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Genomics

Proteomic Characterization of Head and Neck

Molecular
Cancer
Research

Cancer Patient-Derived Xenografts

Hua Li', Sarah Wheeler?, Yongseok Park?®, Zhenlin Ju?, Sufi M. Thomas®, Michele Fichera?,
Ann M. Egloff!, Vivian W. Lui®, Umamaheswar Duvvuri"’, Julie E. Bauman&,

Gordon B. Mills*?, and Jennifer R. Grandis"%'°

Abstract

Despite advances in treatment approaches for head and neck
squamous cell carcinoma (HNSCC), survival rates have
remained stagnant due to the paucity of preclinical models
that accurately reflect the human tumor. Patient-derived xeno-
grafts (PDX) are an emerging model system where patient
tumors are implanted directly into mice. Increased understand-
ing of the application and limitations of PDXs will facilitate
their rational use. Studies to date have not reported protein
profiles of PDXs. Therefore, we developed a large cohort of
HNSCC PDXs and found that tumor take rate was not influ-
enced by the clinical, pathologic, or processing features. Protein
expression profiles, from a subset of the PDXs, were character-
ized by reverse-phase protein array and the data was compared
with The Cancer Genome Atlas HNSCC data. Cluster analysis

Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth
leading cancer worldwide, with more than 600,000 incident cases
per year (1, 2). Despite advances in multimodality therapy,
HNSCC is frequently lethal, and 5-year overall survival has
increased minimally since 1990 (3). As of 2015, only six drugs
are approved by the FDA for the systemic treatment of HNSCC.
The two most recent approvals, for the antimicrotubule chemo-
therapy docetaxel and the EGFR antibody cetuximab, occurred in
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revealed that HNSCC PDXs were more similar to primary
HNSCC than to any other tumor type. Interestingly, while a
significant fraction of proteins were expressed similarly in both
primary HNSCC and PDXs, a subset of proteins/phosphopro-
teins were expressed at higher (or lower) levels in PDXs com-
pared with primary HNSCC. These findings indicate that the
proteome is generally conserved in PDXs, but mechanisms for
both positive and negative model selection and/or differences
in the stromal components exist.

Implications: Proteomic characterization of HNSCC PDXs
demonstrates potential drivers for model selection and provides
a framework for improved utilization of this expanding model
system. Mol Cancer Res; 14(3); 278-86. ©2015 AACR.

2006 with no subsequent advancements in systemic therapy (2).
Ongoing efforts to identify the subset of HNSCC patients who will
respond to cytotoxic chemotherapy or EGFR targeting have been
limited, in part, by the use of immortalized cell lines and xeno-
grafts derived from these cell lines for preclinical experiments. We
recently reported that the genetic alterations found in HNSCC
tumors often bear little resemblance to the changes that charac-
terize immortalized HNSCC cell lines, and vice versa (1). The
development of more relevant preclinical models is essential to
facilitate more effective clinical translation. For example, the vast
majority of HNSCC cell line-derived xenografts respond to cetux-
imab treatment, unlike most patients with HNSCC (3).

Patient-derived xenografts (PDX) are emerging as a model
platform that may better reflect human cancer compared with
xenografts derived from immortalized cell lines that have been
propagated indefinitely in culture (4, 5). Characterization of PDXs
derived from a variety of cancers to date has included genomic
sequencing, transcriptional profiling, and immunohistochemical
staining (6, 7). HNSCC PDXs specifically have been evaluated
for mutations, gene expression, and candidate proteins (8-13).
Protein expression profiling of PDXs has been extremely limited
(14-16).

In the current study, we developed a collection of HNSCC-
derived PDX models, assessed potential clinical and pathologic
features that may influence take rates, assessed cryopreservation
feasibility, and characterized protein expression of a subset of
models for comparison with human HNSCC tumors. We were
able to successfully establish and characterize HNSCC PDXs in
NOD SCID gamma, but not athymic nude mice. We found that
40% (76/190) of the proteins analyzed by reverse-phase protein
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array (RPPA), incduding phosphoproteins indicative of pathway
activity, were conserved between HNSCC primary tumors and
PDXs. Of the proteins that were differentially expressed between
human HNSCC tumors and PDXs, 53% (34/64) were expressed at
higher levels in the human tumors compared with PDXs, impli-
cating negative model selection and 47% (30/64) were expressed at
higher levels in the PDXs compared with human tumors, suggest-
ing positive model selection. Different tumor/stroma ratios and/or
reactivity of antibodies with murine stromal compartments likely
also contributes to dissimilar protein levels observed.

