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C HAPTER I: INTRODUCTION

INTRODUCTION TO CANCER

Cancer is the second leading cause of death in the United States, surpassed
only by heart disease. While overall cancer deaths have declined 20% in the past 22
years, it still causes one out of every four deaths in the US [1]. However, much work
remains to be done to elucidate underlying mechanisms of cancer aggressiveness in
order to improve treatment of this disease.
Cancer arises from normal tissue in a multi-step process called tumor
progression. It has been hypothesized that this progression occurs in an evolutionary
fashion: cancer cells acquire and accumulate multiple genetic alterations, and
advantageous alterations result in improved cell growth or survival, causing a clonal
expansion of that cell population [2].

This process of genetic alteration followed by

subsequent clonal expansion repeats multiple times, eventually producing an aggressive
tumor. This evolutionary progression results in tumors that are unique in every patient,
which would benefit from specific therapy targeted towards its distinct genetic alterations
[3].
Although this progression causes varied individual tumors, cancer cells do
acquire similar biological capabilities termed the “hallmarks of cancer” that regulate their
transformation from normal cells and progression to malignancy [4]. The first hallmarks
of cancer that were identified were sustaining proliferative signaling, evading growth
suppressors, activating invasion and metastasis, enabling replicative immortality,
inducing angiogenesis, and resisting cell death [4]. More recently identified hallmarks of
cancer are deregulating cellular energetics, avoiding immune destruction genome
instability and mutation, and tumor-promoting inflammation [5].
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The latter two are

considered enabling characteristics for tumor cells [5].

The hallmark of activating

invasion and metastasis is a defining feature of aggressive cancer; non-aggressive
tumors that do not invade adjacent tissue or metastasize are benign.

CANCER AGGRESSIVENESS

Metastasis is the process by which cancer cells gain the ability to leave the
primary tumor and grow at a distant location in the body. This occurs in a multistep
cascade of discrete events.

First, the cells must gain the ability to degrade the

surrounding matrix and invade into the local stromal tissue [6]. Cells secrete factors that
recruit blood vessels in a process termed called angiogenesis, which provides both
nutrients to the growing tumor as well as a means of escaping the primary tumor site [7].
A cell must enter a blood or lymphatic vessel (intravasation), survive transit, and exit the
vessel at a distant site (extravasation) [5].

Finally, the cell(s) must survive and

proliferate at this distant site, creating a metastatic lesion [5]. Importantly, metastasis is
the leading cause of death in cancer patients [8]; it is therefore crucial that we develop
new ways to target this process.
Clinically, tumor progression and aggressiveness is most commonly classified
using the American Joint Committee on Cancer (AJCC) or International Union for
Cancer Control (UICC) tumor staging system [9].

This system takes into account

primary tumor size (T), the number and location of regional cancer-positive lymph nodes
(N), and whether or not the cancer has metastasized (M). This TNM designation is
widely used for treatment decisions and survival predictions. However, it has long been
recognized that the TNM staging system is often inadequate to predict patient prognosis
[10]. One limitation is that TNM staging does not take into account additional biologic
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factors, such as tumor molecular subtypes, tumor heterogeneity, microenvironmental
factors, or genetic instability. A system that is able to better predict patient prognosis or
treatment response would aid patient treatment decisions and have the potential to
increase survival rates.

GENETIC ALTERATIONS IN CANCER

Normal cells have a system of checks and balances that regulate growth and
other functions [2]. The genetic alterations that drive tumor progression and metastasis
often deregulate these systems. For example, oncogenes encode proteins that promote
tumor progression, while tumor suppressors are proteins that inhibit tumor progression
[2]. Oncogenes can be activated at the gene level by gene duplication, induction of
gene expression, or chromosomal translocations resulting in fusion proteins with
increased oncogenic activity; additionally, a mutation can occur that results in an
abnormally active form of the protein [11].

Conversely, tumor suppressors can be

repressed by gene deletion or inactivation, or a mutation causing a defective protein.
Most tumor suppressors require both alleles to be inactivated, since only one copy of the
protein is typically necessary for its proper function; however, some tumor suppressors
are haploinsufficient and inactivation of one copy is sufficient [12]. Oncogenes or tumor
suppressors can also be activated at the protein level by epigenetics, miRNA, or other
mechanisms [11–13].
Identification of oncogene or tumor suppressors involved in the processes of
tumor progression or metastasis is crucial to further our understanding of this disease in
order to better diagnose and treat patients.

