
Vol.:(0123456789)1 3

Cancer Chemotherapy and Pharmacology (2020) 85:251–263 
https://doi.org/10.1007/s00280-019-04017-8

ORIGINAL ARTICLE

Prospective use of the single‑mouse experimental design 
for the evaluation of PLX038A

Samson Ghilu1 · Qilin Li1 · Shaun D. Fontaine2 · Daniel V. Santi2 · Raushan T. Kurmasheva1 · Siyuan Zheng1 · 
Peter J. Houghton1

Received: 9 July 2019 / Accepted: 17 December 2019 / Published online: 11 January 2020 
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Purpose Defining robust criteria for drug activity in preclinical studies allows for fewer animals per treatment group, and 
potentially allows for inclusion of additional cancer models that more accurately represent genetic diversity and, potentially, 
allows for tumor sensitivity biomarker identification.
Methods Using a single-mouse design, 32 pediatric xenograft tumor models representing diverse pediatric cancer types 
[Ewing sarcoma (9), brain (4), rhabdomyosarcoma (10), Wilms tumor (4), and non-CNS rhabdoid tumors (5)] were evalu-
ated for response to a single administration of pegylated-SN38 (PLX038A), a controlled-release PEGylated formulation of 
SN-38. Endpoints measured were percent tumor regression, and event-free survival (EFS). The correlation between response 
to PLX038A was compared to that for ten models treated with irinotecan (2.5 mg/kg × 5 days × 2 cycles), using a traditional 
design (10 mice/group). Correlations between tumor sensitivity, genetic mutations and gene expression were sought. Models 
showing no disease at week 20 were categorized as ‘extreme responders’ to PLX038A, whereas those with EFS less than 
5 weeks were categorized as ‘resistant’.
Results The activity of PLX038A was evaluable in 31/32 models. PLX038A induced > 50% volume regressions in 25 models 
(78%). Initial tumor volume regression correlated only modestly with EFS (r2 = 0.238), but sensitivity to PLX038A was better 
correlated with response to irinotecan when one tumor hypersensitive to PLX038A was omitted (r2 = 0.6844). Mutations in 
53BP1 were observed in three of six sensitive tumor models compared to none in resistant models (n = 6).
Conclusions This study demonstrates the feasibility of using a single-mouse design for assessing the antitumor activity of 
an agent, while encompassing greater genetic diversity representative of childhood cancers. PLX038A was highly active 
in most xenograft models, and tumor sensitivity to PLX038A was correlated with sensitivity to irinotecan, validating the 
single-mouse design in identifying agents with the same mechanism of action. Biomarkers that correlated with model sen-
sitivity included wild-type TP53, or mutant TP53 but with a mutation in 53BP1, thus a defect in DNA damage response. 
These results support the value of the single-mouse experimental design.

Keywords Drug evaluation · Alternative experimental design · Single mouse study · Response criteria · Pediatric cancer · 
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Introduction

The design of animal experiments to determine antitumor 
activity of a drug, or drug combination, is largely con-
strained by statistical considerations regarding the power 
to detect specific differences between control and treatment 
groups. This is in part determined by variance within the rate 
of growth of untreated controls, and the magnitude of the 
response to be detected. Greater variance between growths 
of control tumors necessitates increased numbers of animals 
to yield adequate statistical power, whereas increasing the 
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stringency of response criteria can have the opposite effect 
on group size. In preclinical studies, growth rates for tumors 
in treated animals are compared to those in controls, hence 
one can obtain data to show that treatment gives statistically 
significant differences (usually P < 0.05), although statistical 
significance does not imply a biologically meaningful effect. 
Tumor progression (> 25% increase in tumor volume) on 
treatment is a progressive disease in a clinical setting.

Clinical trial designs tend to use two endpoint criteria, 
tumor regression and progression-free survival (PFS). 
Response evaluation criteria in solid tumors (RECIST) sets 
out rules for evaluating when patients improve (respond), 
stay the same (stabilize) or worsen (progress) [1]. Statistical 
differences between experimental protocols are compared 
to an historical control arm, or more likely an alternative 
regimen, standard of care, or physician choice. One objec-
tive of preclinical experiments is to generate data that may 
accurately translate into the clinic. When considering how 
to assess antitumor activity when establishing the Pediatric 
Preclinical Testing Program (PPTP) it was considered that 
endpoint criteria should be similar between preclinical and 
clinical experiments [2]. In the ensuing 10 years where over 
2100 tumor-drug evaluations were undertaken, it became 
clear that the great majority of drugs had relatively modest 
activity, or lacked activity, if these criteria were used. How-
ever, of greater concern was that using the standard design, 
based on the need to demonstrate ‘statistical significance’ 
relatively few models (n = 6–8) were used to represent a 
disease state (e.g., neuroblastoma). Genomics studies have 
revolutionized our understanding of histotype heterogeneity, 
with many pediatric cancers being classified into multiple 
subgroups based upon exome sequencing, expression pro-
files, etc. [3–9]. Thus, within resource constraints, it is rea-
sonable to ask how one resolves the need to represent genetic 
heterogeneity, with considerations of statistical validity.

