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Abstract: Preclinical compounds tested in animal models often show limited efficacy when transitioned into human 
clinical trials. As a result, many patients are stratified into treatment regimens that have little impact on their dis-
ease. In order to create preclinical models that can more accurately predict tumor responses, we established pa-
tient-derived xenograft (PDX) models of colorectal cancer (CRC). Surgically resected tumor specimens from colorec-
tal cancer patients were implanted subcutaneously into athymic nude mice. Following successful establishment, 
fourteen models underwent further evaluation to determine whether these models exhibit heterogeneity, both at 
the cellular and genetic level. Histological review revealed properties not found in CRC cell lines, most notably in 
overall architecture (predominantly columnar epithelium with evidence of gland formation) and the presence of 
mucin-producing cells. Custom CRC gene panels identified somatic driver mutations in each model, and therapeutic 
efficacy studies in tumor-bearing mice were designed to determine how models with known mutations respond to 
PI3K, mTOR, or MAPK inhibitors. Interestingly, MAPK pathway inhibition drove tumor responses across most models 
tested. Noteworthy, the MAPK inhibitor PD0325901 alone did not significantly mediate tumor response in the con-
text of a KRASG12D model, and improved tumor responses resulted when combined with mTOR inhibition. As a result, 
these genetically diverse models represent a valuable resource for preclinical efficacy and drug discovery studies.

Keywords: Targeted therapies, translational models, colorectal cancer, patient-derived xenograft, AZD8055, 
BEZ235, PD0325901

Introduction

Transitioning basic research findings into clini-
cal advances has historically posed significant 
challenges, notably within the oncology field. 
While many anticancer therapeutics show 
favorable tumor responses in preclinical mod-
els, 95% of these preclinical compounds fail to 
perform better than standard of care when 
transitioned into human trials [1]. These out-
comes highlight the growing need for reliable 
preclinical models capable of accurately pre-
dicting therapeutic efficacy. Currently, the most 
common preclinical model is the subcutaneous 
cell line xenograft (XG) model, which relies on 
the propagation of well characterized human 
tumor cell lines in immunocompromised mice. 
While this approach allows many models to be 

established with relative ease, the two-dimen-
sional culturing has profound effects on overall 
gene expression, tumor heterogeneity, and 
other cellular properties [2-4]. As a result, these 
cell lines exhibit little resemblance to the origi-
nal parental tumors; a feature which greatly lim-
its the relevance of these models. 

To address this significant problem, patient-
derived xenograft (PDX) models have recently 
been developed. By direct use of surgically 
resected human tumor specimens, a larger per-
centage of the parental tumor’s heterogeneity 
is retained [5-7]. The composition of these 
tumors extends beyond the tumor bed to 
include critical stromal elements, which provide 
sustenance under periods of extensive growth. 
With the inclusion of support cells in the micro-

http://www.ajcr.us


Patient-derived xenografts of colorectal cancer

825 Am J Cancer Res 2014;4(6):824-837

environment, the PDX tumors more closely 
recapitulate the carcinomas from which they 
are derived; and by extension, provide a more 
predictive experimental model for evaluating 
therapeutic responses.

The National Cancer Institute (NCI) sponsored 
Pediatric Preclinical Testing Program (PPTP) 
was one of the first efforts that has demon-
strated the accuracy and utility of PDX models. 
The PPTP tested 75 PDX models to prioritize 
the transition of promising adult anticancer 
therapies from Phase I trials into a pediatric 
context [8, 9]. As a proof of principle, this work 
demonstrated that PDX models could mimic 
clinical responses when tested in a relevant 
disease context [9]. Furthermore, patients 
could be prospectively assigned to treatment 
strategies as a result of these preclinical com-
pound studies [10]. 

Given the initial successes using PDX models, 
an important focus is to develop models for dis-
eases where ineffective treatments exist. While 
many compounds have documented success in 
traditional preclinical models, efficacy is often 
lost when administered to cancer patients [11]. 
These inconsistencies underscore an unmet 
clinical need for more accurate models. 
Improving the spectrum of available preclinical 
models will significantly aid in combating cur-
rent limitations of primary therapies. 

As the second leading cause of cancer related 
deaths in the United States, CRC remains a 
substantial clinical problem. The American 
Cancer Society (ACS) projects 136,830 
Americans to be diagnosed with CRC in 2014 
[12]. While five-year survival rates remain high 
for patients diagnosed in the early stages of 
disease, a stage IV diagnosis reduces survival 
to below 10% [13]. More recently, molecularly 
targeted therapies are becoming standard of 
care for advanced CRC. Components of growth 
factor signaling, mainly vascular endothelial 
growth factor (VEGF) and epidermal growth fac-
tor receptor (EGFR), have been tested and 
approved [14, 15]. These inhibitors have been 
met with mixed results as only subsets of 
patients appear to benefit [15, 16]. A patient 
population of specific concern is those patients 
with KRAS mutations, as they exhibit drug 
resistance to most therapeutics [17-20]. The 
Ras family of small GTPases consists of three 
main members (KRAS, HRAS, and NRAS), which 
execute several cellular functions including pro-

liferation, differentiation and survival [21, 22]. 
Diverse extracellular stimuli are capable of initi-
ating this signal transduction cascade, most 
notably the EGFR [22]. 

