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Abstract

Although agents that inhibit DNA synthesis are widely used in the treatment of cancer, the optimal
method for combining such agents and the mechanism of their synergy is poorly understood. The
present study examined the effects of combining gemcitabine and SN-38 (the active metabolite of
irinotecan), two S phase-selective agents that individually have broad antitumor activity, in human
cancer cells in vitro. Colony forming assays revealed that simultaneous treatment of Ovcar-5 ovarian
cancer cells or BXPC-3 pancreatic cancer cells with gemcitabine and SN-38 resulted in antagonistic
effects. In contrast, sequential treatment with the two agents in either order resulted in synergistic
antiproliferative effects, although the mechanism of synergy varied with the sequence. In particular,
SN-38 arrested cells in S phase, enhanced the accumulation of gemcitabine metabolites and
diminished checkpoint kinase 1, thereby sensitizing cells in the SN-38 — gemcitabine sequence.
Gemcitabine treatment followed by removal allowed prolonged progression through S phase,
contributing to synergy of the gemcitabine — SN-38 sequence. Collectively, these results suggest
that S phase selective agents might exhibit more cytotoxicity when administered sequentially rather
than simultaneously.

Gemcitabine (2',2"-difluoro 2'-deoxycytidine), a pyrimidine-based antimetabolite, is active
against cancers of the pancreas, lung, breast and ovary as well as some lymphomas (Ryan et
al., 2006). According to current understanding, this agent is taken into target cells mainly by
the equilibrative nucleoside transporter hENT1 (Damaraju et al., 2003) and sequentially
phosphorylated to the 5’-mono-, di- and tri-phosphate derivatives (Plunkett et al., 1995; Ryan
et al., 2006). The antiproliferative and cytotoxic effects of gemcitabine have been attributed to
two major factors, the ability of gemcitabine diphosphate to inhibit ribonucleotide reductase,
thereby depleting deoxyribonucleotide triphosphates required for DNA synthesis, and
incorporation of gemcitabine into DNA, where it stalls advancing replication forks one base
pair beyond the site of incorporation (Plunkett et al., 1995; Ryan et al., 2006). In addition, it
has been suggested that upon incorporation into DNA gemcitabine acts as a topo | poison,
stabilizing covalent DNA-topo | complexes that then contribute to DNA damage and
cytotoxicity (Pourquier et al., 2002).

Over the past decade there has been considerable interest in combining gemcitabine with a
variety of agents that have different mechanisms of action, including doxorubicin, cisplatin,

*Supported in part by R0O1 CA7309.

Address correspondence to: Scott H. Kaufmann, M.D., Ph.D., Division of Oncology Research, Guggenheim 1342C, Mayo Clinic, 200
First St., S.W., Rochester, MN 55905, Telephone: (507) 284-8950, Fax: (507) 284-3906, E-mail: Kaufmann.scott@mayo.edu.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Galvez-Peralta et al.

Page 2

paclitaxel, docetaxel, capecitabine, vinorelbine or ionizing radiation. Particularly pertinent to
the present study have been previous attempts to combine gemcitabine with irinotecan, a
semisynthetic derivative of camptothecin that is approved for the treatment of colorectal cancer
and also is active against pancreatic cancer, non-small cell lung cancer, and breast cancer
(Sparreboom and Zamboni, 2006). Irinotecan is a prodrug that is hydrolyzed by
carboxylesterases in vivo to SN-38 (7-ethyl-10-hydroxycamptothecin), a classical topo | poison
that is thought to kill susceptible cells by stabilizing covalent topo I-DNA complexes, thereby
creating an opportunity for the formation of DNA double-strand breaks and other lethal lesions
when replication forks collide with the stabilized ternary complexes (Hsiang et al., 1989;
Pommier, 2006).

Previous studies have demonstrated that gemcitabine diminishes DNA replication by not only
depleting deoxyribonucleotide triphosphates (Plunkett et al., 1995), but also causing the
sequential activation of the kinases ATR and Chk1, phosphorylation and degradation of the
Cdc25a phosphatase, and resulting inability to activate cyclin-dependent kinases required for
replication (Karnitz et al., 2005; Shi et al., 2001). Additional studies have demonstrated that
SN-38 triggers the same replication checkpoint (Cliby et al., 2002; Flatten et al., 2005). On the
other hand, it also appears that gemcitabine (Huang and Plunkett, 1995) and camptothecin
analogues (Holm et al., 1989; Hsiang et al., 1989) require ongoing DNA synthesis to kill target
cells. These observations raise the concern that gemcitabine and topo | poisons might be
antagonistic when administered simultaneously, as one agent might inhibit the DNA replication
required for killing by the other.

The earliest studies examining the gemcitabine/irinotecan combination reported enhanced
antiproliferative effects in MCF-7 breast cancer and SCOG small cell lung cancer cells treated
with these agents simultaneously in vitro (Bahadori et al., 1999). Although subsequent phase
| (Kakolyrisetal., 2002; Rocha Limaetal., 1999) and phase Il trials of the combination (Rocha
Lima et al., 2002) appeared promising, two phase 11 trials comparing the gemcitabine/
irinotecan combination to gemcitabine alone in patients with advanced pancreatic cancer
showed no increase in time to progression or survival with the combination (Rocha Lima et
al., 2004; Stathopoulos et al., 2006). Given the overlapping spectrum of activity of these agents
and the tolerability of the combination, these were disappointing results. Nonetheless, there is
continuing interest in combining this pair of agents, as indicated by recent phase 11 trials of
gemcitabine and irinotecan in patients with relapsed non-small cell lung cancer (Kosmas et al.,
2007; Rocha-Lima et al., 2007), small cell lung cancer (Akerley et al., 2007; Ohyanagi et al.,
2008) and pancreatic and biliary cancer (Sun et al., 2007). Importantly, all of these trials,
including the negative phase Il trials, were performed by administering gemcitabine and
irinotecan simultaneously.