In a retrospective analysis of PPTP data that included 
83 xenograft models, 67 drugs or biologics having different 
mechanisms of action, and over 2100 experiments, we found 
that the use of 1 mouse per treatment group would give the 
same result as the use of 10 mice (solid tumors) or 8 mice 
(acute leukemia models) in ~ 80% of experiments, and if 
small differences were allowed (partial response vs complete 
response [PR vs CR], for example) the predictive value of 
the single-mouse approach was ~ 95% [10].

Using conventional experimental designs, where group 
size is determined according to the variance in the rate of 
growth of tumors within a group and statistical endpoint 
being applied (for example, as described in [2]), neces-
sitates use of large numbers of animals if relatively small 
drug effects are being sought. Thus, with finite resources, 
this necessarily restricts the number of models of any one 
cancer type that can be used. In the PPTP, six–eight mod-
els were used to represent each disease (e.g., osteosarcoma, 

neuroblastoma, etc.). Clearly, such a small number of mod-
els cannot accurately represent the genetic/epigenetic diver-
sity of these cancer types. Thus, alternative approaches to 
preclinical in vivo testing need to be considered. We have 
proposed the use of a ‘single-mouse’ experimental design, 
where each mouse has a different patient derived xenograft, 
and endpoints are tumor regression and event-free survival 
(EFS). In this design, there is no control (untreated) tumor. 
Support for this idea comes from our retrospective study 
[10] that indicated use of one mouse per treatment group 
was adequate to identify agents that had activity and those 
that did not. If we consider control and treatment groups of 
ten mice each, the single-mouse design potentially allows 
inclusion of 20 models for every one used in conventional 
testing experiments.

Thus, the use of the single-mouse approach allows for 
the inclusion of more models of each pediatric cancer type, 
and hence increases the genetic heterogeneity potentially 
allowing identification of biomarkers of response that can 
be interrogated in a subsequent clinical trial. For example, 
assessing the activity of a drug against, say 30 tumors of 
one type (e.g., 30 medulloblastomas) may identify that drug 
sensitivity segregates with a particular set of genetic charac-
teristics that may or may not be those shown to subclassify 
this disease [6, 11]. For example, preclinical testing in a 
large panel of adult melanoma xenografts shows that BRAF 
mutant models respond to BRAF inhibitors, whereas those 
with wild-type BRAF are less sensitive. Also, use of a larger 
number of models representative of a histotype may improve 
the prediction for activity in clinical trials [12].

Although the single-mouse approach is supported by the 
retrospective analysis of PPTP results, it has not been tested 
prospectively using pediatric cancer models. Here we have 
tested the feasibility of the single-mouse design to prospec-
tively evaluate a long-acting PEGylated SN-38 prodrug, 
PLX038A, where SN-38 (the active metabolite of irinote-
can) is released at a controlled rate [13, 14]. PLX038A was 
selected, as we have extensive recently derived data show-
ing the activity of irinotecan in many of the same models 
using traditional testing design (ten mice/treatment and 
control groups); the conjecture being that xenograft models 
most sensitive to irinotecan would be the most sensitive to 
PLX038A, and conversely, tumors less sensitive to irinote-
can would be less sensitive to PLX038A (i.e., validation of 
the ability of the single-mouse design to identify an agent 
where there is already data [from an analog] to indicate 
activity using conventional testing). Further, irinotecan has 
significant clinical activity, and is used in several high-risk 
and relapse protocols for treating childhood solid tumors 
[15, 16]. Other objectives of the study were to determine 
whether initial tumor volume regression correlated with 
EFS, and to mine the genomics data on each tumor model to 
identify potential biomarkers that relate to drug sensitivity.
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Methods

The xenograft models used together with limited demo-
graphic data, where available, are presented in Table 1. 
Patient-derived xenografts (PDX; rhabdomyosarcomas 
Rh10, Rh18xe, Rh28, Rh30, Rh30R, Rh36, Rh41, Rh65; 
Wilms tumors KT5, KT10, KT11, KT13; and rhab-
doid tumors KT12, KT14, KT16) and cell line-derived 

xenografts (Ewing sarcoma lines ES-1, ES-4, ES-6, EW-8, 
CHLA258, TC-71, SK-NEP-1; rhabdomyosarcomas 
SMS-CTR and Rh18c) have been described previously 
[2]. RBD-1 is an atypical teratoid rhabdoid tumor with 
SMARB1 deletion, established as a PDX from a metastatic 
lung lesion, and the RBD-2 PDX was established from 
a liver mass. EW-5and NCH-EWS-1 are Ewing sarcoma 
PDXs from a paraspinal mass, and lung lesion, respec-
tively. BT-35 and BT-40 brain tumors have been described 

Table 1  Characteristics of 
pediatric xenograft models used

Dx diagnosis, RL relapse, Rc recurrent, NU nuclear unrest, FH favorable histology, DA diffuse anaplastic
*Same patient at Dx and Rc/RL
**Cell line derived from xenograft
a Patient status at the time the PDX was established