Constitutive Ras activation is found in up to 
one-third of all cancer types, with dysregulation 
resulting in activated downstream signaling 
cascades, including the PI3K and MAPK path-
ways [23, 24]. Given the intractability of Ras as 
a therapeutic target, PI3K and MAPK signaling 
inhibition present promising alternatives to 
inhibit downstream targets [25-27]. In this 
study, we establish and characterize CRC PDX 
models in a concerted effort to provide more 
representative disease models. We evaluated 
the dual PI3K/mTOR inhibitor, BEZ235; the 
mTOR inhibitor, AZD8055; and the MEK inhibi-
tor, PD0325901, as single agents and in combi-
nations. While cell line xenografts have been 
used to test molecularly targeted agents in 
other disease contexts, the performance of 
these specific regimens has yet to be collec-
tively assessed with CRC PDX models [28-42]. 

Materials and methods

Patient tumor tissue

This study was approved by the Institutional 
Review Boards of Van Andel Institute and 
Spectrum Health Hospitals (Grand Rapids, MI). 
Written informed consent was obtained from all 
patients prior to enrollment with participation 
being contingent on two clinical parameters: 
patient 1) had confirmed or highly suspected 
primary colorectal cancer, and 2) was sched-
uled for surgical resection at Spectrum Health 
Hospital. All resected tumor specimens under-
went evaluation by a board-certified Spectrum 
Health Hospital pathologist. Based on final his-
topathological staging, patients were stratified 
into the appropriate clinical regimens. Following 
completion of these regimens, patients report-
ed back yearly for clinical evaluation. 

PDX cohort expansion

Athymic nude mice from the Van Andel 
Research Institute internal breeding colony 
were used in this study. All animal studies were 
handled in accordance with the guidelines pro-
vided by the Van Andel Institutional Animal 
Care and Use Committee (IACUC) with food and 
water available ad libitum. Patient-derived 
xenograft models were established by propa-
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gating patient specimens subcutaneously into 
the flank of gender matched athymic nude mice 
(described below). Mice were euthanized and 
tumors harvested in accordance with IACUC 
guidelines. 

Establishment of PDX models

Tumor specimens were placed into transfer 
media [RPMI 1640 media (Invitrogen, Carlsbad 
CA), 10% fetal bovine serum (Mediatech, 
Manassas, VA), 1% penicillin/streptomycin (Invi- 
trogen), and 50 units/mL Heparin (Sigma, St. 
Louis, MO)] and delivered to Van Andel Institute 
on ice within 30 minutes of resection. Tumor 
specimens were moved into individual petri 
dishes of sterile phosphate buffered saline 
(Invitrogen) and separated into ≤ 3 mm frag-
ments within one hour of receipt. Depending on 
the size of the specimen, up to five gender 
matched athymic nude mice were used for 
tumor propagation. Each mouse was treated 
with the analgesic ketoprofen (5 mg/kg body 
weight) with betadine (Purdue Products LP, 
Stamford, CT) being used to sterilize the right 
flank prior to surgery. While under isoflurane 
anesthesia, a subcutaneous pocket was subse-
quently created and the tumor fragment was 
inserted prior to closing with surgical staples. 
Postoperative care included daily animal moni-
toring for overall health and tumor growth. 
Tumor volumes were measured by calipers in 
three dimensions and calculated using the fol-
lowing equation: (½ x length x depth x height).  
Measurements were taken once weekly when 
tumor volumes ≤ 100 mm3 and three times 
weekly when > 100 mm3. In parallel with these 
measurements, weekly body weights were also 
recorded. Animals were maintained until tumor 
burden euthanasia criterion was met (tumor 
volume of ~1500 mm3); at which point, mice 
were euthanatized and tumors were aseptically 
harvested. The resected tumors from this group 
(denoted as the F0 generation) were then sub-
divided to allot material for both cryopreserva-
tion and subsequent propagation in vivo. 
Propagated fragments maintained dimensions 
below 3 mm in size and were conducted as 
stated above.