In the present study we have reexamined the effect of administering gemcitabine and SN-38
to solid tumor cell lines in vitro. As predicted, the effects were antagonistic when the two agents
were administered simultaneously. On the other hand, the antiproliferative effects of the two
agents were synergistic, particularly at high drug concentrations, when the agents were
administered sequentially in either sequence. Further experiments examined the mechanisms
of this sequence-dependent synergy.

METHODS

Materials

Gemcitabine was obtained from Jack Kovach (Stony Brook, NY). SN-38 was a kind gift from
L.P. McGovern (Pfizer, Kalamazoo, MI). Reagents were purchased from the following

companies; Opti-MEM medium and Lipofectamine 2000 from Invitrogen (Carlsbhad, CA); P,
Tween 20 and BSA from Sigma (St. Louis, MO); and RNase A from Worthington Biochemical
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(Lakewood, NJ). Antibodies to the following antigens were purchased from the indicated
suppliers: phospho-Ser345-Chk1, Cell Signaling Technology (Beverly, MA); B-actinand Chk1,
Santa Cruz Biotechnology (Santa Cruz, CA); and BrdU, Becton-Dickinson (Mountain View,
CA). Murine monoclonal antibodies that recognize topo I, heat shock protein 90 and lamin A
were kind gifts from Y.-C. Cheng (Yale University, New Haven, CT), David Toft (Mayo
Clinic, Rochester, MN) and Frank McKeon (Harvard Medical School, Boston, MA),
respectively.

BxPC-3 pancreatic cancer cells and Ovcar-5 ovarian cancer cells (from American Type Culture
Collection, Manassas, VA and the National Cancer Institute, Rockville, MD, respectively)
were cultured in RPMI-10% (v/v) FCS containing 100 units/ml penicillin G, 100 pg/ml
streptomycin, and 2 mM glutamine (medium A). After subconfluent monolayers were
trypsinized, aliquots containing 500 Ovcar-5 cells or 750 BXPC-3 cells were plated in multiple
60-mm dishes containing 3 ml of medium A and incubated for 12-16 h at 37 °C to allow cells
to attach. Graded concentrations of drugs or equivalent volumes of diluent (0.1% DMSQ) were
then added to triplicate plates. After a 24-h incubation, plates were washed twice in serum-free
RPMI 1640 and incubated in drug-free medium A for an additional 7 days. The resulting
colonies were stained with Coomassie blue and counted. Diluent-treated control plates
typically contained 150-200 colonies.

To examine the effect of sequential drug exposure, cells that had been allowed to adhere for
12-16 h were exposed to diluent or graded concentrations of SN-38 in 3 ml medium A for 24
h, washed twice with serum-free RPMI 1640, exposed to diluent or graded concentrations of
gemcitabine in 3 ml medium A for 24 h, washed twice in serum-free RPMI 1640, and incubated
in drug-free medium A for 7-8 days to allow colonies to form. Exposure to the reverse sequence
was performed in a similar fashion.

Analysis of combined drug effects

Concentration-effect curves were initially generated for each agent to estimate its ICs for the
cell line under study. In subsequent experiments, cells were treated with serial dilutions of each
drug individually and with both drugs simultaneously at a fixed ratio of doses that typically
corresponded to 3/8, 1/2, 5/8, 3/4, 7/8, 1, and 1-1/2 times the individual 1C5ps. Fractional
survival (f) was calculated by dividing the number of colonies in drug-treated plates by the
number of colonies in control plates. Data were subsequently analyzed by the median effect
method (Chou and Talalay, 1984) using Calcusyn software (Biosoft, Cambridge, UK).

For each level of cytotoxicity (f = 0.95, 0.90, 0.85, ... 0.05), the Cl was calculated according
to the assumption that the effects of the agents are mutually exclusive, an assumption supported
by the mechanistic experiments described below as well as theoretic considerations
(Berenbaum, 1989). In this method, which is equivalent to isobologram analysis (Berenbaum,
1989), synergy is indicated by CI <1, additivity by Cl = 1, and antagonism by CI >1 (Chou
and Talalay, 1984).

Cell cycle analysis

Logarithmically proliferating Ovcar-5 cells were incubated with one or both drugs
simultaneously or sequentially as indicated in the text, washed with drug-free RPMI 1640,
released by trypsinization, and sedimented at 200 x g for 10 min. After a wash with ice-cold
PBS, cells were fixed at 4 °C in 50% (v/v) ethanol, digested with RNase A, stained with PI,
and subjected to flow microfluorimetry as described previously (Meng et al., 2003). After
30,000 events per sample were collected, data were analyzed using ModFit software (Verity
Software, Topsham, ME).
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SN-38 accumulation and cell size determination

To assess the effect of gemcitabine or SN-38 on SN-38 accumulation, log phase Ovcar-5 cells
were incubated for 24 h with diluent, 50 nM gemcitabine, 20 nM SN-38 or both drugs
simultaneously. At the completion of the incubation, cells were released by trypsinization,
sedimented at 200 x g for 6 min, washed twice with serum free-RPMI 1640, and resuspended
in RPMI 1640 containing 10% FCS. Half of each sample was treated with 10 uM SN-38 (added
from a 10 mM stock in DMSO) and the other half was treated with an equivalent amount of
DMSO. After a 30-min incubation at 37 °C, each sample was analyzed on a Becton Dickinsson
LSRII flow cytometer using an excitation wavelength of 355 nm and an emission wavelength
of 510 + 20 nm. Following acquisition of 30,000 events per sample, the relative amount of
SN-38 in the cells was calculated by subtracting the peak height of the aliquot treated with
DMSO alone from the peak height of the sample treated with SN-38.

To assess cell volume, images of cells examined using a Zeiss Axiovert 200M microscope
were captured with a Zeiss Axiocam high resolution digital camera controlled with Zeiss
KS400 software, which was used to measure the diameters of 80-100 individual cells from
each treatment (DMSO, 50 nM gemcitabine, 20 nM SN-38, or gemcitabine + SN-38 for 24 h).
From the individual diameters, volumes of the cells were derived and used in calculations to
determine SN-38 whole cell uptake.

