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Abstract
Background—The centromere kinesin motor protein CENP-E plays a crucial role in mitosis,
and is an appealing molecular target in cancer. GSK923295A is an allosteric inhibitor of CENP-E
that is undergoing clinical evaluation.

Procedures—GSK923295A was evaluated against the 23 cell lines in the Pediatric Preclinical
Testing Program (PPTP) in vitro panel using 96 hour exposures to concentrations ranging from 1.0
nM to 10.0 μM. GSK923295A was also tested in vivo against the PPTP acute lymphoblastic
leukemia (ALL) and solid tumor xenograft panels using a Day 1–3 and Day 8–10 schedule that
was repeated at Day 21. The agent was administered via the intraperitoneal (IP) route at a daily
dose of 125 mg/kg.

Results—The median IC50 for all PPTP cell lines was 27 nM, with the median IC50 for the ALL
panel being the lowest (18 nM) and for the neuroblastoma panel the highest (39 nM). Excessive
toxicity was observed for each of the 8 xenografts of the ALL panel in NOD/SCID mice. Thirty-
five solid tumor xenograft models were considered evaluable. GSK923295A induced significant
differences in EFS distribution compared to controls in 32 of 35 evaluable solid tumor xenografts
tested. Objective responses were noted in 13 of 35 solid tumor xenografts, including 9 with
maintained complete responses (MCR), and 3 with complete response (CR).
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Conclusions—GSK923295A demonstrated significant antitumor activity against solid tumor
models, inducing complete responses in Ewing sarcoma, rhabdoid and rhabdomyosarcoma
xenografts. These results suggest that CENP-E may be a valuable therapeutic target in pediatric
cancer.
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INTRODUCTION
One of the central features of malignant cells is the acquisition of unlimited proliferative
capacity [1]. This high rate of cell division and lack of checkpoint controls relative to non-
transformed cells have provided targets for pharmacological intervention, for example by
drugs that target microtubules and the mitotic machinery. Although drugs that disrupt the
cytoskeleton have proven to be very effective in blocking mitosis and inducing apoptosis,
those same components are not exclusive to dividing cells and therefore deleterious
consequences for normal tissues are inevitable [2]. There is a clear need to improve the
arsenal of available drugs, particularly for the treatment of childhood cancer, to maximize
the likelihood of cure while minimizing the long-term deleterious effects of treatment. Novel
drugs directed against mitotic components such as the Aurora kinases [3,4], the Polo-like
kinases and mitotic kinesins [5,6] represent a new generation of anti-mitotic drugs that hold
promise for improved cancer treatment with reduced toxicity [7].

CENP-E is a kinesin protein responsible for chromosome congression to, and alignment on,
the metaphase plate, and is required for satisfaction of the mitotic checkpoint allowing the
metaphase to anaphase transition [8]. A large motor protein with ATPase activity, CENP-E
exhibits a capacity to anchor on the kinetochore and tightly bind microtubules [9]. CENP-E
expression is clearly associated with cellular proliferation, and it is highly expressed in a
broad range of human cancers. CENP-E kinesin motor domain is responsible for CENP-E
interaction with microtubules, while its interaction with BubR1 is thought to integrate
kinetochore-microtubule interaction and spindle assembly checkpoint (SAC) signaling [10–
12]. Cells which are unable to satisfy the SAC are arrested and as a consequence suffer
senescence or apoptosis [13], although defects in mitotic checkpoints per se are linked to
aneuploidy and carcinogenesis [14–16].

Since drugs (such as microtubule inhibitors or DNA damaging agents) that inhibit or
activate mitotic checkpoint components have proven to be effective in the treatment of
cancer, CENP-E represents a promising new target. Moreover, reduced levels of CENP-E
activity correlate with a reduced incidence of spontaneous or induced tumors in murine
models [17]. GSK923295A is a small molecule specific allosteric inhibitor of CENP-E
kinesin motor ATPase activity that stabilizes CENP-E motor domain interaction with
microtubules [18]. Both in vitro and in vivo testing demonstrated that GSK923295A induces
failure of metaphase chromosome alignment as well as mitotic arrest [18]. Potent in vitro
cytotoxicity and in vivo tumor regressions were observed for many of the adult cancer
preclinical models evaluated [18], and GSK923295A has progressed to clinical testing in
adults with refractory cancers [18].