Histologic evaluation

Harvested tumors were immediately placed in 
10% formalin (Azer Scientific, Morgantown, PA) 
for 48 to 72 hours before being transferred into 

70% ethanol. Specimens were submitted to the 
Van Andel Research Institute histopathology 
core for immunohistochemistry using the 
Ventana Discovery XT immunostainer (Ventana 
Medical Systems, Tucson, Arizona). Samples 
were paraffin embedded and sectioned into 5 
μm slices. Serial sections were stained with pri-
mary antibodies against pERK-Y202/204 (Cell 
Signaling Technologies (CST, Danvers, MA) 
4376; 1:300), pS6-S240/244 (CST 2215; 
1:200), and Ki67 (AbCam (Cambridge, MA) 
833; 1:100), for 1 hour at the indicated dilu-
tions. UltraMap anti-Rabbit DAB (3, 3’-diamino-
benzidine) detection was followed by incuba-
tion with the counterstain hematoxylin (Ventana 
Medical Systems).

Mutational analysis of tumor DNA

Liquid nitrogen preserved murine tumor speci-
mens were mechanically dissociated and 
genomic DNA was subsequently isolated using 
the QIAamp DNA mini kit (Qiagen, Valencia, CA). 
Purity was determined by spectrophotometry 
with the A260/A280 ratios > 1.7. Amplification-
refractory mutation (ARM) designed primers 
against commonly mutated genes in colorectal 
cancer were ordered from Qiagen (catalog 
#SMH-021ARA) and used according to manu-
facturer’s instructions. Using an Applied Bio- 
systems 7500 real-time polymerase chain re- 
action (qRT-PCR) platform, the following proto-
col conditions were followed: a single DNA poly-
merase activation cycle at 95°C for 10 minutes 
followed by 40 two-step anneal and extension 
cycles (95°C for 15 seconds, 60°C for 1 
minute). 

Preclinical studies

F1 generation tumors of equivalent size (ap- 
proximately 3 mm in diameter) from two donor 
mice were implanted and monitored, as 
described above, into gender-matched athymic 
nude mice. Once tumor volumes reached 400 
mm3, animals were randomly assigned into the 
following treatment arms: vehicle (1% carboxy-
methyl cellulose), AZD8055 (20 mg/kg body 
weight), BEZ235 (40 mg/kg body weight), 
PD0325901 (20 mg/kg body weight), AZD8055 
+ PD0325901 (20 mg/kg of each compound), 
or BEZ235 + PD0325901 (40 mg/kg and 20 
mg/kg, respectively). All drug regimens were 
administered daily by oral gavage for five con-
secutive days followed by two days off. Animals 
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were continually monitored for changes in 
tumor volume, overall health, and body weight 
throughout the study. This regimen was contin-
ued for a total of 21 days at which point all 
remaining animals were euthanatized and the 
tumor tissue was divided for snap freezing and 
fixation. Percent change was calculated for all 
experimental groups using the following formu-
la: [(Day 21 tumor volume - Day 0 tumor vol-
ume)/Day 0 tumor volume x 100]. The percent 
change in the experimental groups was then 
compared to the vehicle control using the fol-
lowing equation: [(Overall percent change 
experimental-overall percent change vehicle)/
overall percent change vehicle x 100].

Molecularly targeted therapeutics

AZD8055 is an inhibitor of mammalian target 
of rapamycin (mTOR) kinase with high selectivi-
ty [32]. BEZ235 targets the phosphoinositide 
3-kinase (PI3K) and mTORC1/mTORC2 com-
plexes [35]. PD0325901 selectively inactivates 
the mitogen-activated protein kinase kinase 
(MAPK/ERK kinase or MEK) [43]. AZD8055 
and BEZ235 were purchased from Selleck 
Chemicals (Houston, TX), while PD0325901 
was purchased from LC Laboratories (Woburn, 
MA). All compounds were directly diluted in 
aqueous 1% carboxymethyl cellulose solution 
(Sigma, St. Louis, MO) and administered orally 
via gavage in 100 μL volumes.

Tumor volumes were analyzed employing a 
repeated measures ANOVA model using SAS 
(Statistical Analysis Software) 9.3 (SAS Institute 
Inc., Cary, NC). SAS’s PROC MIXED was used to 
fit a linear mixed model to examine the varying 
treatment effects over time on tumor volume 
data, with a random effect accounting for 
mouse-specific variation. Relevant 95% confi-
dence intervals were constructed using the 
LSMEANS statement to determine the treat-
ment effectiveness on tumor volume over time. 
Significance was defined as follows: *p < 0.05, 
**p < 0.01, and ***p < 0.001.