Materials and Methods

HNSCC patient-derived xenograft propagation

Tissues were collected under the auspices of a tissue bank
protocol approved by the University of Pittsburgh Institutional
Review Board. Following HNSCC tumor resection, deidentified
patient samples underwent quality control (QC) to ensure 70%
tumor composition. Samples were delivered to the laboratory in
antibiotic/antimycotic solution and the time from resection to
implantation was recorded. Tumor samples were cut into 25 mg
pieces and directly implanted into mice. NOD/SCID gamma
mice (NOD.Cg—Prkdc“id Ilzrg‘mlwi'/Sz], 4-6 weeks old; 20 g; The
Jackson Laboratory, Bar Harbor, Maine) or athymic nude mice
(Crl: NU-Foxn1™, 4-6 weeks old; 20 g; Charles River Laborato-
ries, Wilmington, MA) were anesthetized using isofluorane and a
small (<10 mm) incision in the flank. Twenty-five milligrams of
tumor was placed in the pocket of the incision site and the wound
closed with surgical adhesive. Analgesic was administered and the
animals monitored until fully ambulatory. Mice were kept in
isolation for 7 to 10 days and checked regularly for wound
healing. Subsequently, mice were checked weekly for tumor
formation. All animal studies were performed under an approved
Institutional Animal Care and Use Committee protocol at the
University of Pittsburgh (Pittsburgh, PA).

PDX cryopreservation

When tumors reached 1 cm maximum diameter, mice were
sacrificed and the tumors were harvested. Tumors were cut into
approximately 3 mm? fragments and placed in 4°C RPMI1640
media with 10% FBS, 1% penicillin and streptomycin, and 5%
DMSO (Life Technologies). Tumors were placed at —20°C for 2
hours, at —80°C for 24 hours, and subsequently transferred to
liquid nitrogen for long-term storage. To transplant viably frozen
tumors, the tumors were thawed at 37°C and washed with two
volumes of warm RPMI1640 to remove DMSO. Tumor fragments
were suspended in 100 uL BD Matrigel Matrix (BD Biosciences)
and kept on ice for immediate implantation.

Table 1. PDX parameters

Proteomic Characterization: HNSCC Patient-Derived Xenografts

RPPA

Samples were prepared as described previously (17, 18). RPPA
was performed by the RPPA core facility at University of Texas MD
Anderson Cancer Center (Houston, TX). For human cancers,
protein expression data were generated by RPPA for 4,778 patient
tumors and 13 HNSCC PDXs using 190 antibodies. Patient tumor
samples were profiled under the auspices of The Cancer Genomics
Atlas and The Cancer Proteome Atlas (TCGA, http://cancergen-
ome.nih.gov; TCPA TCPAportal.org) and included 127 bladder
urothelial carcinomas (BLCA), 752 breast cancers (BRCA), 464
colon and rectal adenocarcinomas (COAD and READ), 299
gastric cancers, 215 glioblastoma multiforme (GBM), 212 head
and necksquamous cell carcinomas (HNSCC), 454 renal clear cell
carcinomas (KIRC), 260 low-grade gliomas (LGG), 237 lung
adenocarcinomas (LUAD), 195 lung squamous cell carcinomas
(LUSC), 208 melanomas, 412 high-grade serous ovarian cysta-
denocarcinomas (OVCA), 164 prostate cancers, 375 thyroid can-
cers, and 404 uterine corpus endometrial carcinomas (UCEC).
RPPA slides were quantified using ArrayPro (Media Cybernetics)
to generate signal intensities that were further processed by
SuperCurve (19) to estimate relative protein levels (in log2 scale).
RPPA slide quality was monitored by a QC classifier (20) and only
the slides whose QC scores were above 0.8 (on a 0-1 scale) were
used for further analysis. The TCGA samples were run in a total of
seven batches, and merged via a replicate-based normalization
method (21) which uses replicate samples run across multiple
batches to adjust the data for batch effects.