The aims of the Pediatric Preclinical Testing Program (PPTP) are to test novel drugs with
demonstrated preclinical or clinical efficacy in adult cancer against preclinical models of
pediatric solid tumors and acute lymphoblastic leukemia (ALL), and in doing so assess their
priority for pediatric cancer clinical trials [19]. Since anti-mitotic drugs form the cornerstone
of many effective treatment regimens for pediatric cancer, and PPTP has previously reported
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the preclinical efficacy of two novel drugs that target the mitotic kinesin Eg5 (ispinesib) [20]
and Aurora kinase A (MLN8237) [21], it was of interest to test the efficacy of GSK923295A
against the PPTP in vitro cell line and in vivo xenograft panels.

MATERIALS AND METHODS
In Vitro Testing

In vitro testing was performed using DIMSCAN, a semiautomatic fluorescence-based digital
image microscopy system that quantifies viable (using fluorescein diacetate [FDA]) cell
numbers in tissue culture multiwell plates [22]. Cells were incubated in the presence of
GSK923295A for 96 hours under aerobic conditions at concentrations from 10 nM to 10 μM
and analyzed as previously described [23]. The relative IC50 is the concentration of agent
that gives a half-maximal response, while the absolute IC50 values represent the
concentration at which the agent reduces cell survival to 50% of the control value [24]. To
compare activity between cell lines, the ratio of the median relative IC50 to individual cell
line’s relative IC50 value is used (larger values connote greater sensitivity). The lowest T/C
% value is the Ymin. Relative In/Out (I/O)% values represent the percentage difference
between the Ymin value and the estimated starting cell number and either the control cell
number (for agents with Ymin > starting cell number) or 0 (for agents with Ymin < estimated
starting cell number). Relative I/O% values range between 100% (no treatment effect) to
−100% (complete cytotoxic effect), with a Relative I/O% value of 0 being observed for a
completely effective cytostatic agent.

In Vivo Tumor Growth Inhibition Studies
CB17SC-F scid−/− female mice (Taconic Farms, Germantown NY) were used to propagate
subcutaneously implanted kidney/rhabdoid tumors, sarcomas (Ewing, osteosarcoma,
rhabdomyosarcoma), neuroblastoma, and non-glioblastoma brain tumors, while BALB/c nu/
nu mice were used for glioma models, as previously described [23,25–27]. Human leukemia
cells were propagated by intravenous inoculation in female non-obese diabetic (NOD)/
scid−/− mice as described previously [28]. Female mice were used irrespective of the patient
gender from which the original tumor was derived. All mice were maintained under barrier
conditions and experiments were conducted using protocols and conditions approved by the
institutional animal care and use committee of the appropriate consortium member. Ten
mice (solid tumors) or eight mice (leukemias) were used in each control or treatment group.
Tumor volumes (cm3) [solid tumor xenografts] or percentages of human CD45-positive
[hCD45] cells [ALL xenografts] were determined as previously described [28].

Determination of Response
Responses were determined using three activity measures as previously described [19]. For
individual mice, progressive disease (PD) was defined as < 50% regression from initial
volume during the study period and > 25% increase in initial volume at the end of study
period. Stable disease (SD) was defined as < 50% regression from initial volume during the
study period and ≤ 25% increase in initial volume at the end of the study. Partial response
(PR) was defined as a tumor volume regression ≥50% for at least one time point but with
measurable tumor (≥ 0.10 cm3). Complete response (CR) was defined as a disappearance of
measurable tumor mass (< 0.10 cm3) for at least one time point. A complete response was
considered maintained (MCR) if the tumor volume was <0.10 cm3 at the end of the study
period. For treatment groups only, if the tumor response was PD, then PD was further
classified into PD1 or PD2 based on the tumor growth delay (TGD) value. TGD values were
calculated based on the numbers of days to event. For each individual mouse that had PD
and had an event in the treatment groups, a TGD value was calculated by dividing the time
to event for that mouse by the median time to event in the respective control group. Median
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times to event were estimated based on the Kaplan-Meier event-free survival distribution. If
a mouse had a TGD value ≤ 1.5, that mouse was considered PD1. If the TGD value was >
1.5, the mouse was considered PD2. Mice that had PD but did not have an event at the end
of the study were coded as PD2.