Results

Establishment of CRC PDX models

Sixteen CRC PDX models were successfully 
engrafted using subcutaneous transplantation 
as described above. Patient demographic infor-
mation for these established xenografts can be 
found in Table 1. All specimens that had suc-
cessful initial transplants into mice had suc-
cessful propagation into subsequent mice. To 
be classified as a successful engraftment, 
models had to exhibit entry into log growth with-
in six months for two distinct experimental cri-
teria: 1) upon transplant of human tumor into 
the donor mouse, and 2) upon transplant of a 
cryopreserved tumor fragment into the recipi-
ent. While these specimens reflected a range of 
histological stages, no obvious correlations 

Table 1. Summary of patient demographics
Model ID Gender Age Histopathological Grade Recurrence
CRC02 F 77 pT3, pN1, pMX --
CRC06 F 79 pT4, pN1, pMX Year 1
CRC09 F 49 pT4, pN2, pMX --
CRC10 F 80 pT3, pN0, pMX --
CRC12 F 75 pT3, pN0, pMX --
CRC14 F 52 pT3, pN2, pM0 --
CRC17 F 61 pT3, pN0, pMX Year 2
CRC18 F 82 pT1, pN0, pMX --
CRC19 F 70 pT4, pN2, pM1 Year 2
REC02 M 66 pT3, pN0, pMX Year 2
REC09 F 83 pT3, pN1, pM0 **
REC12 F 41 pT2, pN0, pM1 Year 1
REC16 M 72 pT1, pN0, pMX --
REC19 M 74 pT3, pN1, pMX --
Abbreviations: T, tumor staging; N, degree of spread to regional lymph 
nodes; M, presence of distant metastasis; X, undetermined. **Un-
known; no follow-up records available.

Calculation of proliferation indices

Representative Ki67 stained sections 
from each treatment group were 
scanned using the Aperio ScanScope 
CS and associated software Image- 
Scope (Buffalo Grove, IL) for calcula-
tion of proliferative indices. Six repre-
sentative 100x magnification fields 
were selected and captured in blinded 
fashion from each slide by a certified 
pathologist. Total nuclei were counted, 
and two scorers counted and scored 
positively stained tumor nuclei. Com- 
bined proliferation index (% of Ki67+ 
tumor nuclei/total tumor nuclei) was 
calculated, and selected fields were 
tabulated for each group. A prolifera-
tion index of 15% or above was desig-
nated as highly proliferative [23-26]. 

Statistical analysis
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between successful propagation and tumor 
grade were observed. This provided the frame-
work for the workflow diagrammed in Figure 
1A. 

Characterization of CRC PDX models

Tumors were excised and subsequently utilized 
to determine the histological and genomic pro-
file of each model. Hematoxylin and eosin 
(H&E) stained sections were observed for over-
all morphology. Across three randomly selected 
models, hallmarks of clinical colorectal adeno-
carcinoma were observed (Figure 1B). More 
specifically, these features included gland for-
mation (subpanels i), mucin-producing cells 
(subpanels ii), and the presence of columnar 
nuclei with luminal orientation (subpanels iii). 
Evidence also suggested an active stromal 
compartment. These features represent clini-

cally noted attributes of CRC conserved upon 
transition from a human to murine host.

Following establishment of these models, we 
initiated an exploratory drug study to identify 
signaling nodes that may be of clinical value. 
Appropriate models were selected using cus-
tom somatic mutation gene panels. These 
results highlighted the PI3K and RAS signaling 
axes as most prevalent across the PDX models 
(Figure 1C). Identified variants were restricted 
to a set of five genes: APC, BRAF, KRAS, 
PIK3CA, and TP53, all of which occur with some 
frequency in CRC (Table 2). Within these mod-
els, the most frequently observed mutations 
were BRAFV600E and PIK3CAH1047R. These altera-
tions are known oncogenic drivers and dramati-
cally elevate the catalytic activity of both kinas-
es thereby promoting constitutive activation of 
downstream pathways (e.g. MAPK and mTOR). 

Figure 1. PDX model characterization. A. Schematic representation of workflow in PDX establishment. B. Represen-
tative H&E images from randomly selected models illustrated clinical hallmarks of colorectal cancer. These included 
evidence of gland formation (i), mucin producing cells (ii), and columnar epithelium (iii). Scale bars indicate 50 μm. 
C. Using isolated tumor DNA from all models, eighty-five mutations (x axis) were profiled on the somatic mutation 
PCR panels directed against common mutations in APC, BRAF, CTNNB, FBXW7, KRAS, PIK3CA, SRC, and TP53. 
Each detected mutation is indicated as a peak along with gene symbol, coding change, and mutation. 
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KRAS mutations were also documented, most 
of which occurred at known hotspot regions in 
codon 12 [44]. While alterations to APC were 
less frequent, all observed APC variants were 
associated with truncation events as is com-
mon in humans with APC mutations [44]. 
Finally, the incidence of TP53 alterations repre-
sented the most infrequent mutation within 
these models. Despite the vast genomic het-
erogeneity within CRC, the mutations detected 
within these PDX models overlapped with com-
mon mutations found in patients, making these 
models well suited for therapeutic efficacy 
tests. Additionally, these mutational profiles 
provide preclinical CRC models for which PI3K, 
mTOR, and MAPK pathway inhibition is rele- 
vant. 