Statistical analysis

We first applied unsupervised clustering analysis using nor-
malized protein expression data and identified a branch with the
majority of HNSCC samples from TCGA that were also compa-
rable with HNSCC PDX samples. Comparison of protein expres-
sion of primary HNSCC tumors with HNSCC PDX samples was
conducted using a Student t test for each protein. FDR and
Bonferroni-corrected P values were used to identify statistically
significant and nonsignificant differences in protein expression
patterns. All data analysis was conducted using R statistical
package version 3.1.2 (https://www.r-project.org/).

Results

Predictors of HNSCC PDX outgrowth

The factors that influence PDX engraftment are incompletely
understood. Establishment and maintenance of PDXs require
substantial resources, thus identification of clinical, pathologic,
or processing features that could increase successful in vivo

Total specimens PDX formation No growth Take rate P
Specimen weight (g)
Lowest 25th percentile (<0.145) 17 14 3 82.4%
25th-50th percentile (0.145-0.226) 17 14 3 82.4%
50th-75th percentile (0.226-0.342) 15 15 0 100.0% 01
Highest 25th percentile (>0.342) 16 13 3 81.3%
Mouse strain
Nude 26 4 22 15.4%
NOD/SCID 76 61 15 80.3%
Time to implantation (minutes)
<100 48 38 10 79.2% 0.43
>100 14 13 1 92.9%
Unknown 9
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establishment would facilitate translational research. We first
implanted tumors in athymic nude mice and found that only 4
of 26 (15%) developed tumors so we abandoned this mouse
strain. Between September 2009 and March of 2014, we
implanted 76 tumors (from 71 specimens) into NOD SCID mice
and 61 demonstrated growth in vivo (~80% take rate, Table 1).
Similar to prior studies, we found that these tumors could be
cryopreserved through 24 months and passaged serially. Mean
time to first tumor outgrowth was 3.5 months (median 3.0
months; range 0.97-11.2 months) with outgrowth upon passag-
ing in mice being faster (average 1.5 months; median 1.5 months;
range 0.5-10 months). Passaging the PDX in mice at least once
before cryopreservation enhanced the viability of the model as
approximately 25% of primary HNSCC that engrafted success-
fully could not be subsequently passaged. There was no significant
difference in take rates according to patient age, sex, tumor site,
including metastatic lymph nodes or time from resection to
implantation, or HPV status (% test; Table 2). All tumors were
implanted less than 4 hours following excision. We received only
5 tumors that were HPV positive and 4 of these were successfully
grown in mice. Of the 76 implanted tumors, 66 (87%) were
primary-untreated HNSCC, 6 (8%) were posttreatment residual
tumors, and 4 (5%) were recurrent tumors. We also tested the
viability of 4 PDXs after cryopreservation, and 3 of 4 tumors could
be regrown following 24 months in liquid nitrogen. We continue
to track these tumors for sustained viability.

HNSCC protein expression is not age or site specific

To determine whether overall primary HNSCC protein expres-
sion was associated with age or tumor site, we were able to obtain
age and tumorsite information for 55 primary HNSCC with TCPA
data. Of the 55 specimens, 2 were HPV positive and 2 had
unknown HPV status. Protein profiles did not cluster by age or
anatomic site of the primary HNSCC (Supplementary Fig. S1).
This finding suggests that head and neck tumors that arise in
different anatomic sites may not represent distinct etiologic
cancers.

Table 2. PDX donor clinical and pathologic information

HNSCC-derived PDXs are more similar to HNSCC than any
other tumor type

A subset of our HNSCC PDX collection (n = 13) were analyzed
at the early passages (10 of the 13 were at the first passage and 3 of
13 were at the second passage) by RPPA, which assessed expres-
sion levels of 190 candidate total and phosphorylated proteins
generally involved in signal transduction. A total of 4,778 tumor
specimens from 15 different cancer types previously analyzed by
RPPA were then compared with HNSCC-derived PDXs to deter-
mine the concordance of protein expression patterns (Fig. 1A).
The majority of human HNSCC tumors (173/212) clustered
together and nearly all of HNSCC-derived PDXs (12/13) clustered
within the major branch of HNSCC specimens in unsupervised
clustering (Fig. 1B). To our knowledge, this is the first comparison
of RPPA/proteomic analysis of PDXs and primary human tumors
in HNSCC.