Event-Free Survival
An event in the solid tumor xenograft models was defined as a quadrupling of tumor volume
from the initial tumor volume. Event-free survival (EFS) was defined as the time interval
from initiation of study to the first event or to the end of the study period for tumors that did
not quadruple in volume. The time to event was determined using interpolation based on the
formula:

where tx is the interpolated day to event, t1 is the lower observation day bracketing the
event, t2 is the upper observation day bracketing the event, V1 is the tumor volume on day
t1, V2 is the tumor volume on day t2 and Ve is the event threshold (4 times initial tumor
volume for solid tumor xenografts).

Response and event definitions for the ALL xenograft models were determined as described
previously [19–21].

Summary Statistics and Analysis Methods
Overall Group Response—Each individual mouse was assigned a score from 0 to 10
based on their response: PD1=0, PD2=2, SD=4, PR=6, CR=8, and MCR=10, and the median
for the group determined the overall response (median group response). Studies in which
toxicity was greater than 25% or in which the control group was not at least SD, were
considered inevaluable and were excluded from analysis. Treatment groups with PR, CR, or
MCR are considered to have had an objective response. Agents inducing objective responses
are considered highly active against the tested line, while agents inducing SD or PD2 are
considered to have intermediate activity, and agents producing PD1 are considered to have a
low level of activity against the tested line.

Tumor Volume T/C value—Relative tumor volumes (RTV) for control (C) and treatment
(T) mice were calculated at day 21 or when all mice in the control and treated groups still
had measurable tumor volumes (if less than 21 days). The mean RTV for control and
treatment mice for each study were then calculated and the T/C value was the mean RTV for
the treatment group divided by the mean RTV for the control group. For the tumor volume
T/C response measure, agents producing a T/C of ≤ 15% are considered highly active, those
with a mean tumor volume T/C of ≤ 45% but > 15% are considered to have intermediate
activity, and those with mean T/C values > 45% are considered to have low levels of activity
[29].

EFS T/C value—An EFS T/C value was defined by the ratio of the median time to event
of the treatment group and the median time to event of the respective control group. If the
treatment group did not have a median time to event, then EFS T/C was defined as greater
than the ratio of the last day of the study for the treatment group divided by the median time
to event for the control group. For the EFS T/C measure, agents are considered highly active
if they meet three criteria: a) an EFS T/C > 2; b) a significant difference in EFS distributions
(p≤ 0.050), and c) a net reduction in median tumor volume for animals in the treated group
at the end of treatment as compared to at treatment initiation. Agents meeting the first two
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criteria, but not having a net reduction in median tumor volume for treated animals at the
end of the study are considered to have intermediate activity. Agents with an EFS T/C < 2
are considered to have low levels of activity. Xenografts in which the median EFS for the
control line was greater than one-half of the study period or in which the median EFS for the
control line did not exist are considered not evaluable for the EFS T/C measure of activity.

Statistical Methods
The exact log-rank test, as implemented using Proc StatXact for SAS®, was used to
compare event-free survival distributions between treatment and control groups. P-values
were two-sided and were not adjusted for multiple comparisons given the exploratory nature
of the studies. The Mann-Whitney test was used to test the difference in medians of IC50
values between cell lines of a given histotype compared to the remaining cell lines of the
panel. Correlations between results for GSK923295A and ispinesib were evaluated by
Spearman’s correlation.

Drugs and Formulation
GSK923295A was provided to the PPTP by Cytokinetics Inc. through the Cancer Therapy
Evaluation Program (NCI). For in vitro testing, a stock solution of GSK923295A was
prepared in DMSO, with dilutions in culture media. For in vivo testing, the compound was
first dissolved in a 1:1 mixture of dimethylacetamide and Cremophor EL, 96% acidified
water (pH 5.0 using HCl). GSK923295 was administered at 125 mg/kg i.p., days 1–3 and 8–
10 repeated at day 21, as recommended by the drug supplier. GSK923295A was provided to
each consortium investigator in coded vials for blinded testing.