Gemcitabine di- and tri-phosphate accumulation

To assess the effect of SN-38 on gemcitabine di-and tri-phosphate accumulation, 5 x 10°
Ovecar-5 cells were incubated for 24 h with DMSO, 50 nM gemcitabine, 20 nM SN-38, or both
drugs simultaneously. At the completion of the incubation, cells were released by
trypsinization, sedimented at 200 x g for 6 min, washed twice with ice cold serum-free RPMI
1640, and counted. Aliquots containing 5 x 10° cells for each treatment were resuspended in
RPMI 1640 containing 10% FCS. After samples were treated with 10 uM gemcitabine for 4 h
at 37 °C, nucleotides were extracted using a modification of a previously described method
(Ruiz van Haperen et al., 1994). All steps were performed at 4 °C. In brief, cells were
sedimented at 850 x g for 10 min, washed with PBS, resuspended in 135 ul PBS supplemented
with 15 pl of internal standard (araCTP), and lysed by vigorous agitation for 1 min after addition
of trichloroacetic acid to a final concentration of 10% (w/v). Following a 10-min incubation,
insoluble material was sedimented at 850 x g for 10 min. The supernatant was mixed with 400
ul of 1:4 (v/v) trioctylamine:trichlorotrifluoroethane (prepared fresh daily) and sedimented at
10000 x g for 1 min. The upper aqueous layer was transferred to a fresh tube and stored at -20
°C until analyzed by high performance liquid chromatography.

Gemcitabine di- and triphosphate were separated from each other and from endogenous
nucleotides by strong anion exchange (SAX) chromatography using a ZirChrom SAX column
and a gradient elution with 3 buffers: (A) 10 mM Ky;HPO, (pH 6.8), 100 mM NaCl, 0.01 mg/
ml sodium azide; (B) 40 mM K,HPO,4 (pH 6.8), 400 mM NaCl, 0.01 mg/ml sodium azide and
(C) 100 mM [NH4]2HPO,4 (pH 6.85), 0.01 mg/ml sodium azide. Separation was accomplished
on a column heated to 65 °C using a gradient from 100% A and to 18.6% A/62% B/19.4% C
at 70 min. Analytes were detected at 280 nm. Sensitivity, precision and accuracy as well as
metabolite stability were similar to parameters previously reported (Ruiz van Haperen et al.,
1994).

Immunoblotting

Following treatment with drug or diluent as indicated in the figure legends, cells were washed
three times with ice-cold RPMI 1640 medium containing 10 mM HEPES (pH 7.4 at 4°C) and
solubilized by addition of 6 M guanidine hydrochloride containing 250 mM Tris-HCI (pH 8.5
at 20°C), 10 mM EDTA, 1% (v/v) 2-mercaptoethanol, and 1 mM freshly added

Mol Pharmacol. Author manuscript; available in PMC 2008 October 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Galvez-Peralta et al.

Page 5

phenylmethylsulfonyl fluoride. After preparation for electrophoresis as described previously
(Kaufmann etal., 1997), aliquots containing 50 ug of protein (determined by the bicinchoninic
acid method of Smith et al., 1985) were separated on SDS-polyacrylamide gels containing
5-15% (w/v) acrylamide gradients, electrophoretically transferred to nitrocellulose, and probed
with immunological reagents as described (Kaufmann, 2001). Alternatively, cell lysates
prepared from siRNA-transfected cells were subjected to electrophoresis and probed by
immunoblotting as described (Arlander et al., 2003).

siRNA transfections

On day 1, Ovcar-5 cells (6-8 x 10°) were plated in 35-mm tissue culture dishes and incubated
overnight. On day 2, after cells were washed twice with Opti-MEM medium, 2 ml of Opti-
MEM were added to each plate. Four hundred nmol Chk1 siRNA (Arlander et al., 2003; Flatten
et al., 2005) or, as a control, luciferase siRNA (Dharmacon, Lafayette, CO) were complexed
with 10 pl of Lipofectamine 2000 in 0.5 ml of Opti-MEM for 20 min. Following addition of
the lipid-siRNA complexes to the cells, the cultures were incubated for 4-7 h before addition
of 1 ml of Opti-MEM containing 35% FCS. The transfections were repeated on day 3. On day
4, the cultures were trypsinized and replated in 100-mm tissue culture dishes containing
medium A. On day 5, cells were washed, harvested for immunoblotting or exposed to drugs
as described above.

BrdU staining

Statistics

RESULTS

BrdU incorporation into DNA was assessed as previously described (Cliby et al., 2002).
Briefly, cells were pretreated with gemcitabine, SN-38 or both for 12 or 24 h. After incubation
with 20 uM BrdU for 30 min, cells were trypsinized, centrifuged at 200 x g, washed in ice-
cold PBS, and fixed in 66% (v/v) ethanol at -20 °C. After rehydration with PBS, samples were
incubated with 0.04% (w/v) pepsin in 0.1 N HCI for 30 min at 20°C in the dark, washed in
PBS containing 0.5% (w/v) Tween 20 and 0.5% (w/v) bovine serum albumin (PBS-TB),
incubated in 2 N HCI for 30 min at 37 °C, neutralized with 0.1 M sodium borate, and washed
again in PBS-TB. All further steps were performed in the dark at 20-22 °C unless otherwise
indicated. Samples were incubated with anti-BrdU antibody in PBS-TB for >1 h, washed in
PBS-TB, treated with fluorescein-conjugated goat anti-mouse 1gG in PBS-TB for 30 min,
washed in PBS-TB, incubated for 20 min at 37 °C in PBS-TB supplemented with 20 ug/ml Pl
and 0.1 mg/ml RNase A, and subjected to flow cytometry. After collection of 20-30,000 events
per sample, staining was analyzed using Becton Dickinson CellQuest software (San Jose, CA).
Relative levels of BrdU incorporation were calculated as the ratio of the mean fluorescence
intensity of drug-treated samples to mean fluorescence intensity of diluent treated samples.