Subsets of proteins are similar between primary HNSCC and
PDXs

We then compared the 12 HNSCC-derived PDXs that clustered
with the main branch of primary HNSCC to the primary HNSCC
specimens. We found that the PDXs clustered together within
HNSCC samples, demonstrating that the PDX are more similar to
each other than to primary HNSCC. This indicates that despite
similarities, there are also changes in the PDX protein expression
compared with primary HNSCC, likely due to both murine
stromal components and changes in the HNSCC component
(Fig. 2A). Primary HNSCC is also somewhat heterogeneous with
three subgroups noted in Fig. 2A. The PDXs clustered with the
largest subgroup of primary HNSCC indicating that the PDXs
are more representative of one of the three subgroups of HNSCC
(Fig. 2A).

To determine the concordance and discordance of levels of
protein expression between HNSCC human tumors and PDXs, we
compared expression levels of 190 individual proteins from 173
HNSCC tumors and 12 PDXs. When an adjusted P value exceeded
the prespecified FDR (> 0.05), the expression of a specific protein

Total specimens PDX formation No growth Take rate P
Site
Oropharynx 9 8 1 88.9%
Pharynx 3 3 0 100.0%
Oral cavity 39 32 7 82.1% 0.80
Lymph node n 8 3 72.7%
Larynx 9 7 2 77.8%
AJCC stage
Stage /11 n 8 3 72.7%
Stage I 13 9 4 69.2% 0.37
Stage IV 35 30 5 85.7%
Unknown 12 n 1 9.7%
Age (years)
<55 26 23 2 88.5%
56-60 17 16 1 94.1% 0.36
61-67 15 10 5 66.7%
>68 13 n 2 84.6%
Gender
Male 58 47 n 81.0% 1
Female 13 n 2 84.6%
HPV status
Positive 5 4 1 80.0% NA
Negative 66 54 12 81.8%
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Figure 1.

HNSCC PDXs cluster with HNSCC
patient tumors (A) RPPA data from
4,778 specimens in the TCPA database
comprising 14 different types of cancer
(GBM, OVCA, LUAD, LUSC, BRCA,
KIRC, UCEC, COAD, Gastric, HNSC,
Melanoma, Thyroid, BLCA, Prostate,
LGG) were compared with 13 HNSCC
PDX specimens by unsupervised
clustering. A total of 190 proteins were
utilized for this comparison. HNSCC is B

& ﬂ!rTrHﬁ_

depicted in red, PDX in green, other

tumor types are shown in light gray. B,
magnification of the sub-branch
containing the primary HNSCC region
of the cluster.
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was classified as similar between HNSCC tumors and PDXs. We
identified 76 proteins expressed at similar levels in both primary
HNSCC and PDXs, which are depicted with unsupervised clus-
tering (Fig. 2B and Supplementary Fig. S2A; Supplementary Table
S1;). The PDX samples intermingle with the primary HNSCC,
indicating that these 76 proteins are likely to be preserved in a
PDX.

Subsets of proteins are expressed at different levels in primary
HNSCC compared with PDXs

To define the proteins that were differentially expressed
between primary HNSCC and PDXs, Bonferroni correction was
used to stringently adjust Pvalues for multiple testing; an adjusted
P value < 0.05 was considered significant. We found that 64
proteins were either significantly increased (n = 30) or decreased
(n = 34) in PDXs compared with primary HNSCC tumors.
Unsupervised clustering analysis of expression levels of these