CRC PDX preliminary drug efficacy studies

Following review of the mutational data, three 
individual models (COL02, COL18, and REC12) 
were selected for subsequent enrollment in a 
drug treatment study to investigate the effects 
of PI3K, mTOR, and/or MAPK pathway inhibi-
tion. Models were selected for varying levels of 
genetic complexity to best examine subtleties 
in drug efficacy when distinct signaling path-
ways become dysregulated. COL18 had no 
detectable mutations, while COL02 had muta-
tions to both BRAF (V600E) and PIK3CA 
(H1047R), and REC12 possessed a single 
mutation to KRAS (G12D). This genomic infor-
mation was integrated with Kyoto Encyclopedia 
of Genes and Genomes (KEGG) to formulate 
pathway-specific treatment strategies (Table 
3). Treatments consisted of an ATP-competitive 
mTOR inhibitor (AZD8055), a dual PI3K/mTOR 
inhibitor (BEZ235), or a MEK inhibitor 
(PD0325901). In addition, we evaluated combi-
nation mTOR/MEK (AZD8055 + PD0325901) 
and PI3K/mTOR/MEK inhibition (BE-Z235 + 
PD0325901). Drug dosing regimens were 

signaling with AZD8055 had a more pro-
nounced effect on slowing tumor growth than 
did combined PI3K/mTOR inhibition with 
BEZ235. Treatment of these same models with 
the MEK inhibitor, PD0325901, had striking 
effects on reducing overall tumor volumes 
(Figure 2A, 2B). This result was not seen with 
the REC12 model, which contained a KRAS 
G12D mutation (Figure 2C). In fact, all single 
agents had little impact on tumor growth in the 
REC12 model. It is worth noting that this model 
was derived from a patient that presented with 
aggressive disease and experienced relapse 
within a year of primary therapy. Given the 
potential effects of constitutive KRAS on both 
PI3K and mTOR, activation of these pathways 
was determined by immunohistochemistry 
(IHC) in vehicle treated animals (Figure 2D-F). 
As expected, both MAPK and mTOR pathways 
were highly active as shown by pERK (T202/
Y204) and pS6 (S235/236) levels, while PI3K/
mTORC2 activity as measured by pAKT (S473) 
was more moderate. Upregulation of PI3K and/
or mTOR pathways, in conjunction with aber-
rant KRAS signaling, could have made tumors 
less dependent on any one of these mecha-
nisms for growth. For this reason, both PI3K 
(BEZ235) and mTOR (AZD8055) single agents 
were paired with PD0325901 to test the effi-
cacy of combination therapy within this KRAS 
G12D genetic context. In comparison to single 
agent treatment, both MEK combination thera-
pies produced heightened tumor responses 
(Figure 3A). Additionally, this translated into 
better overall survival, as the control group 
averaged tumor burdens requiring euthanasia 
by 14 days following treatment initiation. 

To summarize the tumor responses within this 
study, percent change in tumor volume from ini-
tial treatment (day 0) to the end of the study 
(day 21) was calculated and represented rela-
tive to vehicle controls. After three weeks of 

Table 2. Genetic alterations in CRC
Gene Clinically Reported Incidence1 PDX Model Identified Variants 
APC 70-80% R875*, R1450*
BRAF 5-10% V600E
KRAS 40% A146T, G12D, G12S
PIK3CA 15-25% E542K, E545K, H1047R
TP53 60-70% R282W
Abbreviation: *, truncation. Citation: 1Fearon ER: Molecular genetics of colorectal 
cancer. Annu Rev Pathol 2011, 6: 479-507.

established from laboratory kn- 
owledge and a thorough search 
of previously published work, 
and administered as indicated 
in Table 4 [45-48]. 

As shown in Figure 2A, 2B, 
COL02 and COL18 exhibited lit-
tle to moderate reductions in 
tumor growth with single agents 
targeted against mTOR and 
PI3K. In fact, inhibition of mTOR 
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therapy, all single agent therapies reduced 
tumor burden by approximately 35-40%, while 
both combined therapies decreased the best 
single agent response by an additional 25-35% 
(Figure 3B). Next, all collected data was fit to a 
mixed linear model to account for mouse to 
mouse variation, which enabled us to deter-
mine the statistical significance of differences 
in tumor volume. Confidence intervals of 95% 
were subsequently constructed and graphed. 
While no appreciable differences were obser- 
ved prior to treatment, all treatment regimens 
resulted in significant decreases in tumor grow- 
th. Both combination therapies significantly 
decreased tumor volume compared to vehicle 
controls after only 7 days of treatment (Figure 
3C). Single agents, BEZ235 and PD0325901, 

oncogenes on tumor responses to molecularly 
targeted agents.