Unless otherwise indicated, clonogenic experiments were repeated until at least three
independent experiments yielded correlation coefficients R > 0.9 for all three median effect
lines. Results of multiple experiments were summarized by indicating the mean = s.0. of the
Cl at the indicated level of colony inhibition. Error bars in various figures likewise indicate
mean * s.o. Of at least three independent experiments unless otherwise indicated.

Simultaneous administration of SN-38 and gemcitabine produces antagonism

To assess the effect of combining SN-38 and gemcitabine in vitro, we exposed human cancer
cell lines to increasing concentrations of each agent individually and in combination. Ovcar-5
and BxPC-3, two human carcinoma lines that, like the majority of human cancers, have mutant
p53 and a defective G1/S checkpoint, were utilized for these studies. When Ovcar-5 cells were
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exposed to one or both agents for 24 h, washed and allowed to form colonies, simultaneous
exposure to both agents diminished colony formation more than exposure to gemcitabine alone,
but not more than SN-38 alone (Fig. 1A). Analysis by the median effect method, a widely used
mathematical approach to assessing the effects of combining two or more agents (Berenbaum,
1989;Chou and Talalay, 1984), yielded a CI value that was consistently >1 (Fig. 1A, right
panel), indicating antagonism.

To rule out the possibility that this lack of synergism was unique to Ovcar-5 cells, BXPC-3
pancreatic adenocarcinoma cells were subjected to the same analysis. Simultaneously
administered gemcitabine and SN-38 again failed to synergize (Fig. 1B).

Effects of gemcitabine and SN-38 on drug accumulation

To rule out the possibility that an unanticipated effect of one agent on the uptake and/or
activation of the other might be responsible for this lack of synergism, we measured
accumulation of SN-38 and the active phosphorylated metabolites of gemcitabine. To evaluate
SN-38 accumulation, a flow cytometry-based assay for cellular SN-38 content was developed
and characterized (Fig. S1). Cellular uptake was linear over the 0.5 - 10 uM SN-38 range (Fig.
S1B), providing attomole sensitivity in single cells. When this assay was utilized to assess
SN-38 accumulation after treatment for 24 h with 50 nM gemcitabine, mean cellular SN-38
fluorescence was 140 + 10% (mean % s.0., N = 3 independent experiments) of diluent treated
cells (Fig. 2A). A similar increase in SN-38 content was observed after pretreatment with 20
nM SN-38 or both drugs simultaneously for 24 h (Fig. 2A). Further analysis demonstrated that
the volume of the drug treated cells also increased to ~150% of diluent-treated cells (Fig. 2B),
possibly reflecting the cell cycle arrest described below. Taking this increased cell volume into
account, the SN-38 concentration was essentially unaltered in cells treated with gemcitabine
or the combination, ruling out diminished SN-38 accumulation as a cause for the antagonism.

Diminished uptake and phosphorylation of gemcitabine also could not be implicated in the
lack of synergism. As indicated in Fig. 2C, the accumulation of active gemcitabine metabolites
was 2.5-fold higher on a cellular basis after treatment with the combination. After correction
for the increase in cell volume (Fig. 2B), this amounted to an ~80% increase in active
gemcitabine metabolites after treatment with the combination. Further experiments turned to
other potential explanations for the lack of synergism.

Effects of SN-38 and gemcitabine on the S phase checkpoint

While this work was in progress, Zhang et al. reported that hydroxyurea and camptothecin
cause proteasome-mediated downregulation of Chk1 in A549 cells (Zhang et al., 2005), while
Morgan et al. reported that gemcitabine and radiation induced accumulation of phospho-Chk1
without any change in total Chk1 (Morgan et al., 2005). To extend these earlier studies, we
examined the effects of SN-38 and gemcitabine on levels of phospho-Chk1 and Chk1. As
indicated in Fig. 3, SN-38 and gemcitabine as well as the combination induced Chk1
phosphorylation, indicating that the upstream components of the 9-1-1/ATR signaling pathway
are intact. Moreover, SN-38 and gemcitabine induced Chk1 downregulation; and this effect
was greater with the combination (cf. lanes 12-17 vs. 6-11). As the drug concentrations
increased, the constant phospho-Chk1 signal in the face of diminished total Chk1 content
suggested an increase in the percentage of Chk1 that is phosphorylated. All of these changes
occurred with little alteration in levels of the SN-38 target topo | except at the highest SN-38
concentration (Fig. 3A). Similar results were obtained in BxPC-3 cells as well.

Ip.AL and S.H.K., unpublished observations.
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To further assess the effects of these agents, cells were incubated with each drug or the
combination for 12 or 24 h, pulsed with BrdU for 30 min, and immediately stained for BrdU
incorporation into DNA. Results of this analysis are illustrated in Fig. 4A and summarized in
Fig. 4B. Treatment with gemcitabine resulted in diminished BrdU incorporation throughout S
phase (Fig. 4A). Treatment with SN-38 for 12 h resulted in a marked decrease in BrdU
incorporation predominantly in late S phase with accumulation of cells earlier in S phase (Fig.
4A) as previously reported for topotecan (Cliby et al., 2002). Finally, simultaneous treatment
with both agents resulted in a pattern similar to gemcitabine alone.

Additional experiments examined the cell cycle effects of gemcitabine, SN-38, and both drugs
simultaneously. As indicated in Fig. 4C, a 24-h treatment with gemcitabine resulted in a cell
cycle arrest that occurred progressively earlier in S phase as the dose was increased, paralleling
results reported in ML-1 cells (Shi et al., 2001).2 Low concentrations of SN-38 caused arrest
in late S or G2, whereas higher concentrations caused accumulation of the cells progressively
earlier in S phase (Fig. 4C). At intermediate SN-38 concentrations (20 nM), the S and G2
populations were sometimes distinct (Fig. 4D) and sometimes continuous (Fig. 4C). When
cells were treated with gemcitabine and SN-38 for 24 h simultaneously, the cell cycle
distribution was similar to that seen after gemcitabine alone (Fig. 4D). In particular, the marked
S phase accumulation seen in cells treated with SN-38 was less evident. Similar results were
observed in BXPC-3 cells (Fig. S2), ruling out the possibility that these cell cycle effects were
unique to Ovcarb cells.