www.aacrjournals.org

differentially expressed proteins demonstrated that PDXs clus-
tered separately from the primary HNSCC (Fig. 2C and Supple-
mentary Fig. S2B; Supplementary Table S2). Manual pathway
matching did not find evidence that the majority of the proteins in
any given signaling pathway were either preserved or differentially
expressed in PDXs compared with the human HNSCC (Fig. 3).
Of the 64 differentially expressed proteins, 30 demonstrated
increased expression in PDXs (positive model selection), whereas
34 demonstrated decreased expression in PDXs (negative model
selection). We categorized all 64 proteins to one of the cancer
hallmark phenotypes (sustaining proliferative signaling, evading
growth suppressors, avoiding immune destruction, enabling rep-
licative immortality, tumor-promoting inflammation, activating
invasion and metastasis, inducing angiogenesis, genome insta-
bility and mutation, resisting cell death, and deregulating cellular
energetics) proposed by Hanahan and Weinberg (Fig. 4A; ref. 22)
and found that negative model selection (decreased protein
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HNSCC PDXs cluster together when
compared with HNSCC alone (A) 173
HNSCC specimens and 12 HNSCC PDX

Color key specimens in the major HNSCC
‘ sub-branch cluster from Fig. 1B. The
m . three major sub-branches are denoted
‘ L (numbers 1-3). A total of 190 proteins
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HNSCC and 12 PDX specimens. A FDR >
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different. C, a more conservative
P value adjustment was used
(Bonferroni correction) and the
adjusted P value < 0.05 was applied to
identify differentially expressed
proteins (n = 64).
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expression) was represented by many different categories of expression) was comprised of fewer categories and primarily
proteins (Fig. 4B), demonstrating no preferred pathway of neg-  involved proteins that sustain proliferative signaling (Fig. 4C).
ative selection. The positive model selection (increased protein  Expression levels of the proteins that were differentially expressed
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Cell growth

Figure 3.

Apoptosis

Conserved and differentially expressed proteins in major HNSCC signaling pathways. Representative differences and similarities between HNSCC PDXs and
primary human tumors are depicted in cell growth and apoptosis pathways. Proteins that were not significantly different between HNSCC PDXs and human
tumors are depicted in green (subset of the n = 76 proteins). Proteins that were significantly different between HNSCC PDXs and human tumors are

depicted in red (subset of the n = 64 proteins).

in HNSCC PDXs were generally not outside the range of expres-
sion in the primary HNSCC, but rather the PDXs clustered to high
or low within the primary HNSCC range (Supplementary Fig.
S2B). There were only six proteins with more than half of the PDX
specimens outside the expression range of primary HNSCC. AKT,
c-Myc, and progesterone receptor (PR) were increased in PDXs
above the range of primary HNSCC, whereas BCL2, c-Kit, and
HSP70 were decreased in PDXs below the range of primary
HNSCC. These cumulative findings suggest that although most
proteins are conserved in PDXs, there is evidence that proteins
associated with proliferative signaling may be preferentially
selected during the process of creating PDX models.

Discussion

The need for improved preclinical model systems to develop
cancer therapeutics is supported by the high failure rate in the
clinic of agents that eradicate tumors in mice (23). The hetero-

www.aacrjournals.org

geneous nature of cancer and the known changes that arise when
tumors are immortalized in cell culture contribute to the limita-
tions of cell line-derived xenograft model systems (24-26). We
developed PDXs from primary HNSCC specimens in an effort to
better understand the capacity and limitations of these models as
well as to test discrete hypotheses regarding response to molecular
targeted therapies (3, 27, 28). Some studies have demonstrated no
difference in engraftment with tumor biology or clinical charac-
teristics (8), whereas other studies have demonstrated some
increase in engraftment with poorly differentiated primary
HNSCC or the presence of nodal disease (29). We did not identify
a clinical, pathologic, or tumor-processing variable, including
time from resection to implantation, that affected the PDX take
rate (Table 2). Although hypoxia and devascularization likely
impact tumor take rate, our HNSCC samples were all implanted
within 4 hours of surgical resection. Published take rates for
HNSCC PDXs range from 30% to 70% and for PDXs generally
range from 10% to 90% (6, 7). Our overall take rate was 80% and
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HNSCC PDX protein expression clustered by cancer hallmarks is different between positive and negative selection model proteins. A, proteins that are expressed
at different levels in HNSCC PDXs compared with primary HNSCC were categorized according to the hallmarks of cancer (31). B, proteins that were
negatively selected in HNSCC PDXs (lower expression in PDXs compared with primary HNSCC) were categorized by the hallmarks of cancer. C, proteins that
were positively selected in PDXs (high expression in PDXs compared with primary HNSCC) were categorized by the hallmarks of cancer.

we developed the capability of cryopreservation following of
established PDXs, thereby allowing the development of a robust
collection that can be used over time.