For example, new biomarkers can be

identified that can be used for assessing a person’s risk of developing cancer (BRCA1/2
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in breast cancer [14]), identification of high-risk patients needing more aggressive
treatment (S-100B in melanoma [15]), or stratification of already diagnosed patients into
distinct subtypes that might receive a different therapy (HER2 positive breast cancer
[16]).

Discovery of proteins that drive tumor behavior opens up the possibility of

treatment with small molecule inhibitors. Finally, identification of new cancer regulators
leads to better understanding of the intrinsic tumor biology. An important area with the
potential to aid in identification of these novel cancer regulators is bioinformatics.

BIOINFORMATICS AND CANCER

The term “bioinformatics” was first coined in 1970 as a working concept for
analyzing information processing of living systems [17], but the field began to expand
rapidly in the 1990s, recognized by the creation of the National Center for Biotechnology
Information (NCBI) [18]. Today, bioinformatics is defined as a field that uses advanced
mathematical, statistical, and computing techniques to solve biological problems. With
the onset of high-throughput technologies enabling rapid and cheap generation of
information, the rate-limiting step has increasingly become data analysis and
interpretation of these data. Bioinformatics methods are used widely across multiple
fields that produce this “big data”; specifically in the field of cancer research,
bioinformatics analysis of data at multiple levels (DNA, RNA, protein) has been used
extensively for personalized medicine, drug discovery, metabolomics, immunology,
immunotherapy, gene discovery, epigenetics, gene function prediction, protein structure
prediction, and molecular profiling [19–26].
High throughput data from the Cancer Genome Atlas (TCGA) and other
publically available datasets are becoming widely available and are a rich resource for
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data mining and biological discovery.

A challenge for the field is to identify both

biological drivers and strong prognostic markers of cancer. Gene expression datasets
have been commonly used to classify tumors, due to their wide availability. However,
additional types of high throughput datasets are now available and may provide a
different starting point for molecular analysis of tumors. Protein expression datasets
generated by mass spectrometry or reverse phase protein array (RPPA) are becoming
widely available for many TCGA tumors.

Since gene expression frequently does not

correlate well with protein levels [27], such datasets may give additional insight into
molecular mechanisms that drive tumor behaviors. In addition, phospho-protein levels
may identify activation of specific signaling pathways.
A common approach to the analysis of tumor data is to first classify patients by
molecular characteristics, such as KRAS mutation status or gene expression clusters,
and then determine prognosis or treatment differences [28–30]. Alternatively, one can
directly identify molecular differences that are statistically associated with patient
outcome characteristics. We previously used the latter approach with RPPA data from
head and neck squamous cell carcinoma to identify a PI 3-kinase-high, PKCα-low
signaling state that drives invasive behavior [31]. Although it is limited by the availability
of patient follow-up data, this type of bioinformatics approach is potentially powerful for
identifying novel molecular drivers of tumor aggressiveness.

BRIEF OVERVIEW OF KEY PROTEINS IDENTIFIED AFFECTING CANCER AGGRESSIVENESS

The following molecules are described more comprehensively within their
specific chapters.
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IGFBP2

Insulin-like growth factor binding protein 2 (IGFBP2) can function in an insulin
growth factor (IGF) dependent or independent manner. In the IGF pathway, IGFBP2
binds to growth factors IGF1 and IGF2, controlling their half-life and availability and thus
downstream signaling effects [32]. In addition, IGFBP2 can modulate angiogenesis, cell
growth, and metabolic activity independently of IGF signaling by binding to other
molecules, such as extracellular matrix (ECM) components, proteoglycan receptor,
integrin receptors, and nuclear transport complexes [33]. In breast, prostate, gliomas,
leukemia, and lung cancer, high levels of IGFBP2 are associated with metastasis,
invasive cancer, poor prognosis, and promote growth, invasion, and chemoresistance
[34–52]. However, in CRC, the role of IGFBP2 is more controversial: some studies
show correlation with or promotion of tumor aggressiveness and poor prognosis, similar
to its role in other cancer types [53–57], while a few other studies show that IGFBP2
inhibits tumor aggressive phenotypes such as cell proliferation and tumor size [58–61].
In this study, we find that high levels of IGFBP2 are associated with CRC poor prognosis
in an initial cohort, and this is validated in a secondary TMA dataset that shows IGFBP2high expressing patients have significantly decreased survival and recurrence-free
survival.