Histotype Subtype Gender Age (years) Tumor site Statusa

Ewing sarcoma
ES-1 Type 1 t(11;22) F 45 Thigh Dx
ES-4 Type 1 t(11;22) M 18 Pleura/lung RL
ES-6 Type 1 t(11;22) M 17 Fibula/BM Rc
EW-5 Type 1 t(11;22) M 16 Paraspinal Post therapy
EW-8 Type 1 t(11;22) M 17 Abdomen Dx
NCH-EWS-1 No t(11;22) translocation M 16 Lung RL
CHLA258 Type 1 t(11;22) F 14 Lung RL
TC-71 Type 1 t(11;22) M 22 Humerus RL
SKNEP-1 Type 1 t(11;22) F 25 Pleura RL
Brain tumors
BT-35 Anaplastic astrocytoma M 12 Thalamus Dx
BT-40* JPA/anaplastic astrocytoma M 14 Leptomeningeal Dx
BT-39* JPA/anaplastic astrocytoma M 14 Leptomeningeal Rc
S12-6321 Pleiomorphic xanthoastrocytoma M 5 Right operculum Rc
Rhabdomyosarcoma
Rh10 Alveolar F 15 Perineum RL
Rh18c** Embryonal F 2 Perineum Dx
Rh18xe** Embryonal F 2 Perineum Dx
Rh28 Alveolar t(2;13) M 17 Axillary node
Rh30* Alveolar t(2;13) M 16 Bone marrow Dx
Rh30R* Alveolar t(2;13) M 17 Bone marrow RL
Rh36 Embryonal (HRAS Q61K) M 15 Paratesticular RL
Rh41 Alveolar t(2;13) F 12 Liver RL
Rh65 Alveolar t(2;13) F 18 ND RL
SMS-CTR Embryonal (HRAS Q61K) M 1 Pelvis Dx
Kidney/ATRT cancers
KT5 Wilms (NU) M 6 Kidney Dx
KT10 Wilms (FH) M 6 Kidney Dx
KT11 Wilms (FH) F 4 Kidney Dx
KT12 AT/RT M 6 Ventricle Dx
KT13 Wilms (DA) F 3 Kidney/+ureter Dx
KT14 AT/RT F 16 Kidney RL
KT16 AT/RT F 10 Kidney RL
RBD-1 AT/RT ND ND Lung
RBD-2 AT/RT F 0.75 Liver Dx



254 Cancer Chemotherapy and Pharmacology (2020) 85:251–263

1 3

previously [17]. While BT-40 was originally described as 
a Juvenile Pilocytic Astrocytoma (JPA), it now resembles 
an anaplastic astrocytoma in mice. BT-39 was established 
at recurrence from the same patient as BT-40. S12-6321 
was established from a patient with metastatic pleiomor-
phic xanthoastrocytoma [18]. All tumors were used at low 
passage and authenticated by STR analysis against ref-
erence profiles developed by this group. Tumor models 
were selected for testing without reference to genetic or 
molecular characteristics, or sensitivity to irinotecan in 
previous testing.

Evaluation in xenograft models

C.B.17SC scid  −/− (C.B-Igh-1b/IcrTac-Prkdcscid) female 
mice (Envigo, Indianapolis, IN) were used to propagate 
subcutaneously implanted tumors as previously described 
[2]. All mice were maintained under barrier conditions and 
experiments were carried out using protocols and condi-
tions approved by the institutional animal care and use com-
mittee of UTHSA. Mice were selected when tumors were 
200–400 mm3 (mean 297 ± 34 mm3; range 260–370 mm3). 
Methods similar to those developed in the Pediatric Preclini-
cal Testing Program (PPTP) were used [2], only for these 
studies tumor volumes were measured for up to 20 weeks, 
and regrowth of tumors determined following tumor regres-
sion. Endpoints were time to event, defined as tumor grow-
ing to 400% of its volume at the initiation of treatment, 
(event-free survival (EFS), and percent tumor regression. 
Also recorded was the day where tumor could be detected 
following complete regression. Complete regression (CR; 
defined as tumor volume < 40 mm3, the level of detection), 
and maintained CR (MCR) was defined as tumor volume 
< 40 mm3 at week 20.

Formulation and treatment

PLX038A was provided as a solution in isotonic acetate 
buffer (pH 5.0; 143 mM NaCl, 20 mM NaOAc) and con-
tained 8.2 mM SN-38 equivalents (2.1 mM conjugate; 4 
equivalent SN-38 molecules/conjugate). Mice received a 
single administration of 120 μmol/kg (14.6 mL/kg; IP) when 
tumor volumes were 260–370 mm3. Responses to PLX038A 
were compared to historical results for ten xenograft models 
treated with two cycles of irinotecan (2.5 mg/kg (days 1–5 
and 21–25).

Pharmacokinetics

The synthesis and murine pharmacokinetics of PLX038A 
and PLX038 have been presented previously [19]. PLX038A 
was designed to mimic the human pharmacokinetics 
of PLX038 in mice. This optimization was required to 

compensate for the faster intrinsic clearance of PEG con-
jugates in mice. Since the  t1/2β for PLX038 and PLX038A 
is 115 h (human) and 17 h (mouse), respectively, the rate of 
SN-38 release must be adjusted accordingly. A single admin-
istration of PLX038A (120 μmol/kg) was calculated to give 
adequate exposures of SN-38 over ~ 1 week.