Sequential exposure to SN-38 and gemcitabine results in synergistic antiproliferative effects

Results presented in Fig. 4 indicate that SN-38 and gemcitabine both inhibit DNA synthesis
and arrest cell cycle progression, providing a potential explanation for lack of synergy when
these agents were administered simultaneously (Fig. 1). The downregulation of Chk1 seen after
both agents (Fig. 3), coupled with previous reports that Chk1 downregulation sensitizes cells
to these drugs (Arlander et al., 2003;Flatten et al., 2005;Zhang et al., 2005), prompted us to
examine the effect of administering these agents sequentially. When Ovcar-5 cells were
exposed to SN-38 for 24 h, washed, and treated for 24 h with gemcitabine, colony formation
was inhibited more than when cells were exposed to either drug alone (Fig. 5A). Analysis by
the median effect method indicated that results were essentially additive at lower drug
concentrations but synergistic at higher concentrations, with ClI values of 1.08 £ 0.14 (mean +
s.0., N = 4 independent experiments) at the I1Csq of the combination and 0.74 + 0.06 at the
ICqp. When BxPC-3 cells were treated with SN-38 was followed by gemcitabine (Fig. S3A),
similar results were observed, with CI values of 0.92 + 0.18 and 0.38 £ 0.22 (n=3) at the
IC5q and ICqq, respectively.

Synergy was also observed with the opposite sequence. When Ovcar-5 cells were treated for
24 h with gemcitabine, washed, and exposed to SN-38 for an additional 24 h, colony formation
again was diminished more than with either agent alone (Fig. 5B). While the Cl was 0.99 +
0.07 (n=5) at the ICgq of the combination, it was 0.79 + 0.12 at the I1Cqg, again suggesting
synergy at higher drug concentrations (Fig. 5B, right panel). Likewise, the results were
synergistic when BxPC-3 cells were exposed to gemcitabine followed by SN-38 (Fig. S3B),
with Cl values of 0.7 £ 0.1 and 0.31 £ 0.07 (n=3) at the ICgp and ICqq, respectively. Subsequent
experiments were undertaken to better understand how, at higher concentrations, exposure to
one agent could sensitize cells to subsequent exposure to the other.

2 similar effect was observed in HCT116 and BxPC-3 cells (M. G-P. and S.H.K., unpublished observations).

Mol Pharmacol. Author manuscript; available in PMC 2008 October 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Galvez-Peralta et al. Page 8

Chk1 downregulation sensitizes Ovcar-5 cells to gemcitabine, facilitating synergy during
sequential SN-38 — gemcitabine treatment

The ability of SN-38 to cause Chk1 downregulation (Fig. 3), coupled with the previous
observation that Chk1 downregulation enhances gemcitabine cytotoxicity (Arlander et al.,
2003;Karnitz et al., 2005), raised the possibility that SN-38-induced Chk1 downregulation
might sensitize the cells to gemcitabine. To assess this possibility, Ovcar-5 cells were initially
transfected with luciferase (control) or Chk1 siRNA, treated for 24 h with gemcitabine, washed,
and incubated for 7 days to allow surviving cells to form colonies. Results of this analysis
demonstrated that Chk1 downregulation (Fig. 6A, inset) resulted in increased gemcitabine
sensitivity, with a 2-fold decrease in the 1Cgq (Fig. 6A).

To search for additional changes that might contribute to the observed synergy, further
experiments examined changes in DNA synthesis and cell cycle distribution when SN-38 was
removed from Ovcar-5 cells after a 24-h treatment. This analysis demonstrated little if any
increase in DNA synthesis (Figs. 6B and 6C) as cells progressed from S phase into G2 and
then arrested (Fig. 6D). Further analysis, however, indicated that cells treated with gemcitabine
after SN-38 removal remained arrested in S phase longer and progressed into G2 somewhat
more slowly than cells treated with diluent after SN-38 removal (cf. Fig. 6D vs. 6E), raising
the possibility that the synchronization in S phase by SN-38 might have predisposed the cells
to the effects of gemcitabine. Similar effects were observed in BXPC-3 (Fig. S4A), ruling out
the possibility that these effects were limited to Ovcar5 cells. Moreover, results shown in Fig.
2C indicate that SN-38 treatment increases subsequent levels of gemcitabine active
metabolites, providing another factor that might contribute to the synergy of the SN-38 —
gemcitabine sequence.

Synergistic effects of sequential gemcitabine — SN-38 treatment occur independent of Chk1
downregulation

A parallel series of experiments was performed to examine the mechanistic basis for the
synergy observed with the gemcitabine — SN-38 sequence. The ability of gemcitabine to cause
Chk1 downregulation (Fig. 3), coupled with the previous observation that Chk1
downregulation enhances cytotoxicity of topo | poisons in HeLa, U20S and A549 cells (Flatten
et al., 2005;Zhang et al., 2005), raised the possibility that gemcitabine-induced Chk1
downregulation might sensitize the cells to SN-38. When Ovcar-5 cells were transfected with
Chk1 siRNA, treated for 24 h with SN-38, washed, and incubated for 7 days to allow surviving
cells to form colonies, however, no sensitization was observed in any of the six experiments
performed (Fig. 7A). Further experiments demonstrated that Chk1 siRNA abrogated the
dramatic S phase arrest observed with SN-38 (Fig. 7B), ruling out the possibility that the cell
cycle effects of SN-38 were mediated by some other pathway.