GATA3

GATA3 (GATA-binding protein 3) has been most highly characterized in T-cells.
GATA3 functions as a transcription factor that induces production of various cytokines,
thereby promoting differentiation of naïve T-cells into a TH2 phenotype [62–68]. GATA3
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also plays a role in differentiation in epithelial tissues, such as skin cells, hair follicles,
kidney, and mammary luminal cells [69–72]. Some recent papers also highlight the
importance of GATA3 in breast cancer. GATA3 is frequently mutated breast cancer, and
these mutations are a defining feature of a subtype with improved prognosis (luminal
subtype A) [73–75].

Interestingly, low levels of GATA3 are correlated with poor

prognosis in cell lines and patients, such as metastatic potential, tumor progression,
estrogen receptor (ER) and progesterone receptor (PR) negative status, Her2/Neu
overexpression, high grade, and poor differentiation [76,77].

Functionally, GATA3

expression in breast cancer induces cell differentiation, regulates cell proliferation,
suppresses

metastasis,

induces

a

mesenchymal-to-epithelial

transition

(MET),

decreases invasion, and negatively regulates TGF-β signaling and invadopodia
formation [76,78–82]. In addition to these breast cancer studies, one paper has also
shown that GATA3 loss promotes invasion and predicts recurrence in prostate cancer
[83]. However, prior to the work outlined in this dissertation, a role for GATA3 in CRC
has never been reported. We show that low levels of GATA3 are associated with poor
prognosis in CRC, and overexpression of GATA3 in CRC cell lines reduces cellular
invasion and 3D colony growth.

Shank2

Shank2 is highly expressed in the brain, and plays a crucial role in the postsynaptic density by scaffolding together large protein signaling complexes [84]. Shank2
is necessary for proper synaptic functioning; mutations in Shank2 are associated with
autism spectrum disorder [85–88]. Shank2 is also expressed in epithelial cells of other
tissue types, and regulates salt and water transport and calcium signaling [89–92].
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Shank2 binds to cortactin [93], a known driver of HNSCC aggressiveness (reviewed in
[94]), but the effect of this binding interaction is unknown. Interestingly, their genes
SHANK2 and CTTN are both located on the 11q13 amplicon, which is amplified in up to
40% of HNSCC cases [95–97]. However, the role of Shank2 in cancer of any type has
not been investigated prior to the research outlined in this dissertation. We see that the
cortactin SH3 domain responsible for Shank2 binding is crucial for tumor-associated
phenotypes. However, since cortactin binds to multiple proteins through this domain it is
unclear whether this effect is due to Shank2 binding. We find that Shank2 is expressed
in HSNCC patients and cell lines, and is upregulated in tumor tissue compared to normal
tissue.

We also show that a knockdown of Shank2 in HNSCC cell lines results in

decreased invasion, and preliminarily decreased invadopodia formation and MMP
activity.

BRIEF OVERVIEW OF RESULTS

This dissertation will discuss two types of cancer, Colorectal Adenocarcinoma
(CRC) and Head and Neck Squamous Cell Carcinoma (HNSCC), and the discovery of
novel regulators in each using different methods. A bioinformatics analysis was used to
identify which proteins were most associated with poor prognosis in CRC.

We

characterized IGFBP2, a known but understudied molecule in CRC progression, and
showed that patients with high expression of IGFBP2 had significantly decreased
survival and recurrence-free survival. In addition, we identified the transcription factor
GATA3 as a novel regulator of CRC through functional studies with GATA3-OE cell
lines. We show that overexpression of GATA3 in CRC cell lines decreases invasiveness
and 3D colony growth, but not intrinsic 2D proliferation rates.
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We also investigated the role of the cortactin SH3 domain and the adaptor
protein Shank2, a cortactin SH3-binding partner, in HNSCC. A cortactin SH3 domain
mutant was unable to rescue the cortactin dependent phenotypes Golgi morphology or
in vivo tumor growth. Knockdown of Shank2 decreased invasiveness, with preliminary
results suggesting a defect in invadopodia activity and MMP secretion. This shows that
the cortactin SH3 domain, and its binding partner Shank2, regulates HNSCC tumor
aggressiveness. Identification of these novel regulators of cancer gives insight into the
mechanisms of tumor progression in CRC and HNSCC.
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C HAPTER II: METHODS

ANTIBODIES AND REAGENTS

We used three GATA3 antibodies: catalog number 558686 from BD Biosciences
(GATA3 BD), catalog number sc-265 from Santa Cruz (GATA3 SC), and catalog number
LS-B4163 from LifeSpan Biosciences (GATA3 LS).