Genomics analysis

DNA, RNA sequencing, Illumina BeadChip experiments 
were performed elsewhere [20] as part of the PPTC, accord-
ing to the manufacturer-recommended protocols. Briefly, 
paired-end sequencing was performed on DNA samples 
by Baylor College of Medicine Human Genome Sequenc-
ing Center using Illumina cBot cluster generation system 
with TruSeq PE Cluster Generation Kits. Whole transcrip-
tome RNA sequencing was performed using total RNA. For 
both DNA and RNA sequencing data, mouse reads were 
computationally removed before mutation calling and gene 
expression quantification. All high-level data have been 
described and are available on pedcbio portal (https ://pedcb 
iopor tal.org/, under study “Pediatric Preclinical Testing 
Consortium”).

Among the models tested, six were considered excep-
tional responders (MCR at 140 days) and six poor respond-
ers (EFS < 5 weeks) (Table 2). Mutation data for all 12 mod-
els were available and were compared with Fisher’s exact 
test. Thresholded gene copy number matrix from GISTIC 
analysis [21] was used to identify genes with differential 
copy number status between the two groups for the 11 mod-
els that had copy number data available (excluding KT5). 
Fisher’s exact test was applied similarly, followed by mul-
tiple testing adjustment with false discovery rate. Gene set 
enrichment analysis (GSEA) was used to compare pathway 
expression between the two groups [22] with five models 
in each. KT5 and RBD-1 did not have expression data, thus 
were excluded from this analysis.

Results

Selection of tumor models

The study had two main objectives: first, to determine the 
feasibility of the ‘single-mouse experimental design’ and 
second, whether this experimental design would identify 
tumor models with a spectrum of sensitivities to PLX038A 
that could reveal molecular characteristics associated 
with intrinsic sensitivity or resistance. Thus, models were 
selected where there were no prior data with irinotecan. 
However, as an approach to validating the single-mouse 
experimental design, we included 11 models where there 
were recently derived data for single agent irinotecan, but 
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using conventional testing (i.e., ten mice per treatment 
group). The underlying rationale was that if the ‘single-
mouse’ data were valid there would be a correlation between 
model responsiveness to PLX038A with model responsive-
ness to irinotecan, a drug which has the same mechanism 
of action. Models used were selected independent of any 
molecular features. Characteristics of the 32 xenograft mod-
els are summarized in Table 1.

Evaluation of PLX038A

PLX038A was administered one time at a dose of 
120  μmol/kg by intraperitoneal injection. Volume of 
tumors was determined on the day of treatment, and at 
7-day intervals for a planned 20 weeks. There was one 
death: the mouse bearing Rh28 tumor died at day 21, prob-
ably not drug related. All data for Rh28 (both PLX038A 
and for irinotecan) have been excluded from analysis. 

Growth curves for each of the remaining 30 xenograft 
models are shown in the spider plot, Fig. 1. Only two 
models progressed without an initial shrinkage of vol-
ume, S12-6321 and Rh10. For tumors where PLX038A 
induced volume regression, the nadir occurred between 
day 7 and day 28 following drug administration (median 
day 7). Thirteen models regressed to below the level of 
detection (~ 40 mm3; 100% regression), with 12 additional 
models meeting criteria for partial response (≥ 50% vol-
ume regression but > 40  mm3), as shown in the ‘waterfall’ 
plot, Fig. 2a. Six models showed no disease at 20 weeks 
(Rh36, EW8, KT5, KT11, KT12 and TC-71). At week 20, 
KT16 xenografts were measurable, but had not reached 
event at time of terminating the experiment (week 20), 
shown in the ‘swimmer plot’, Fig. 2b. There were eight 
models where EFS was < 5 weeks (ES1, ES4, CHLA258, 
Rh10, Rh30, Rh41, RBD-1 and S12-6321).

Table 2  Genomic characteristics with respect to response to PLX038A

ND not determined
a Data from the Pediatric Preclinical Testing Program (TARGET) or Pediatric Preclinical Testing Consortium (Maris) data sets deposited at https 
://pedcb iopor tal.org [26]
b FPKM, Fragments Per Kilobase of transcript per Million mapped reads, data from the Pediatric Preclinical Testing Program (TARGET) or 
Pediatric Preclinical Testing Consortium (Maris) data sets deposited at https ://pedcb iopor tal.org [26]; DDR, DNA damage response genes
c Mt TP63(G541S)

Response classification EFS (days) TP53 status DDR gene coding  mutationsa,b Other characteristics