To search for other changes that might contribute to the observed synergy, further experiments
examined changes in DNA synthesis and cell cycle distribution when gemcitabine was
removed after a 24 h treatment. Results of this analysis (Figs. 7C and 7D) demonstrated that
gemcitabine removal resulted in increased DNA synthesis (Fig. 7C) and slow progression of
cells through S phase during the ensuing 12-15 h (Figs. 7E and 7F), thereby providing a large
fraction of cells in the cell cycle phase in which they are ordinarily most sensitive topo | poisons
(D’Arpaetal., 1990). Similar results were observed in BxPC-3 cells (Fig. S4B). Collectively,
these results suggest that the recovery of DNA synthesis after gemcitabine removal and
subsequent synchronous progression through S phase might contribute to the synergy observed
with the gemcitabine — SN-38 sequence. In addition, by 24 h after removal of gemcitabine, a
substantial fraction of the Ovcar-5 cells treated with SN-38 had progressed to an aneuploid
state containing >4n DNA (Fig. 7F), suggesting that this sequence had also impaired the G2/
M checkpoint more than either drug alone.
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DISCUSSION

In the present study, we have demonstrated that the antiproliferative effects of the topo | poison
SN-38 and the antimetabolite gemcitabine are antagonistic when the agents are administered
to cell lines simultaneously. This antagonism appears to reflect, at least in part, the ability of
each of these agents to diminish the DNA replication on which the other agent relies for its
cytotoxicity. In contrast, exposure to the same agents in either sequence results in synergistic
antiproliferative effects, particularly at higher drug concentrations. Our further studies indicate
that the mechanism of this sequence-dependent synergy varies depending on the sequence.
Collectively, these results not only have implications for potential future development of the
gemcitabine/irinotecan combination, but also provide new insight into the issue of how best
to combine S phase poisons for maximal cytotoxic effects.

When SN-38 and gemcitabine were administered simultaneously, antiproliferative effects of
the combination were at best additive and often less than additive. Similar results were observed
in the Ovcar-5, BXPC3 and A549 cell lines (Figs. 1A and 1B and data not shown), ruling out
the possibility that the antagonistic effects of the two agents were limited to a single cell line.
These observations differ from a previous report indicating that the effects of treating breast
and small cell lung cancer lines with gemcitabine and irinotecan simultaneously in vitro are
synergistic (Bahadori et al., 1999). There are several potential explanations for these divergent
conclusions. First, the present experiments utilized therapeutically achievable nanomolar
concentrations of SN-38 rather than 10 — 100 uM concentrations of irinotecan, a prodrug that
requires esterase-mediated cleavage for activation. Second, we utilized gemcitabine at
concentrations below 100 nM, whereas the preceding paper utilized concentrations up to 100
uM. Third, we utilized a long-term assay (colony forming ability) rather than a short-term dye
reduction assay to assess viability. Finally, we employed cell types (ovarian and pancreatic
cancer) that are known to be responsive to topo | poisons and gemcitabine. Consistent with our
results, antagonism has also been reported when U937 human leukemia cells are
simultaneously exposed to gemcitabine and SN-38 (Shanks et al., 2005), although the
mechanism of this antagonism was not examined.

A number of experiments were performed to assess the mechanism of antagonism observed in
the present study. To assess the effect of gemcitabine on SN-38 uptake, we developed a novel
flow cytometry-based assay that allowed detection of SN-38 in living cells based on the
intrinsic fluorescence of the SN-38 ring structure (Fig. S1). This assay permitted analysis of
SN-38 uptake on a cell-by-cell basis for the first time and demonstrated that SN-38 uptake is
extremely rapid, being complete within less than a minute (Fig. S1). When this assay was
applied to cells that were pretreated with gemcitabine, no decrease in SN-38 uptake was
observed (Figs. 2A and 2B). Likewise, SN-38 failed to diminish gemcitabine uptake and
phosphorylation (Fig. 2C). Accordingly, diminished drug uptake cannot account for the
antagonism observed during simultaneous exposure. Additional experiments also ruled out the
possibility that gemcitabine caused topo | downregulation as an explanation for the antagonistic
effect of simultaneous treatment (Fig. 3).

Further experiments demonstrated that gemcitabine diminished DNA synthesis (Figs. 4A and
4B), decreasing the very events required for maximal cytotoxic effects of camptothecin analogs
(Holm et al., 1989; Hsiang et al., 1989). Likewise, SN-38 inhibited BrdU incorporation (Fig.
4A) and arrested the cells in G2 at low concentrations and S phase at higher concentrations

(Fig. 4C), confirming earlier results (Cliby et al., 2002; Nelson and Kastan, 1994) and providing
an explanation for the less than additive effects of simultaneously administered gemcitabine.
Similar antagonistic antiproliferative effects have been observed when colon cancer cells are
treated with SN-38 and 5-fluorouracil simultaneously (Mullany et al., 1998) and are a potential
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problem with many combinations that include two agents that depend upon ongoing DNA
synthesis for their cytotoxicity.

In contrast to simultaneous administration, sequential administration of SN-38 and gemcitabine
resulted in greater than additive antiproliferative effects, particularly at high but therapeutically
achievable drug concentrations (Figs. 5 and S3). Further experiments suggested a number of
factors that might contribute to this synergy.

Three factors potentially contribute to the synergy of the SN-38 — gemcitabine combination.
First, SN-38 treatment resulted in a modest increase in gemcitabine active metabolites (Fig.
2C). This might reflect the well established increase in deoxycytidine kinase activity observed
in S phase cells (Wan and Mak, 1978). Second, SN-38 synchronized the cells in S phase (Figs.
4C,6D and S2), a phase of the cell cycle in which gemcitabine is particularly toxic (Huang and
Plunkett, 1995), potentially enhancing the cytotoxicity of gemcitabine when it was
administered after the camptothecin analog. Finally, SN-38 caused a decrease in Chk1 levels
(Fig. 3) consistent with the hydroxyurea- and camptothecin-induced, proteasome-mediated
Chk1 downregulation previously reported (Zhang et al., 2005). Further experiments
demonstrated that treatment with Chk1 siRNA enhanced the cytotoxicity of gemcitabine in
Ovecar-5 cells (Fig. 6A). Importantly, this sensitization was observed when Chk1 was only
partially downregulated (inset, Fig. 6A), raising the possibility that Chk1 downregulation,
along with enhanced accumulation of gemcitabine metabolites and cell synchronization, might
contribute to the synergy of the SN-38 — gemcitabine sequence.