REC12 cellular characterization studies

Tumor sections were analyzed by immunohisto-
chemistry for Ki67, a nuclear antigen present in 
actively proliferating cells. While Ki67 positivity 
was noted across all groups to varying degrees, 
proliferation indices were calculated to provide 
further clarity. The highest levels of prolifera-
tion were observed within the vehicle group 
where nearly 20% of all tumor cells were Ki67 
positive (Ki67+) (Figure 4A). In contrast, all 
treatment arms showed varying degrees of 
reduced Ki67 positivity. While tumor volumes 
reflected a dynamic range between single and 

Table 4. Xenograft dosing schedule
Agent Dose Route Schedule
AZD8055 20 mg/kg p.o. QD x 5
BEZ235 40 mg/kg p.o. QD x 5
PD0325901 20 mg/kg p.o. QD x 5
AZD8055 + PD0325901 20 mg/kg, 20 mg/kg p.o. QD x 5
BEZ235 + PD0325901 40 mg/kg (B), 20 mg/kg (P) p.o. QD x 5
Abbreviations: p.o., by mouth; QD, daily.

followed at 9 days, each hav-
ing equivalent effects on tu- 
mor volume until approximate-
ly day 14; at this point, BEZ- 
235-treated tumors exhibited 
renewed growth, while AZD- 
8055 treatment did not elicit 
statistically significant decre- 
ases until day 17 (Figure 3D). 
Taken together, these results 
illustrate the influence of driver 

Table 3. Druggable pathway nodes

Druggable Signaling Pathway Molecular Target 
(Gene Symbol)

Drug Name 
(Trade Names)

Company 
(Highest Trial Phasea)

PI3K-AKT Signaling PIK3CA BEZ235, 
BKM120 (Buparlisib), 
GDC-0941 (Pictilisib), 

PF-05212384, 
GDC-0980, 
GDC-0084, 
GDC-0032.

Novartis (2), 
Novartis (3), 

Genentech/Roche (2),
Pfizer (2),

Genentech/Roche (2),  
Genentech/Roche (1),  
Genentech/Roche (3).

mTOR Signaling MTOR AZD8055, 
RAD001 (Afinitor), 

Rapamycin (Rapamune), 
Temsirolimus (Torisel), 

BEZ235, 
MK8669 (Ridaforolimus).

AstraZeneca (1), 
Novartis (FDA), 

Pfizer (FDA),
Pfizer (FDA), 
Novartis (2), 
Merck (3).

MAPK Signaling MAP2K1, MAP2K2 PD0325901, 
Trametinib (Mekinist), 

GDC-0973 (Cobimetinib), 
AZD6244 (Selumetinib), 

MEK162 (ARRY-162), 
GDC-0623.

Pfizer (2),
GlaxoSmithKline (FDA), 
Genentech/Roche (3), 

AstraZeneca (3), 
Novartis (3), 

Genentech/Roche (1).
aTrial information reflects review of clinical postings from the NCI and NIH accessed in November 2014. These searches were 
done at both http://www.cancer.gov/drugdictionary and https://clinicaltrials.gov/ using drug names to identify the most 
advanced stage of past or current studies. 
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combination agents, the overall Ki67 prolifera-
tion indices were quite comparable. The combi-
nation of AZD8055 and PD0325901, or the 
combination of BEZ235 and PD0325901 
showed low proliferative indices at 4.0% and 
4.4%, respectively (Figure 4B, 4C). 

To determine the impact of these compounds 
on their molecular targets, we assessed activi-
ty of PI3K/mTORC2 (pAKT-S473), mTOR (pS6-
S240/244), and MAPK (pERK-Y202/204) ac- 
ross all treatment groups. Control treated ani-
mals exhibited strong pAKT and pS6 staining 
within the tumor compartment (Figure 5A, 5B, 
top panel). Positivity was also identified within 
selective areas of the stroma. In contrast, 
tumors from combination treatment arms 
showed overall reductions in abundance and 
intensity of both pAKT and pS6 (Figure 5A, 5B, 
middle-bottom panels). As expected, individual 
mTOR (AZD8055) and dual PI3K/mTOR (BE- 

Z235) inhibition exhibited more pronounced 
decreases in pS6 when compared to MEK inhi-
bition (PD0325901). These results were en- 
hanced when mTOR and MEK inhibition were 
combined. Vehicle treated tumors showed 
intense pERK-Y202/204 staining within a 
majority of the tumor bed (Figure 5C, top panel). 
Marked decreases were observed in all treat-
ment groups with BEZ235 + PD0325901 rep-
resenting the strongest responses (Figure 5C, 
bottom panel). While showing drastic reduc-
tions in pERK when compared to vehicle con-
trols, AZD8055 + PD0325901 combination ther- 
apy exhibited the lowest effect on this signaling 
cascade across drug groups (Figure 5C, middle 
panel). 