IGFBP2 antibody was catalog

number LS-C138280 from LifeSpan Biosciences and β-actin antibody was catalog
number A2228 from Sigma Aldrich. Transwell invasion chambers were from Corning.
Shank2 rabbit polyclonal (8034, 8035) and mouse monoclonal (3B6, 4B3, 1D4,
2F5, 3F8) antibodies were a generous gift from Tom Parsons. Commercial Shank2
polyclonal antibody was from Santa Cruz Biotechnologies. Cortactin C-90 antibody has
been described previously [98]. GM130 was from BD Labs, CD63 was from Abcam and
Phalloidin and all secondary antibodies were from AlexaFluor.
Matched HNSCC tumor and normal samples were obtained from the VanderbiltBarry Baker Head and Neck Biospecimen Repository.

TCGA DATA ANALYSIS

CRC RPPA level 3 and clinical information (including survival, recurrence, and
follow-up time) were downloaded from the TCGA data portal. Summary spreadsheets of
patient clinical information and RPPA expression were created in Excel. All primary data
analyses were performed in R 1.3.1 [99] (details on statistical analyses are in the
following section).
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HNSCC RNAseq V2 and clinical data were downloaded from the TCGA data
portal. The analysis was done in Excel and graphs were made using GraphPad Prism.
Gene_normalized RNAseq data was used for the analysis.

The cutoff for high

expression was 14,000 RPKM for CTTN and 1,000 for SHANK2.

BIOINFORMATICS STATISTICAL ANALYSES

A univariate Cox’s proportional hazard’s model analysis was performed for each
protein (survival package in R) [100,101].

Patients with <30 days of follow-up

information were excluded. The Wilma algorithm works in a greedy forward strategy and
optimizes a combination of the Wilcoxon and Margin statistics for finding clusters of
predictor variables (supclust package in R) [102]. Regsubsets (Leaps package) [103] is
a model selection method that carries out an exhaustive search for the best subsets of
independent variables that predict the dependent variable in linear regression. Nvmax
(the maximum number of proteins that could be included in the model) was set to 5 and
nbest (the number of models of each size) was set to 10. The RPPA data were mediancentered and scaled to one standard deviation before performing analyses in order to
make comparisons between different proteins. For the Wilma and Regsubsets analyses,
patients were divided into good prognosis (living patients or patients with recurrence-free
survival were only included if they were alive or recurrence-free for at least 3 years,
indicated subsequently by ≥ 3 years follow- up) or poor prognosis (all patients with a
recurrence or death were included regardless of follow-up time).
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HEATMAPS

Heatmaps were created with unsupervised clustering of patients and proteins,
using the package “heatmap.plus” in R 1.3.1 based on Euclidian distance and complete
linkage [104].

SURVIVAL PLOTS

For each protein, patients were divided into high-expressing (at or above median
RPPA expression) and low-expressing (below median RPPA expression). Using SPSS,
multivariable cox proportional hazard model was used to estimate overall survival and
recurrence-free survival, adjusting for patient stage, and Kaplan-Meier curves were
generated to compare survival and recurrence-free survival between high-expressing
and low-expressing groups.