ABCB1  FPKMb ABCG2 FPKM

MCR at day 140
Rh36 > 140 Wild type 53BP1 (P1565fs) 0 0.0058413
EW-8 > 140 Mutant (Y220C) 53BP1 (R1911K) 0 0.63868
KT5 > 140 Wild type ND ND
KT11 > 140 Wild type 0.322181 0.0122848
KT12 > 140 Wild type 0.0308 0.0971676
TC-71 > 140 Mutant (R213X) 53BP1 (M521L) 0.025247 0.217179
CR with recurrence by day 140
SKNEP-1 38 Mutant (G245S) FANCA (M415I) 0 0.00584
RBD-2 38 Wild type 0.11352 0.337757
Rh65 73 Wild type 0 0.0164548
NCH-EWS-1 59 Wild type ND ND
SMS-CTR 52 Mutant ND ND
Rh30 32 Wild type 0 0.0066162
KT10 38 Wild type PALB2 (Y1108fs) 0.240029 0.0175957
KT16 140 Wild Type BRCA1 (N810Y) ND ND
EFS < 5 weeks (poor responders)
ES-1 24 Mutant 0 0.00516286
ES-4 24 Wild type 0
Rh41 24 Mutant (p20-24del) 0.0401313 0.159367
RBD-1c 32 Wild type ND ND
S12-6321 32 Mutant (S183*) 27.6374 3.94092
Rh10 32 Wild type 0 0.00582257
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Endpoint criteria: tumor regression vs EFS

Clinical criteria used in RECIST assessment use tumor 
regression and time to event as indicative of antitumor 
activity of an agent/regimen. Clearly, a single administra-
tion of PLX038A was effective at causing regression of most 
tumor models. However, how relevant initial regression is 
to outcome (EFS) is less clear (r2 = 0.2293). The relation-
ship between initial tumor regression and EFS is shown in 
Fig. 2c. Tumors that had the greatest regression (i.e. 100%) 

tended to have the greatest EFS; however, the relationship 
is complex with some models regressing completely, but 
recurring rapidly and having relatively short EFS. For 13 
tumors that regressed below the level of detection, the range 
of EFS was from 38 to > 140 days, and time to first detection 
of tumor following CR ranged from 14 to > 140 days. For 
eight xenograft models that had CR but recurred, the time 
to event from the first detection of recurrent tumor ranged 
from 9 days (SMS-CTR) to 46 days KT10, (median 25 days), 
indicating a range of regrowth rates, independent of the ini-
tial response to PLX038A.

Tumor sensitivity to PLX038A vs irinotecan

PLX038A is a controlled release form of SN-38, the active 
metabolite of irinotecan; hence, both agents have the same 
mechanism of action, although very different pharmacoki-
netics [19]. We, therefore, sought to determine whether there 
was a correlation between the responses to each agent within 
the panel of tumors used for the single-mouse experiment 
and in a subset of ten tumor models where evaluation of 
irinotecan used conventional testing (ten mice per treatment 
group). In these studies, irinotecan had been administered 
at 2.5 mg/kg daily for 5 days, with the cycle repeated at 
day 21. This dose of irinotecan generates SN-38 exposures 
relevant to exposure in children administered 50 mg/m2 
daily for 5 days in each cycle of treatment. As shown in 
Fig. 3a, there is a correlation between the event-free survival 
for irinotecan [EFS(IRN)] and that induced by PLX038A 
[EFS(PLX038A)]; however, the relationship is somewhat 
obscured by the very high EFS induced by PLX038A in the 
KT11 (Wilms tumor) model. Removing the KT11 ‘outlier’ 
improved the correlation coefficient (Fig. 3b; r2 = 0.6844).

Fig. 1  Responses of 31 individual xenograft models in mice treated 
with a single administration of PLX038A. Tumor diameters were 
measured weekly until tumor reached endpoint criteria (fourfold vol-
ume at day of treatment) or day 140 when experiments were termi-
nated

Fig. 2  a ‘Waterfall’ plot showing the maximal tumor volume regres-
sion (100% is a volume below level of detection ~ 40  mm3) in mice 
treated with a single administration of PLX038A; b “Swimmer’ 
plot showing the EFS for 31 xenograft models in treated xenografts. 
Tumors marked with an asterisk are those where there was no detect-

able tumor at termination of the experiment at day 140. c The rela-
tionship between the maximal tumor volume reduction and EFS for 
31 xenograft models in mice treated with PLX038A (r2 = 0.2293). 
Arrows mark overlapping coordinates for SK-NEP-1 and RBD-2 [day 
38] and Rh36, EW-8, TC-71, KT5 and KT11 [day 140])
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Molecular correlates with sensitivity

The ‘single-mouse’ experimental approach potentially 
offers an advantage of allowing evaluation of a drug 
against a large panel of models within any particular 
cancer histology, or between histology’s, facilitating the 
potential to identify ‘extreme responders’ that may be 
valuable in identifying biomarkers of drug sensitivity or 
resistance. Within the panel of xenografts, six models had 
EFS > 140 days (exceptional responders) and conversely, 
six models where EFS was less than 5 weeks (intrinsi-
cally resistant models). We did not observe any gene that 
demonstrated significant copy number differences between 
the two groups. However, we found p53 binding protein 
1 (53BP1) nonsynonymous mutations (two missense and 
one frame-shift) in 3 of the 6 models that remained in 

CR at day 140, compared to none in the six tumors with 
an EFS less than 5 weeks (P value 0.18, Fisher’s exact 
test; Table 2). Among the three mutants, two (EW8 and 
TC-71) have mutated TP53 whereas TP53 is wild type in 
four models (Rh36, KT5, KT11, KT12). The other two top 
differentially mutated genes were NPHP4 and HMCN1, 
both had mutations in three responder cases but none in 
six resistant models (Fig. 4).