Discussion

The high failure rate of compounds entering 
clinical trials has illustrated the poor predictive 

Figure 2. In vivo efficacy of molecularly targeted compounds in three PDX models of CRC. (A-C) Three tumors with 
differing PI3K and RAS mutations were subcutaneously implanted into gender matched athymic nudes. Tumors 
were measured over time with treatment enrollment occurring randomly once tumor volumes reached 400 mm3. 
Compounds were administered as delineated in Table 4. The models associated with each panel are as follows: 
(A) COL02, (B) COL18, and (C) REC12. (D-F) At the conclusion of these studies, REC12 tumors from vehicle treated 
controls were harvested and sections were stained for pERK (D), pS6 (E), and pAKT (F) to determine the extent of 
MAPK, mTOR, and PI3K signaling within this model.
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power of current preclinical models [8]. Newly 
developed compounds are often tested in only 
a small subset of experimental scenarios 
before entering human trials; thus allowing 
many unsuitable therapeutics to advance into 
the most expensive phase of drug development 
[49]. While cell line xenografts can be easily 
implemented, strong evidence within the 
research community shows that these models 
are insufficient, and often misleading, in the 
pursuit of new and improved compounds [8, 
49]. Because PDX models retain many disease 
features that are lacking in other models, they 
have gained momentum as an alternative 
approach. These improved models preserve 
intratumor heterogeneity, cell signaling dynam-
ics, and elements of the tumor microenviron-
ment. Therefore, when assessing new thera-
peutics, PDX models serve an essential role in 
the preclinical validation process by providing a 
deeper understanding of effective drug regi-
mens and ultimately maximizing success rates. 

With almost 140,000 diagnoses this year 
alone, CRC remains a substantial clinical prob-
lem. Late stage diagnoses continue to have few 
therapeutic options and poor overall survival. 
This clearly underscores the need for more 

impactful clinical gains within this subset of 
patients. As with many malignancies, currently 
available treatment regimens have begun to 
include molecularly targeted compounds in the 
hopes of conferring better overall survival while 
limiting side effects. However, the strength of 
these therapies also reflects a key shortcom-
ing. In contrast to their systemic cytotoxic coun-
terparts with limited specificity for their antitu-
mor activity, small molecule inhibitors target 
distinct population(s) of cells that have height-
ened activity of a given signaling transduction 
pathway. Presumably this heightened activity 
represents an axis upon which these cells are 
dependent for survival. Herein lays their poten-
tial value as therapeutic targets. Before these 
compounds can provide enhanced antitumor 
effects, genomic characterization of all CRC 
cases should be conducted to ensure the 
appropriate subset of patients are being allot-
ted to these treatment regimens. In this study, 
we first report the establishment and charac-
terization of PDX models that recapitulate both 
the predominant histological and genomic fea-
tures of CRC. 

To elucidate the utility of these genetically 
diverse PDX models in preclinical drug evalua-

Figure 3. PI3K/mTOR/MEK combination therapy promotes statistically significant reductions in tumor burden. (A) 
Tumor growth of the REC12 PDX model was plotted to offer specific comparisons between single agents and combi-
nation therapies after 21 days. Significance was determined by repeated measures analyses and shown in panels 
(C and D). (B) Tumor volume averages from each treatment group were calculated at days 0 and 21 and presented 
as percentages of vehicle. (C, D) 95% confidence intervals for treatment groups were constructed and plotted fol-
lowing fit to a mixed linear model.
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tion studies, we filtered for commonly found 
alterations in human CRC to find most models 
contained mutations that converged on the 
PI3K, mTOR, and RAS pathways. Small mole-
cule inhibitors directed against these axes were 
tested to ascertain potential vulnerabilities 
that may be clinically actionable within these 
genetic subgroups of CRC.

Interestingly, MAPK inhibition alone was suffi-
cient to halt tumor growth within just days of 
treatment initiation. This finding suggests that 
MAPK signaling may represent a common 

mediator of CRC growth within these PDX mod-
els. Notably, treatment with the dual PI3K/
mTOR inhibitor, BEZ235, had little added ben-
efit than mTOR inhibition alone to suggest more 
tumor-promoting cues are signaling at the level 
of mTOR than from upstream signaling compo-
nents like PI3K. 