CELL CULTURE

CRC cells were grown in previously published optimal media for each cell line
(for DLD1 and KM12c, DMEM + 10% FBS and non-essential amino acids). DMEM was
purchased from Corning, FBS was purchased from Denville Scientific, and non-essential
amino acids were purchased from Sigma. To create GATA3-OE cells, DLD1 or KM12c
cells were transduced with retrovirus created by transfecting Phoenix packaging cells
with pBabePuro-GATA3 (plasmid 1286 from Addgene). Pooled transduced cells were
selected by puromycin treatment and used for experiments. Empty vector pBabePuro
was used as a control.
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HNSCC cells were cultured in optimal growth media for each cell type: Cal-27 in
DMEM + 10% FBS and 1% Gln; Detroit-562 in EMEM + 10% FBS; FaDu and SCC61 in
DMEM + 20% FBS and 0.4 ug/mL HC; Hep3-GFP in DMEM + 10% FBS; HSC-2 in
DMEM + 10% FBS and 1.25 ug/mL amphotericin B; and SCC25 in DMEM/F12 + 20%
FBS and 0.4 ug/mL of HC.
To create Shank2-KD cells, shRNA was designed to the 3’ untranslated region
(UTR) of Shank2 using the Invitrogen website and cloned into pLenti-dest vector. To
create Shank2-KD cells, Cal27 or FaDu cells were transduced with retrovirus created by
transfecting Phoenix packaging cells with shRNA.

Pooled transduced cells were

selected by puromycin treatment and used for experiments. An shRNA to LacZ was
used as a control. KD was quantitated in ImageJ and graphed in Excel.

TRANSWELL INVASION ASSAY

For CRC cells, 50,000 cells/well were plated in triplicate on matrigel-coated
Transwell inserts in serum-free DMEM. Normal growth media was used on the bottom
as a chemoattractant. Cells were allowed to invade for 48 hours and then fixed with a
three-step stain (Thermo Scientific). Five random fields from each Transwell insert at
10x magnification were taken on an EVOS microscope for quantitation.
For HNSCC experiments, cells were serum starved for 24 hours prior to plating
on invasion chambers. 35,000 cells/well were plated in duplicate on matrigel-coated
Transwell inserts (Corning) in serum-free DMEM. Normal growth media was used on
the bottom as a chemoattractant. Cells were allowed to invade for 48 hours; cells were
removed from the top of the filter by scraping, and invaded cells were then fixed with a
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three-step stain (Thermo Scientific). The total number of invaded cells was counted
manually.

3D MATRIGEL CULTURE

Embedded three-dimensional culture was carried out as previously published
[105]. Briefly, 35 mm glass-bottomed Mat-tek dishes (Mat-tek Corporation) were coated
with 60 µL Matrigel (Corning). 4,000 cells were plated in each dish in 200 µL 90%
Matrigel, 10% growth medium. 2 mL of growth media was added to each dish after 30
minutes and replaced every four days. Cells were imaged at 10x magnification every
two days starting at day 3; eight random fields at various depths from each dish were
imaged and the diameter of each in-focus colony was quantitated.

PROLIFERATION ASSAY

1500 cells/well were plated in triplicate in the presence or absence of 10% serum
in 96 well plates and grown for five days.

Each day the plates were imaged on a

Cellavista automated microscope after the addition of Calcein to identify live cells,
Propidium iodide to identify dead cells, and Hoechst to identify nuclei (all from
Invitrogen). Data were quantitated with the Cellavista imaging software to determine the
number of live cells for each day.
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TMA CONSTRUCTION AND IRB INFORMATION

All use of human tissue samples was conducted under IRB-approved protocols.
The colorectal cancer tissue microarray (TMA) was constructed with 99 cases of
colorectal cancer, using duplicate 1-mm cores of each colorectal cancer in the GI
SPORE Tissue Core facility (IRB # 020338). All samples in the TMA are from formalinfixed paraffin-embedded blocks in the pathology archives, and are from tissue removed
during the course of routine clinical care. Associated outcome and demographic data
are extracted from the Colorectal Carcinoma Data and Virtual Archival Specimen
Repository (IRB# 101531), and are stripped of all identifiers when released to
investigators. The array is enriched for special histologic subtypes of CRC such as
mucinous, signet ring cell, and medullary carcinoma, and contains the full spectrum of
histologic grades and tumor stages.

Twelve control cases of histologically normal

colorectal mucosa from surgical resections for non-neoplastic disease such as
diverticulosis coli are included.