RESULTS
GSK923295A In Vitro Testing

GSK923295A was evaluated against the the 23 cell lines in the PPTP in vitro panel using 96
hour exposures to concentrations ranging from 1.0 nM to 10.0 μM. The median absolute
IC50 for all PPTP cell lines was 27 nM, with the median absolute IC50 for the ALL panel
being the lowest (18 nM) and with the median absolute IC50 for the neuroblastoma panel
being the highest (39 nM) (Table I, Figure 1A). The PPTP cell lines showed two primary
patterns of response to GSK923295A in terms of their minimum T/C% (Ymin) values. One
group of cell lines showed T/C% values approaching 0%, while another showed T/C%
values that reached a plateau far above 0% (Figure 1B). The rhabdomyosarcoma cell lines
all had T/C% values far above 0% at the highest GSK923295A concentrations tested
(median Ymin = 17.3%). The Relative In/Out values for 3 of the 4 rhabdomyosarcoma cell
lines were close to 0%, consistent with a cytostatic effect for these cell lines (Table 1, Figure
2). By contrast, most of the ALL cell lines showed near complete cytotoxicity at higher
concentrations, with Relative In/Out values approaching -100% for 4 of 5 cell lines. The
Ymin response pattern for GSK925295A was similar to that previously reported by the PPTP
for ispinesib [20] (R2=0.83, Supplemental Figure 1). By contrast, there was no correlation
between the IC50 values of GSK923295A and ispinesib (R2 = 0.02).

GSK923295A in Vivo Testing
GSK923295A was tested using a Day 1–3 and Day 8–10 schedule that was repeated at Day
21 (solid tumor panels only). The agent was administered i.p. at a daily dose of 125 mg/kg.
Excessive toxicity was observed for each of the 8 xenografts of the ALL panel with
mortality of 64.4% (n=59) but GSK923295A was well tolerated for the solid tumor
xenografts with mortality of 5.2% (n=367). A complete summary of results is provided in
Supplemental Table I, including total numbers of mice, number of mice that died (or were
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otherwise excluded), numbers of mice with events and average times to event, tumor growth
delay, as well as numbers of responses and T/C values.

Thirty-five xenograft models were considered evaluable, with two solid tumor xenografts
(KT-5 from the Wilms panel and Rh28 from the rhabdomyosarcoma panel) and each of the
8 ALL xenografts excluded from reporting because of excessive toxicity (>25% mortality).
GSK923295A induced significant differences in EFS distribution compared to controls in 32
of 35 evaluable solid tumor xenografts tested as shown in Table II. The only xenografts for
which there was no significant difference in EFS distribution were Rh30
(rhabdomyosarcoma) and BT-28 and BT-45 (both from the medulloblastoma panel).

The EFS T/C values met criteria for high activity for the time to event measure of activity
(EFS T/C > 2 with final tumor volume less than starting tumor volume) in 10 of 35
evaluable solid tumor xenografts. The rhabdomyosarcoma, rhabdoid tumor, Wilms tumor,
and Ewing sarcoma panels each had two models with high activity. Intermediate activity for
the time to event activity measure (also requiring EFS T/C > 2) was observed in 12
xenograft models, including 3 neuroblastoma and 3 osteosarcoma models. Low activity was
observed for 8 models, including 3 from the neuroblastoma panel. Five models were
inevaluable for the EFS T/C activity measure due to slow tumor growth in control animals,
including 3 xenografts from the osteosarcoma panel, Table II.

Objective responses were noted in 13 of 35 solid tumor xenografts, including 9 with
maintained complete responses (MCR), 3 with complete response (CR), and 1 with partial
response (PR). Three of 5 Ewing sarcoma xenografts achieved MCR or CR, as did 2 of 3
rhabdoid tumor models, and 2 of 5 rhabdomyosarcoma models. An inevaluable xenograft
(Rh28) would have been scored as MCR had there not been excessive toxicity in 4 of 10
treated animals. Two osteosarcoma xenografts (OS-2 and OS-33) met criteria for CR or
MCR, related in part to the relatively small tumor volume at which treatment was started for
the osteosarcoma xenografts and related also to the PPTP definition of CR. For the
neuroblastoma panel, the best response was progressive disease with growth delay (PD2),
which was observed for 5 of 6 xenografts. A single ALL xenograft (ALL-3) treated with
50% (62.5 mg/kg) of the dose administered to the solid tumors achieved an objective
response (PR, data not shown).