A single exception to this MAPK sensitivity was 
noted. Targeting any individual pathway within 
the REC12 model, which has a KRAS G12D 
mutation, had only modest effects on tumor 
growth. Incidentally, this patient, upon review 

Figure 4. Combined therapy translates to a decrease 
in proliferation rate. Tumor sections from the indicated 
treatment groups of the REC12 model were probed with 
antibodies to Ki67, a marker of proliferation. Shown are 
representative images obtained at 100x magnification 
with insets depicting the most intense areas of staining 
within the field. Scale bar indicates 50 µm. Abbrevia-
tions: AZD + PD = AZD8055 and PD0325901. BEZ + PD 
= BEZ235 and PD0325901.

Figure 5. Effects of combined therapy on PI3K/mTOR/MAPK activation. Sections from vehicle and both combination 
regimens were stained for PI3K (pAKT, left panel), mTOR (pS6, middle panel), and MAPK (pERK, right panel) activa-
tion by immunohistochemistry. Scale bars indicate 50 µm. Abbreviations: AZD + PD = AZD8055 and PD0325901. 
BEZ + PD = BEZ235 and PD0325901.
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of medical records, was the first of all patients 
enrolled in the study to relapse following pri-
mary treatment. Like many RAS malignancies, 
the KRASG12D model displayed aggressive prop-
erties both clinically and in vivo. While single 
agents were relatively ineffective, both combi-
nation regimens more than doubled tumor 
responses. This result does support previously 
published retrospective studies that suggest 
different amino acid substitutions at codon 12 
can translate to variable sensitivity to both 
cytotoxic and targeted therapies [50-52]. Taken 
together, these studies suggest that PDX mod-
els with genomic heterogeneity may be valu-
able models in preclinical drug evaluation par-
ticularly in the development of small molecule 
inhibitors.

To complement the tumor volume measure-
ments, proliferation indices were calculated for 
each treatment group. As previously cited, 
tumors with ~15% Ki67-positivity reflect highly 
proliferative tumors [32-35]. Changes in Ki67+ 
were relatively uniform across all groups; reduc-
ing Ki67+ down to 3 to 8% from 20% observed 
in the vehicle group; suggesting all molecularly 
targeted treatments limited proliferation to si- 
milar degrees. Interestingly, we did not observe 
similar changes in tumor volume across all 
treatment groups. These discrepancies are 
likely a reflection of overall tumor composition 
and timing of Ki67 measurements. Proliferation 
index calculations use IHC to specifically quan-
tify viable cells within the tumor bed. In con-
trast, volume measurements reflect the tumor 
and surrounding microenvironment, which 
includes varying amounts of stroma and cellu-
lar debris. It is plausible that treatments may 
target important support cells, such as the vas-
cular endothelium or the stroma, rather than 
directly impacting the tumor bed. With the loss 
of vasculature, the stromal compartment may 
expand in an attempt to compensate for lost 
resources. Whether these compounds act 
directly upon the tumor bed or target auxiliary 
cells, they translate to important reductions in 
functional tumor burden.

In addition to measuring proliferation, IHC was 
used to confirm pathway inhibition on down-
stream components. Phospho-substrates AKT, 
ERK, and S6 had moderate to substantial 
decreases with a few notable exceptions. AKT 
was inhibited to varying degrees across all 
treatment groups with combination treatments 

exhibiting the most dramatic responses. This 
robust decline in PI3K pathway activation can 
likely be attributed to the ability of catalytic 
inhibitors BEZ235 and AZD8055 to target both 
of the molecular complexes in which mTOR 
exists (mTORC1 and mTORC2). Unlike other 
rapamycin analogs that exclusively act on 
TORC1 while leaving TORC2 active to initiate 
AKT signaling, AZD8055 and BEZ235 inhibit 
activity of both TORC1 and TORC2. As a result, 
these two singular therapies elicit similar 
results as confirmed by the IHC for pAKT (S473), 
a TORC2 substrate. As expected, the overall 
effect on pS6 levels was most dramatic with 
AZD8055 treatment alone and in combination, 
while all other regimens showed varying 
degrees of signal. While AZD8055 and BEZ235 
target this pathway directly, MAPK signaling 
can enhance mTOR signaling through TSC2 
inactivation [53]. With treatment of the MAPK 
inhibitor, PD0325901, MAPK-mediated TSC2 
inhibition is removed and results in reduced 
overall mTOR activity. 

As this study and others have highlighted, a 
patient’s genetic landscape represents just 
one important consideration to best showcase 
the potential benefit of small molecule inhibitor 
treatment strategies. The PI3K, mTOR, and 
MAPK pathways are intricately connected, and 
perturbations of these highly regulated path-
ways can often influence how cancer cells 
respond to targeted therapies [54]. While 
approximately 50% of patients with advanced 
CRC respond to systemic therapies, virtually all 
patients eventually progress [55]. The develop-
ment of molecularly targeted treatment strate-
gies within relevant in vivo models will better 
position clinicians to stratify patients into com-
bination therapies that are tailored to treat 
genetically distinct CRC cases. 
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