TMA STAINING

Antigen retrieval was performed in pH 6.0 citrate buffer, by using a pressure
cooker at 104 oC for 20 minutes with a 10 minute bench cool down, followed by
quenching with 0.04% H202 w/sodium azide for 5 minutes. After blocking in a serum-free
protein block for 20 min, primary antibody was incubated with the samples for an hour,
followed by detection with Dako Envision + HRP Labeled Polymer for 20 minutes
followed by incubation with chromogen DAB+ for 5 minutes.
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TMA ANALYSIS

To be included in the survival or recurrence-free curves, patients needed to have
the following information: stage, days until event (if deceased or recurrent), and a followup time of at least 30 days (if living or nonrecurrent). Through the Vanderbilt University
Digital Histology Shared Resource in the Epithelial Biology Center, immunostained TMA
slides were imaged at 20X magnification to a resolution of 0.5 µm/pixel with the Leica
SCN400 Slide Scanner (Leica Biosystems).

Tissue cores were analyzed with Ariol®

Review software SL-50. Upper and lower thresholds for brown DAB positive staining
were set for color, saturation, and intensity. Tumor areas with staining that registered
between these thresholds were determined to be DAB-positive in an automated
analysis. Brown (DAB-positive) area of each tumor core was thus used to determine
cytokeratin (tumor area), IGFBP2, and GATA3 stained area. The percent of the tumor
area positive for IGFBP2 was calculated by dividing the IGFBP2-positive area by the
cytokeratin-positive area and multiplying by 100.

TGF-β REPORTER ASSAY

Cells were transfected with both CAGA-Luciferase to measure TGF-β activity and
Renilla as an internal control, both generous gifts from Natasha Deane. After 24 hours,
cells were lysed, samples were prepared using the Dual-Glo Liciferase Assay System
(Promega) and fluorescence was measured on a luminometer.
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NUMBERS AND STATISTICS

For comparison of good and poor prognosis TCGA patients, a Fisher’s exact test
was used to analyze categories with two variables (gender, M). A Chi-squared test was
used to analyze categories with more than two variables (Stage, T, N). Age and gender
were analyzed using a Student t-test. All analyses were performed in GraphPad. For
experimental data from CRC cell lines, data from the engineered cell lines were plotted
and statistically analyzed in GraphPad using a Student t-test. Data plotted in bar graphs
were represented as mean+/-standard error. For growth curves, error bars represent
95% confidence intervals.

MICROSCOPY AND IMAGE ANALYSIS

For immunofluorescent imaging, cells were seeded (50,000) on coverslips. After
24 h, the cells were fixed in 4% paraformaldehyde, permeabilized with TritonX100,
incubated with primary and secondary antibodies for 1 h each at room temperature.
Hoechst was added on the last wash for 5 min, and the coverslips were then mounted
using Aqua Poly/Mount (Polysciences).
Images for quantification of Golgi area were acquired with an Eclipse TE2000-E
widefield fluorescent microscope (Nikon) equipped with a Plan Apo VC 60×, 1.4NA, oil
immersion lens, and a cooled charge-coupled device camera (HAMAMATSU, C4742-8012AG) by the use of Metamorph software. Golgi area was quantitated by thresholding
the images based on GM130 and a goat anti-mouse Alexa Fluor 488 staining. Cell area
was determined manually by tracing the cell perimeter in rhodamine–phalloidin stained
images, and the ratio of Golgi to cell area was calculated based on the thresholded area

17

using Metamorph software. Graphs were generated using Prism Graphpad version 5.
Statistical analysis was performed using SPSS version 18. Data with a non-normal
distribution (e.g., Golgi area/cell area) were analyzed using a Mann–Whitney U test with
Bonferroni correction. Data are presented as box and whiskers plots with the box
indicating the 25th and 75th percentiles, solid line indicating the median, and the
whiskers indicating the 95% confidence intervals.
For colocalization experiments, images were acquired on a confocal laser
scanning microscope (model LSM 510; Carl Zeiss), using a Plan-APOCHROMAT
63×/1.4 oil DIC objective and either a Argon/2, HeNe1, and/or HeNe2 laser. Z-axis
sectioning was at 0.2 µm intervals.
For the invadopodia analysis, images were acquired with an Eclipse TE2000-E
widefield fluorescent microscope (Nikon) equipped with a Plan Apo VC 40×, 1.4NA, oil
immersion lens, and a cooled charge-coupled device camera (HAMAMATSU, C4742-8012AG) by the use of Metamorph software.

Cell area was determined manually by

tracing the cell perimeter in actin or cortactin stained images. This cell area was then
transferred over to the FN stained image, which was thresholded to determine
degradation area. Data were tested for normality using SPSS, and non-normal data
were analyzed using a Mann–Whitney U test with Bonferroni correction. Graphs were
generated in GraphPad Prism.