The in vivo testing results for the objective response measure of activity are presented in
Figure 3 in a ‘heat-map’ format as well as a ‘COMPARE’-like format, based on the scoring
criteria described in the Material and Methods and the Supplemental Response Definitions
section. The latter analysis demonstrates relative tumor sensitivities around the midpoint
score of 5 (stable disease). Objective responses were seen in 13 of 35 solid tumor models,
with examples of kidney tumor response shown in Figure 4 (Wilms tumors KT-11, and
KT-13 and rhabdoid tumors KT-12, and KT-14).

DISCUSSION
The response of the PPTP cell lines to GSK923295A is reminiscent of the response that was
previously observed for ispinesib [20]. The PPTP previously demonstrated that the response
of the PPTP cell lines for ispinesib and vincristine are highly related in terms of the
minimum T/C% (Ymin) values for each agent [30]. To analyze GSK923295A and ispinesib
response patterns in vitro, the Ymin values for the two agents were compared. There was a
highly significant correlation between the Ymin values for GSK923295A and ispinesib
(R2=0.83). Although the contribution to this correlation by the cell line Rh18, which has
Ymin above 50% for both GSK923295A and ispinesib, is considerable, when Rh18 is
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omitted from the analysis there remains a significant correlation between the Ymin values for
the two agents (R2=0.53).

The strong correlation between Ymin responses to ispinesib and GSK923295A suggests that
the PPTP cell lines have a shared pattern of response to these two agents in terms of whether
the cell lines undergo a cytotoxic response versus a cytostatic/partial cytotoxic response. The
pattern of response does not show complete histotype dependence, although the ALL cell
lines have a high percentage of near complete cytotoxic responders. The similar activity
patterns for GSK923295A, ispinesib and vincristine against the PPTP’s in vitro panel is
consistent with NCI-60 cell line panel testing results, for which similar activity profiles for
antimitotic agents such as vincristine and the kinesin spindle protein inhibitor S-trityl-L-
cysteine (STLC) were also observed [31,32]. The two different patterns of response
observed for the PPTP cell lines to these diverse anti-mitotic agents suggest that the cellular
decision-making process for a cytotoxic response (e.g., apoptosis) versus a cytostatic/partial
cytotoxic response lies downstream of the primary mitotic effect of the compounds.
However, the biological basis for the similar responses of the PPTP cell lines to these anti-
mitotic inhibitors is not clear.

Objective responses were noted in 13 of 35 solid tumor xenografts, including 9 with MCRs,
3 with CRs, and 1 with PR. Three of 5 Ewing sarcoma xenografts achieved MCR or CR, as
did 2 of 3 rhabdoid tumor models, and 2 of 5 rhabdomyosarcoma models. For the
neuroblastoma panel, the best response was progressive disease with growth delay (PD2),
which was observed for 5 of 6 xenografts. The determinants of this differential sensitivity of
diverse tumor histotypes to GSK923295A currently remain unresolved. However, similar to
the cell line panels, the xenograft responses to GSK923295A were remarkably concordant
with those to ispinesib. Out of 14 xenografts common to both studies, 9 achieved identical
median group responses, while the median group responses of 3 out of the remaining 5
xenografts differed by only a single category. The median group responses of these 14
xenografts showed a significant correlation between the two drugs (r=0.78; p=0.001). Again,
these data indicate a shared in vivo response to two drugs targeting different components of
the mitotic machinery.