In the same experiments, Chk1 siRNA failed to sensitize Ovcar-5 cells to SN-38 (Fig. 7A).
Flow cytometry demonstrated that Chk1 siRNA diminished the SN-38-induced S phase arrest
(Fig. 7B), ruling out the possibility that S phase arrest was dependent on some other pathway.
These results clearly dissociate the effects of Chk1 on cell cycle progression and cytotoxicity.
Ongoing studies are attempting to understand why some cell lines such as HelLa, U20S and
A549 cells are sensitized to topo | poisons by Chk1 siRNA (Flatten et al., 2005;Zhang et al.,
2005) and others (Fig. 7A) are not. Nonetheless, these results suggested that gemcitabine-
induced Chk1 downregulation (Fig. 3) is not sufficient to explain the synergy of the
gemcitabine — SN-38 sequence. Additional analysis demonstrated that gemcitabine induced
a late G/early S phase arrest (Figs. 4C and S2) in association with a marked decrease in DNA
synthesis (Figs. 4A and 4B). After gemcitabine removal, DNA synthesis increased (Fig. 7C
and 7D) as cells went from the G1/S boundary to G, (Figs. 7E and S4B), providing a prolonged
period of DNA synthesis that afforded the opportunity for cytotoxic interactions between
advancing replication forks and SN-38-stabilized topo | cleavage complexes in the gemcitabine
— SN-38 sequence (Fig. 7F). In addition, treatment with SN-38 after gemcitabine withdrawal
led to increased formation of aneuploid cells (cf. Figs. 7E and 7F at 24 h after diluent or SN-38
addition), likely reflecting a further decrease in Chk1 levels with the combination3 and
consequent abrogation of the G2/M checkpoint that might have further enhanced the
cytotoxicity of the combination.

During the course of these studies we had the opportunity to compare the effects of gemcitabine
and SN-38. Even though both of these agents diminished DNA synthesis (Fig. 4B), there were
notable differences. Gemcitabine caused diminished BrdU incorporation throughout S phase,
whereas SN-38 caused a more prominent decrease in BrdU incorporation in late S phase (Fig.
4A). Moreover, high doses of gemcitabine induced an arrest at the G1/S border after 24 h of
treatment, whereas SN-38 arrested cells in S phase (Figs. 4C and S2). Finally, Chk1
downregulation sensitized Ovcar-5 cells to gemcitabine but not SN-38 (Figs. 6A and 7A).
These differences are difficult to reconcile with a previous claim that the ability of gemcitabine

3M. G-P. and S.H.K., unpublished observations.
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to act as a topo | poison upon incorporation into DNA plays a major role in the action of this
antimetabolite.

As indicated in the Introduction, the best approach for combining two S phase-selective agents
remains an open question. Results of phase I1I trials demonstrated that simultaneous
administration of irinotecan and gemcitabine failed to significantly increase either time to
progression or survival in patients with advanced pancreatic cancer compared to gemcitabine
alone (Rocha Lima et al., 2004; Stathopoulos et al., 2006). This was a disappointing result
because of the single-agent activity of each of these drugs in pancreatic cancer. Nonetheless,
because of the broad spectrum of activity of these two agents, there continues to be considerable
interest in further study of this combination (Akerley et al., 2007; Kosmas et al., 2007; Rocha-
Lima et al., 2007; Saif et al., 2007; Sun et al., 2007). With only one exception (Saif et al.,
2007), studies of the combination have involved simultaneous rather than sequential exposure
to these agents. Results of the present study suggest that the antiproliferative effects of these
agents are synergistic only when they are administered sequentially. Further study is required
to see whether these observations can be translated into therapeutic benefit.
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Refer to Web version on PubMed Central for supplementary material.
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EDTA
ethylenediaminetetraacetic acid
FCS
heat-inactivated fetal calf serum
concentration that inhibits colony formation by 50%
PBS
calcium- and magnesium-free Dulbecco’s phosphate buffered saline
Pl
propidium iodide
SDS
sodium dodecy!l sulfate
SN-38
7-ethyl-10-hydroxycamptothecin
topo |

topoisomerase |
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Figure 1. Effects of simultaneous gemcitabine and SN-38 exposure on clonogenic survival
A,Ovcar-5 cells were treated for 24 h with gemcitabine alone, SN-38 alone, or both drugs
simultaneously at a fixed molar ratio of 2:1. At the end of the incubation, cells were washed
and incubated in drug-free medium until colonies formed. Data from the same experiment are
plotted as a function of either SN-38 or gemcitabine concentration. Error bars, + s.o. from
triplicate aliquots. Right panel indicates Cl as a function of drug effects. Circles indicate Cl
calculated from data in left and middle panels under the assumption that effects are mutually
exclusive; and line represents second-order regression line calculated from data points.
Synergy is indicated by CI < 1, whereas antagonism is indicated by Cl > 1. B, BXPC-3 cells
were treated for 24 h with the indicated concentrations of gemcitabine alone, SN-38 alone or
gemcitabine + SN-38 simultaneously at a 6:1 ratio for 24 h and analyzed as described in panel
A. Results in A and B are each representative of 3 independent experiments.
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Figure 2. Effects of drug treatment on SN-38 and gemcitabine cellular accumulation

A, effects of drug treatments on mean SN-38 accumulation using the method characterized in
Fig. S1. Cells were pretreated with the indicated agent for 24 h, released by trypsinization,
washed, and incubated in 10 pM SN-38 for 20 min before analysis of cell-associated SN-38
fluorescence by flow microfluorimetry. Error bars, + s.0. from 3 independent experiments. B,
mean cell volumes as a function of drug treatment. Cells were treated with the indicated agent
for 24 h, released by trypsinization, washed, resuspended in medium A, and photographed to
measure cell diameter. Error bars, + S.E.M. from 80-100 cells subjected to each treatment.
C, effect of drug treatment on subsequent formation of gemcitabine di- and triphosphate. Cells
were pretreated with the indicated agent for 24 h, released by trypsinization, washed, counted,
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and incubated in 10 uM gemcitabine for 4 h before analysis of intracellular gemcitabine
metabolites by HPLC. Error bars, = range from 2 independent experiments
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Figure 3. Gemcitabine and SN-38 induce Chk-1 phosphorylation and degradation