PDX models have been developed in a number of cancers with
evidence that these models more accurately reflect the human
tumor compared with cell line-derived xenografts (3, 9,
24, 30, 31). Characterization of these PDXs so far has focused
on genomic and transcriptomic profiling with most studies
reporting a general concordance between gene amplification,
mutation, and gene expression in the primary and PDX tumor
(6, 7). The limitations of PDXs noted to date include evidence that
there are molecular and structural changes in PDXs both at early
and late passages, particularly noted in endothelial cells (32, 33).
Lack of concordance has arisen in some models due to significant
intratumoral heterogeneity (31, 34, 35). In addition, several
tumors known to metastasize in the patient do not metastasize
in PDXs (36). Human tumor microenvironment, drug kinetics,
and the lack of an immune system are ongoing challenges that are
being addressed slowly with solutions such as humanized mice
and in silico methods (6, 37-39). It is possible that limitations of
PDXs have been under-reported to date due to the real improve-
ments of these models compared with cell line xenografts coupled
with the natural selection of publications focused on positive
data.

Studies on HNSCC PDXs are limited with each publication
validating specific aspects of the PDX model or a small number of
therapeutic options. To date, studies in HNSCC PDXs and PDXs in
general have not compared the PDXs with larger control groups of
primary tumors to determine whether the PDX is a good repre-
sentation of the disease; rather, publications have favored a parent

284 Mol Cancer Res; 14(3) March 2016

primary to PDX comparison. Although this is important for initial
validation of a new PDX, such comparisons are inadequate to
inform about the effectiveness of these PDXs in modeling the
broader disease. Without comparison to a larger primary tumor
dataset like the TCGA, it is possible to have a high level of primary
to PDX concordance with a significant engraftment bias for a
subtype of the disease. HNSCC PDXs appear to have a reasonable
concordance with their matched primary tumor for: promoter
methylation (9), histology (10, 12, 29), limited protein markers
by IHC (10, 12, 29), and some gene expression (29). The avail-
ability of TCGA data on primary human tumors, including
HNSCC, provides an opportunity to compare preclinical models
systems with human cancer. To our knowledge, this is the first
study to compare protein profiling in HNSCC PDXs with a
repository of comprehensively profiled HNSCC human tumors.
We found that HNSCC PDXs express an overall protein profile
that is largely similar to primary HNSCCs (when compared with
other tumor types), suggesting that they represent a promising
preclinical model system for mechanistic and therapeutic studies.
Analysis of the HNSCC PDXs compared with HNSCC primary
tumors alone also revealed that the HNSCC PDXs were more
similar to one another than to primary HNSCC tumors, suggest-
ing that model selection factors may limit the ability of PDXs to
reflect human tumor heterogeneity. In addition, as the stroma of
established and passaged PDX is murine, these models cannot
currently be used to study human stroma or the impact of stroma
on proteomic profiling. By comparing the proteins that were
significantly different or similar between HNSCC PDXs and
human tumors, we anticipated finding that common stromal
pathways were different and common tumor/epithelial pathways
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were similar. Instead, we found significant heterogeneity among
expression of canonical proteins and phosphorylated proteins
in well-established signaling pathways implicated in HNSCC.
This was particularly surprising given that prior genomic and
transcriptomic analyses have demonstrated preservation of these
features in HNSCC PDXs compared with human tumors (9, 29).
This underlines the importance of protein analysis in the
characterization of these model systems. Ideally, an unbiased
proteomic approach could be employed, but the cost and time
limitations of mass spectrometry-based proteomics coupled with
the absence of these data systematically associated with TCGA
cohorts, suggests that alternative strategies must be considered.
One of the strengths of the current study was the large control
cohort from the TCPA (40), which allowed us to analyze the
HNSCC PDX protein profiles in the setting of primary HNSCC
heterogeneity and to evaluate them as overall models of HNSCC.
We did not have access to matched HNSCC primary and PDX
RPPA data. A matched primary analysis, as seen in the prior
nucleic acid analyses, is valuable for comparing individual pres-
ervation profiles but inherently selects for a subgroup of HNSCC
and may not provide sufficient information about modeling the
heterogeneity of HNSCC.