We next compared gene expression of resistant and sen-
sitive models. KT5 from the sensitive group and RBD-1 
from the resistant group were dropped due to lack of 
expression data. Gene Set Enrichment Analysis (GSEA) 
revealed DNA mismatch repair and replication pathways 
were upregulated in the resistant group with borderline 
statistical significance (nominal P values 0.08 and 0.15, 
respectively) (Supplementary Fig.  1), corroborating 

Fig. 3  a The relationship between EFS determined after irinotecan 
[2.5 mg/kg daily × 5; EFS(IRN)] and EFS following a single admin-
istration of PLX038A (EFS[PLX038A]). KT11 xenografts are iden-

tified as an outlier sensitive to PLX038A. Data for irinotecan are 
median EFS for groups of 10 treated mice; b the same data without 
KT11 (r2 = 0.6844)

Fig. 4  Differentially mutated genes between resistant and sensitive tumors. Solid black cell indicates a non-synonymous mutation. The three 
genes shown in the heatmap have the most significant P values (P = 0.18) from Fisher’s exact test without reaching statistical significance



258 Cancer Chemotherapy and Pharmacology (2020) 85:251–263

1 3

the observation from mutation data that DNA damage 
response might be a marker for responses to PLX038A.

There were nine models where PLX038A induced a CR, 
but where tumors recurred within the 120-day period of 
observation. Of these only two (SMS-CTR [23], SKNEP-
1) have mutant TP53; SKNEP-1 also has a potentially del-
eterious mutation in FANCA (M415I). SMS-CTR was not 
sequenced as part of the PPTC effort. The TP53 status for 
SMS-CTR has not been determined. The other seven models 
have wild-type TP53.

The drug transporters, ABCB1, which encodes P-glyco-
protein, and ABCG2, which encodes BCRP, have both been 
implicated in resistance to camptothecin drugs [24, 25]. 
Hence, it was of interest to determine whether the levels 
of expression of these transporters correlated with intrinsic 
sensitivity or resistance of the tumor models to PLX038A. 
Expression (mRNA) of these transporters was available for 
14 models (Table 2) from the Pediatric Preclinical Testing 
Consortium (PPTC) database: https ://pedcb iopor tal.org [26]. 
Of interest, with one exception (S12-6321), expression of 
both transporters was very low or not detected, irrespec-
tive of the sensitivity of the tumor model to PLX038A. 
For ABCB1, levels ranged from 0.00 to 0.322 FPKM and 
for ABCG2, from 0.00516 to 0.6387 FPKM. In contrast, 
for S12-6321, mRNA levels for ABCB1 and ABCG2 were 
27.637 FPKM and 3.940 FPKM, respectively.

Discussion

Compared to adult cancers, most pediatric malignancies 
have very few coding mutations [27]. However, genomic 
and other molecular profiling has revealed the molecular 
heterogeneity of many pediatric cancers. Thus, while the 
mutation load for pediatric cancers is low in terms of coding 
mutations per Mb, pediatric cancers are driven by a range 
of molecular aberrations, and it is estimated that nearly 50% 
harbor a potentially druggable event [27]. For neuroblas-
toma, a subset of patients have ALK mutations that drive 
the genesis of disease that can be targeted by ALK inhibitors 
[28, 29], and mutations in the RAS pathway are more fre-
quent at relapse following chemotherapy [30]. For pediatric 
brain tumors, medulloblastoma can be classed into four main 
subgroups based upon molecular characterization [6]. One 
subgroup is characterized by activation of the sonic hedge-
hog pathway, and some patients have benefitted from treat-
ment with smoothened inhibitors; however, not all patients 
respond [31]. Low-grade glioma (LGG), the most frequent 
brain tumor in children, is characterized by aberrant BRAF 
signaling, and drugs such as selumetinib or dabrafenib 
have significant clinical activity [32–34]. However, in the 
phase II trial of selumetinib, while very few patients with 
either BRAF-driven LGG of NF1-driven neurofibromatosis 

progressed on treatment, only 40% achieved criteria for par-
tial response. Hence, even with druggable aberrations, there 
is a diversity of responses that may be conferred by addi-
tional mutations or epigenetic changes that are currently not 
understood. Other frequently occurring genetic changes are 
anaplasia and TP53 mutations mark high-risk Wilms tumors 
[35, 36] and RAS mutations characterize most of the high-
risk embryonal rhabdomyosarcomas [3]. Consequently, at a 
preclinical level, to adequately represent any clinical entity 
with reasonable expectation of including its genetic diversity 
requires generation of many preclinical models.

The experience in adult oncology trials of BRAF or MEK 
inhibitors in BRAF-mutant melanoma or colon carcinoma 
demonstrates that factors other than the driving mutation 
may influence response to therapy [37, 38]. Hence, accu-
rately modeling these diseases may be valuable in iden-
tifying effective therapeutic combinations, or molecular 
characteristics that accurately predict patient response to 
therapeutics. However, to model the heterogeneity of any 
clinical disease will require establishment of adequate mod-
els, and an experimental design that can accommodate test-
ing. The number of models required to represent a clinical 
entity will be dependent on the genetic heterogeneity, and 
the NCI-supported PDXNet is an attempt to generate and 
characterize a large number of patient-derived xenografts, 
organoid and 3D culture lines (https ://www.pdxne twork 
.org). For pediatric cancers that lack the genetic instabil-
ity that characterizes many adult malignancies, the num-
bers of models to represent a disease entity may be smaller, 
although it is important to model tumor at diagnosis and 
also relapse.