Log-phase Ovcar-5 cells were treated for 24 h with diluent (0.1% DMSO, lanes 1 and 6),
gemcitabine at 12.5, 25, 50 or 100 nM (lanes 2-5, respectively), or SN-38 at 2.5, 5, 10, 20 and
40 nM in the absence (lanes 7-11) or presence (lanes 12-17) of 50 nM gemcitabine. At the end
of the incubation, whole cell lysates were prepared, subjected to SDS-PAGE, transferred to
nitrocellulose, and probed with reagents that recognize phospho-Ser345-Chk1, total Chk1, topo
| or, as control, B-actin. Because of the limited number of lanes on our electrophoresis
apparatus, lanes 1-5 and 6-17 represent two different membranes from the same experiment
that were probed simultaneously.
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Figure 4. Effects of gemcitabine, SN-38 and the combination on DNA synthesis and cell cycle
distribution of OVCAR-5 cells
A, BrdU incorporation assessed during a 30 min incubation that started 12 h after addition of
diluent, gemcitabine, SN-38 or both drugs simultaneously. B, quantification of BrdU
incorporation after the indicated treatments. Error bars, £ S.E.M. from 4-6 independent
experiments. C, histograms showing DNA content after treatment with progressively higher
concentrations of gemcitabine or SN-38 for 24 h followed by PI staining. D, histograms
showing DNA content after treatment with the two drugs individually or simultaneously for
24 h. Panels C and D are representative of 3-6 experiments for each treatment.
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Figure 5. Sequence-dependent synergy of gemcitabine and SN-38 in Ovcar-5 cells

A, Ovcar-5 cells were treated for 24 h with diluent or gemcitabine, washed and treated for
another 24 h with diluent or SN-38 using a fixed gemcitabine:SN-38 molar ratio of 10:1. At
the end of the incubation, cells were washed and incubated in drug-free medium until colonies
formed. Data from the same experiment are plotted as a function of either SN-38 or gemcitabine
concentration. Error bars, * s.o. from triplicate plates. Right panel indicates Cl as a function of
drug effects. Circles indicate CI calculated from data in left and middle panels under the
assumption that effects are mutually exclusive; and line represents second-order regression
line calculated from data points. Synergy is indicated by CI < 1, whereas antagonism is
indicated by CI > 1. B, Ovcar-5 cells were treated for 24 h with diluent or SN-38, washed and
treated for another 24 h with diluent or gemcitabine using a fixed SN-38:gemcitabine ratio of
1:5. Results are representative of 3-5 independent experiments, which are summarized in the
text as mean % s.o. of CI.
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Figure 6. Chk1 siRNA sensitizes cells to gemcitabine

A, Ovcar-5 cells transfected twice with luciferase siRNA (open circles) or Chk1 siRNA (filled
circles) were treated for 24 h with diluent (0.1% DMSO) or the indicated concentration of
gemcitabine for 24 h, washed and incubated in drug-free medium for 8 d to allow colonies to
form. Error bars, * s.o. from triplicate samples. Inset in A, whole cell lysates were prepared
from additional transfected cells at the time of drug treatment, subjected to SDS-PAGE and
probed for Chk1. Lamins A and C served as loading controls. B, BrdU incorporation assessed
during a 30 min incubation that started 12 h after addition of diluent or 20 nM SN-38.
Alternatively, cells were treated for 24 h with SN-38, then washed and incubated in drug-free
medium for 12 or 24 h. C, quantification of BrdU incorporation after the treatments shown in
panel B. Error bars, £ S.E.M. from 4-6 independent experiments. D, histograms showing DNA
content after treatment with 20 nM SN-38 for 24 h. Alternatively, cells were treated with SN-38
for 24 h, washed, and incubated in drug-free medium. Samples were harvested every 3 h after
SN-38 removal. For clarity, only histograms obtained 6, 12 and 24 h after SN-38 removal are
shown. E, histograms showing time-course of cell cycle progression in cells exposed to 20 nM
SN-38 for 24 h, washed and treated with 10 nM gemcitabine for the indicated length of time
before PI staining and analysis as indicated in panel D. Panels D and E come from the same
experiment and are representative of 4 independent experiments.
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Figure 7. Synchronous S phase progression as a potential cause of SN-38 sensitization

A, After transfection with luciferase siRNA (open circles) or Chk1 siRNA (filled circles) were
treated for 24 h with diluent (0.1% DMSO) or the indicated concentration of SN-38 for 24 h,
Ovecar-5 cells washed and incubated in drug-free medium for 8 d to allow colonies to form.
Error bars, * s.o. from triplicate plates. B, cell cycle distribution of Ovcar-5 cells transfected
as described above and exposed for 24 h to diluent or 20 nM SN-38. Histograms are
representative of at least 4 independent experiments, with cell cycle distributions summarized
as mean =+ s.o of those experiments in the inset of each histogram. C, BrdU incorporation
assessed during a 30 min incubation that started 12 h after addition of diluent or 50 nM
gemcitabine. Alternatively, cells were treated with 50 nM gemcitabine for 24 h, washed, and
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incubated in drug-free medium for 12 or 24 h. D, quantification of BrdU incorporation after
the treatments shown in panel C. Error bars, + S.E.M. from 4-6 independent experiments. E,
DNA histograms showing cell cycle progression after a 24 h treatment with 50 nM gemcitabine
followed by removal of the drug. Samples were taken every 3 h after gemcitabine removal.
For clarity, only histograms obtained 3, 9, 15, 18, 21 and 24 h after gemcitabine removal are
shown. F, histograms showing time-course of cell cycle progression in cells sequentially
exposed to gemcitabine followed by SN-38. After a 24-h treatment with 50 nM gemcitabine,
cells were washed and exposed to 20 nM SN-38 for the indicated length of time before PI
staining and analysis as indicated in panel E. Panels E and F come from the same experiment
and are representative of 3 independent experiments.
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