The ALL xenograft panel was inevaluable because of toxicity. There is no obvious reason
that would explain why the NOD/SCID mice did not tolerate GSK923295A as well as the
SCID mice used for most of the solid tumor testing. GSK923295A is relatively impotent
towards murine CENP-E [18], and so drug-related toxicity is not expected for mice at the
dose selected for testing. Treatment for the ALL xenografts was administered only on Days
1–3 and Days 8–10, and most of the toxicity was observed at Day 21 or thereafter. If
responses at Day 21 were evaluated, then 6 of 8 ALL xenografts had sufficient numbers of
evaluable treated animals to assess response. Among these, 5 of 6 xenografts met criteria for
CR at Day 21, whereas 1 model (ALL-4) met criteria for PR as best response. The two
xenografts with excessive toxicity by Day 21 were ALL-3 and ALL-19, and a repeat
experiment with ALL-3 at 50% dose achieved a PR. Thus, GSK923295A, like other anti-
mitotic agents such as vincristine and ispinesib [19,20], demonstrated substantial remission-
inducing anti-leukemia activity against the PPTP ALL xenografts, although for unexplained
reasons the dose used for testing exceeded that which can be tolerated by leukemia-bearing
NOD/SCID mice.

Our studies highlight similarities between GSK923295A and ispinesib. The dose limiting
toxicities for ispinesib have been largely hematologic but this agent has not demonstrated
clinical efficacy in phase 2 trials [33,34]. As these two drugs demonstrated similar activity
in the PPTP preclinical models it may suggest that GSK923295A may also have little human
efficacy. However, GSK923295A demonstrates a significantly different pattern of tumor
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responses compared to vincristine, previously evaluated against the same in vivo panel of
solid tumors [19]. Comparison of these data sets shows that the response to GSK923295A
and vincristine differed by at least two response categories (e.g. PD2 vs PR) in 16 of 30
solid tumor models. In 10 models GSK923295A was superior to vincristine, whereas it was
inferior in 6 models. Superiority was particularly noticeable in 3 of 5 Ewing sarcoma
models.

In conclusion, GSK923295A exhibited substantial in vitro and in vivo activity against the
PPTP’s preclinical models. These data further indicate the relevance of targeting the process
of mitosis for treatment of childhood malignancies. Although the similarity between
ispinesib and GSK293295A is of concern, as the former drug has not demonstrated efficacy
against adult malignancies, the novel spectrum of activity compared to vincristine in these
solid tumor models suggests that GSK293295A may have a role in treatment of childhood
cancers. A key issue in relating the observed high level of preclinical activity to the clinical
setting will be the relationship between the drug exposures achieved in the SCID mice used
for solid tumor testing compared to those achieved in humans at tolerable doses.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
GSK923295A in vitro activity. Relative sensitivity of the cell lines displayed as mean ratios
to the median IC50 values, displayed by histiotype (A). The black line indicates the median
IC50 (27 nM) for the panel. Bars to the right indicate increased drug sensitivity. Typical
growth inhibition curves (B) for two Ewing sarcoma lines TC-71 (left) and CHLA-258
(right) demonstrating different plateau values. Error bars represent standard deviations for
each concentration tested.
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Figure 2.
Relative In/Out Values for GSK923295. Relative In/Out (I/O)% values represent the
percentage difference between the Ymin value and the estimated starting cell number and
either the control cell number (for agents with Ymin > starting cell number) or 0 (for agents
with Ymin < estimated starting cell number). Relative I/O% values range between 100% (no
treatment effect) to −100% (complete cytotoxic effect), with a Relative I/O% value of 0
being observed for a completely effective cytostatic agent.
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Figure 3.
GSK923295A in vivo objective response activity. Left: The colored ‘heat map’ depicts
group response scores. A high level of activity is indicated by a score of 6 or more,
intermediate activity by a score of ≥ 2 but < 6, and low activity by a score of < 2. Right:
representation of tumor sensitivity based on the difference of individual tumor lines from the
midpoint response (stable disease). Bars to the right of the median represent lines that are
more sensitive, and to the left are tumor models that are less sensitive. Red bars indicate
lines with a significant difference in EFS distribution between treatment and control groups,
while blue bars indicate lines for which the EFS distributions were not significantly
different.
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Figure 4.
GSK923295A activity against individual kidney tumor xenografts (KT-11, KT-13 Wilms
tumors; KT-12, KT-14 rhabdoid tumors of the kidney). Kaplan-Meier curves for EFS (left),
median relative tumor volume graphs (center), and individual tumor volume graphs (right)
are shown for selected lines. Gray lines correspond to control animals and black lines to
drug treated animals.
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