Recent changes in regulatory statutes under the Research 
to Accelerate Cures and Equity for Children Act (RACE 
for Children Act), part of the FDA Reauthorization Act 
(FDARA), require FDA to develop a list of molecular tar-
gets and molecular targets of new drugs and biologics in 
development that are determined to be substantially relevant 
to the growth and progression of pediatric cancer, and that 
may trigger the requirement for pediatric investigations. 
The intent is to engage Pharma in pediatric testing at an 
earlier stage in drug development (https ://www.fda.gov/
about -fda/oncol ogy-cente r-excel lence /pedia tric-oncol ogy). 
As discussed above, all tumors having a similar molecular 
characteristic (e.g., BRAFV600E or ALK mutation) do not 
respond equally, and this was clearly demonstrated in the 
recent phase II evaluation of the MEK inhibitor, selumetinib, 
in pediatric low-grade glioma [34]. Thus, many PDXs may 
be required to accurately recapitulate the clinical heteroge-
neity/drug responsiveness in diseases that exhibit the char-
acteristics identified by FDA. Testing using conventional 
experimental designs will undoubtedly strain current testing 
resources; hence, the use of the single-mouse design, pre-
sented here, offers one potential solution.
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Researchers at Novartis first proposed using multiple 
models of melanoma in individual mice as a preclinical 
approach to simulating clinical diversity [12]. Our retrospec-
tive analysis of 10 years of screening for the PPTP indi-
cated that with a few exceptions, models would give similar 
data whether one or ten mice per treatment group (for solid 
tumors or eight mice per treatment group for leukemias) 
were used [10]. In this retrospective study, the single mouse 
accurately predicted group median response in 78% of 
experiments, and if one allowed a deviation of one response 
classification, the prediction success was ~ 95%.

To test the feasibility and validity of the single-mouse 
experimental design, we prospectively evaluated a 
PEGylated-SN38 polymer that releases SN-38 at a con-
trolled rate and potentially has greater selectivity through 
enhanced permeability and retention (EPR) properties [39, 
40]. The single-mouse data was compared to a data set 
derived using ten mice per group that evaluated irinotecan 
(2.5 mg/kg daily × 5 with treatment repeated at days 21–25) 
in a subset of models common to both studies. The antitumor 
activity of both agents is via SN-38-generated poisoning of 
topoisomerase I, and generation of DNA single- and double-
strand breaks [41, 42]; thus, it was anticipated that there 
would be a correlation between responses of tumors to both 
agents, if the single-mouse design was accurate. However, 
as the dosing or exposures to irinotecan were different from 
PLX038A, it was not anticipated that the results from the 
two agents would be the same in terms of tumor regression 
or EFS. We compared ten models where there were data for 
irinotecan and PLX038A. Only one tumor model was an 
outlier (KT11), in that it was far more sensitive to PLX038A 
than to irinotecan. By omitting KT11 from the analysis, the 
relationship between EFS induced by either drug improved 
(r2 = 0.6844).

Camptothecin-based topoisomerase I poisons are effective 
in the treatment of some pediatric sarcomas [15, 43], Wilms 
tumor [44] and other childhood malignancies [45] alone, 
or in combination with other cytotoxic agents [15, 43, 46, 
47]; thus, the marked antitumor activity of PLX038A was 
anticipated. The pediatric cancer models used in this study 
were highly volume responsive to PLX038A; hence, this 
gave an opportunity to determine whether initial response, in 
terms of tumor regression, correlated with EFS. Put another 
way, could initial volume response be used to predict out-
come (EFS). Although there is a relationship, it is relatively 
poor, with EFS ranging from 38 to 140 days for tumors that 
initially regressed below the volume for detection. This dis-
cordance does not appear to be caused by the intrinsic rate of 
growth of each tumor model, based on EFS times for control 
tumors in the irinotecan cohort. This raises the question as to 
which endpoint is most valuable to use in preclinical studies. 
Clearly, with these volume-responsive tumor models, there 
is a poor relationship between volume regression and EFS 

that is largely independent of tumor growth rate. This may 
be a consequence of inadequate sensitivity for tumor meas-
urements, as volume measurements do not accurately reflect 
log cell kill. We have defined EFS as the time at which a 
tumor reaches fourfold the volume at the beginning of treat-
ment. This metric can be used whether a tumor regresses or 
progresses on treatment. An alternative would be to assess 
time to progression (PFS, i.e., the day when tumor becomes 
measurable) for tumors where there is CR of disease follow-
ing treatment. However, the advantage of EFS over PFS is 
that with EFS, there is a period for continued tumor growth 
measurement that gives confidence that this is tumor recur-
rence, and not detection of some fibrotic tissue at the site 
of the original tumor. Determining EFS is also valuable for 
calculating log cell kill induced by treatment [48], although 
the single-mouse experimental design does not have a ‘con-
trol’ from which to calculate growth rate. However, for mod-
els that have consistent growth characteristics, growth rates 
from historical cohorts may prove adequate.

