response when screening chemotherapeutic agents
	Abstract
	Purpose
	Method
	Results
	Conclusions

	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