We found evidence for both positive and negative model selec-
tion among the differentially expressed proteins in the PDXs
compared with primary HNSCC. Increased expression of AKT and
c-Mycin the HNSCC PDXs is consistent with the roles of AKT in cell
growth and proliferation and c-Myc in cell-cycle progression and
apoptosis. Increased expression of PR was surprising; differences in
expression of these hormone signaling proteins possibly reflect the
sexual dimorphism between the predominately male primary
HNSCC tissue and female mice used for these model systems.
Decreased expression of BCL2 in PDXs below the range of primary
HNSCC supports the apoptotic role of BCL2, whereas decreased
expression of ¢-Kit in PDXs may be due to the loss of the cytokines
involved in signaling through this receptor. The negative selection
and further downregulation of BCL2 and c-Kit expression in
HNSCC PDXs underscores the plasticity of tumor protein expres-
sion and the importance of characterization of model systems
beyond genomics. HSP70 is also decreased in PDXs. HSP70 is a
chaperone protein that is upregulated by various cellular stressors.
HSP70 may be higher in primary tumors due to upregulation
during the often lengthy primary tumor resection process com-
pared with the rapid resection of established PDXs with flash
freezing, which may cause little to no upregulation of this protein
due to stress. Categorizing these proteins according to the previ-
ously defined hallmarks of cancer suggested that proteins that
sustain proliferative signaling comprised a larger component of
positive model selection proteins than any other category, whereas
negative selection proteins were more heterogeneous and included
proteins in all categories (22). This indicates that proteins that aid
in cell proliferation are more likely to be increased in PDXs overall,
and care should be taken when studying therapeutic targeting of
these important oncogenic pathways as the upregulation of these
proteins may make these PDXs more reliant on these pathways
than the original tumors. In the absence of clear signaling pathway
similarities or differences between HNSCC PDXs and primary
tumors, studies on targeted treatments for HNSCC in PDXs are
limited. The protein expression profile may help to determine the
use of these models to guide precision medicine.

Patient tissue is a valuable tool in the study of cancer and the
ability to propagate that tool using PDX models (compared with
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traditional cell culture) holds promise. We demonstrate here that
HNSCC PDXs have limitations that must be considered in the
context of preclinical modeling studies. An individual PDX may
harbor the mutations identified in the primary human tumor but
relative protein expression may be altered by the process of
implanting and propagating these tumors in mice. Changes in
protein expression indicate a need for careful characterization of
protein expression in PDXs for studies that are predicated on an
understanding of expression of total and phosphorylated proteins
implicated in oncogenic signaling. In addition, a single PDX may
recapitulate the response of the primary tumor to a specific
therapy, but such a finding may not be extrapolated to conclude
that the primary tumor is reflective of HNSCC drug responses in
general. Analysis of paired primary and PDX genomic, transcrip-
tomic, proteomic, and metabolomic profiles for PDXs at each
passage would provide additional insights into this model system.

Our results suggest the limitations of utilizing only genomic
and transcriptomic data to characterize a PDX model. It is impor-
tant to recognize that protein may provide us with more infor-
mation about the functional differences affecting therapeutic and
mechanistic studies. Despite the concordance of genomic and
transcriptomic data between primary human tumors and PDXs
(6, 7), we found some significant differences at the protein level.
These differences are likely attributable to changes in the stromal
component of the tumor that subsequently alters protein expres-
sion in the tumor cells in conjunction with factors that mediate
both positive and negative model selection. PDXs represent a new
and important tool for preclinical modeling of cancer therapeu-
tics. Understanding both the capacity and limitations of these
models should guide their rational selection for specific studies.
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