The single-mouse experimental design allows for a large 
number of tumors to be evaluated; hence, offers an oppor-
tunity to relate molecular features in characterized tumor 
models with drug sensitivity. In the current study, we used 
baseline genomic and expression profiles derived from 
PDX models that were derived at different stages of disease 
and treatment (diagnosis, recurrence, relapse) sequenced 
as part of the Pediatric Preclinical Testing Consortium 
(PPTC). Thus, in these tumors, mutations and gene expres-
sion profiles represent those in the control situation for 
the current therapeutic study (i.e., these data were derived 
before PLX038A or irinotecan treatment in mice). We were 
able to identify six xenograft models where EFS was less 
than 5 weeks (intrinsically resistant) and six exceptional 
responders (EFS > 140 days) using the uniform clinical end 
points, and eventually compared tumors from ten models for 
genomic correlates with response to PLX038A. While the 
number was still too small to pinpoint the molecular feature 
associated with drug sensitivity, our results suggested the 
mouse models we used can recapitulate drug response phe-
notypes from histology or even other topoisomerase inhibi-
tors evidenced by the identification of genes implicated in 
driving distinct responses to this class of agents.

In this study, we used models representing several histol-
ogy’s (sarcoma, brain tumors, Wilms/rhabdoid) to demon-
strate the feasibility of conducting single-mouse studies. We 
speculate that the single-mouse model design is a key as it 
allows for the inclusion of tumors with different histology 
thus effectively minimizes confounding tissue effects. Alter-
natively, conducting such studies utilizing, say, thirty RAS-
mutant embryonal rhabdomyosarcomas may reveal a range 
of sensitivities to MAPK inhibitors, and allow a greater 
understanding of associated genetic/epigenetic change that 
correlate with tumor sensitivity. Results presented here raise 
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a testable hypothesis that p53-binding protein 1 (53BP1) 
inactivating mutations are a useful biomarker for responses 
to PLX038A. In support of this contention, it is known that 
53BP1 is involved in hyperphosphorylation of replication 
protein A (RPA2) following DNA damage, and inhibition 
of 53BP1 function can sensitize cells to topoisomerase I 
poisons such as camptothecin [49]. Further investigation 
of 53BP1-mediated DNA damage repair and PLX038A-
induced cell death may provide new insights into how these 
two pathways are interlinked and how this interaction can 
be exploited clinically.

Preclinical studies identified irinotecan as an active agent 
for treatment of several pediatric solid tumors [50, 51], and 
that antitumor activity was optimal when irinotecan was 
administered over a protracted period. Currently, for pedi-
atric indications, clinical administration of irinotecan is by 
short infusion daily for 5 days at 50 mg/m2/day (Children’s 
Oncology Group), or for 5 days on two consecutive weeks at 
20 mg/m2/day (St. Jude schedule). Alternatively, irinotecan 
is administered orally for five consecutive days at 90 mg/
m2, the higher dose reflecting the poor oral bioavailability 
of irinotecan both in mice and patients [52, 53]. In con-
trast, PLX038 is administered by infusion over 60 min every 
21 days, hence would be advantageous in terms of patient 
convenience and cost.

Following a single dose of PLX038A, 13 models (43%) 
were in PR (7) or CR (6) at week 3 following a single dose 
of PLX038A, and only four models (13%) had progressed 
(> 25% increase in tumor volume), with other tumor models 
representing stable disease (SD; < 25% progression, < 50% 
regression). Thus, 87% of models would have been eligible 
for further treatment if representing a patient in a clinical 
context. A comparison of the activity of PLX038A and cycle 
1 of irinotecan was available for 11 models. For PLX038A 
treatment, 7 (63%) had not progressed by day 21, hence 
would meet criteria for a second cycle of treatment. Analy-
sis of the day-21 status of tumors in the cohort treated with 
irinotecan (2.5 mg/kg daily × 5), prior to starting a second 
cycle of irinotecan therapy, shows that 6/11 (54%) models 
had progressed (> 25% increase in tumor volume over day 1 
of treatment), whereas five models (45%) had PR/CR. Thus, 
using ‘clinical’ criteria, in the cohort of 11 models with data 
from both treatments, mice bearing 63% of models would 
qualify for at least one further treatment with PLX038A, 
whereas following one cycle of irinotecan only 45% would 
meet criteria for treatment with cycle 2.

Future development of PLX038 may well be dependent 
on the demonstration of tolerability and activity in adult 
patients. Results presented here indicate that PLX038A in 
mice is highly active, and equal to or slightly superior to a 
single cycle of irinotecan. While it is accepted that mouse 
models can overpredict for activity in a clinical setting, iri-
notecan and PLX038A have the same mechanism of action; 

hence, it would be anticipated that PLX038 would have 
activity against many pediatric cancers shown to be respon-
sive to irinotecan. Future development in a pediatric setting 
would probably involve combining PLX038 with vincris-
tine, as an effective combination, as well as with radiation 
therapy. Further preclinical studies testing such combina-
tions may be valuable in advancing this agent to pediatric 
clinical trials.
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