SEMI-ORTHOTOPIC HNSCC MOUSE MODEL SYSTEM

The mouse model system was developed by the laboratory of Dell Yarbrough
[106]. Rat tracheas were obtained from rats sacrificed in the Vanderbilt animal facility
and denuded by three rounds of freezing at -80°C and thawing at room temperature.
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Tracheas were placed into human keratinocyte media containing 40 ug/mL tobramycin,
100 ug/Ml ceftazidime, and 1 ug/mL amphotericin, and media was changed after the first
thaw. After the second freeze, tracheas were stored at -80°C until ready for use.
For stability, denuded tracheas were first clipped using sterile wound clips
(Vitalitec) to plastic tubing. Sutures were then used to secure one end of the trachea
slightly above the wound clip. A small incision was made at the other end of the trachea,
1X106 HNSCC cells in 40 uL were inserted, and the incision was then sutured shut
below the wound clip. Would clips were then removed, leaving only the sutures securing
the trachea to the plastic tubing.
Nude mice were anesthetized and prepared tracheas were inserted into
subcutaneous pockets along the flanks. Two tracheas were inserted into each mouse
(one per flank). Tumors were grown for 8 weeks; mice were sacrificed and tracheas
were removed.
After removal, sutures were cut and plastic tubing was removed from
trachea/tumor. For processing, the tracheas were cut in half in the middle of the trachea
(or the middle of the tumor, if the tumor was concentrated at one end of the trachea).
Half was snap-frozen in liquid nitrogen and the other half was embedded in paraffin. For
staining, cross-sections of the trachea were cut to visualize the tumor inside the tracheal
ring. The Vanderbilt Translational Pathology Shared Resource Core performed staining
and provided the cytokeratin antibody.

INVADOPODIA ASSAY

Fibronectin (BD Biosciences) was labeled with Fluorescein isothiocyanate (FITC)
in borate buffer (170 mM Na2B4O7 pH 9.3, 40 mM NaCl), then dialyzed extensively
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against phosphate-buffered saline (PBS), followed by dialysis with 50% glycerol. FITCFN was stored at -20°C until ready for use. Immediately before use, FITC-FN was
diluted to 50 ug/mL and ultracentrifuged at 70,000 rpm for 15 minutes at 4°C to remove
protein aggregates.
Poly-d-lysine covered Mat-tek dishes were then coated with a solution of 1%
gelatin (Polysciences) and 1% sucrose, heated to 37°C to dissolve gelatin, for 1 minute
at room temperature (RT). Gelatin was aspirated until only a thin layer remained, and
was allowed to dry for 1 hour at RT. Gelatin was cross-linked by the addition of 0.5%
glutaraldehyde in PBS for 15 minutes on ice, followed by 30 minutes at RT.
Glutaraldehyde was deactivated by the addition of 1mg/mL of sodium borohydride for 3
minutes at RT. Ultracentrifuged FITC-FN (see above paragraph) was added for 1 hour
at RT. Coated plates and lids were then sterilized with 70% ethanol (EtOH) in a sterile
cell culture hood. Plates were washed 2X with 1X PBS and equilibrated in invadopodia
media (1:1 DMEM:RPMI, 20% FBS, 10% Nu-serum) for 30 minutes. Immediately before
plating cells, new invadopodia media with EGF to stimulate invadopodia formation was
added. 50,000 cells were plated onto each coated Mat-tek dish and cultured for 24 or 48
hours at normal conditions or in a hypoxia chamber.
The next day, cells were fixed in 4% paraformaldehyde (PFA) for 15 minutes,
permabilized in 0.5% Triton X-100 for 5 minutes, and blocked for 1 hour in 3% bovine
serum albumin (BSA).

Primary and secondary antibody incubations were each

performed for 1 hour in 3% BSA. Coverslips were mounted on Mat-tek dishes using
Aqua Poly/Mount (Polysciences).

20

ZYMOGRAPHY

FaDu cells were plated at 90% confluency on 60 mm Mat-tek dishes. After cells
adhered, growth media was replaced with serum-free media.

After 24 hours,

conditioned media was harvested and concentrated 10X. Samples were run on 10%
SDS substrate gels with 1% gelatin, 0.75 mm gels thick. Gels were washed with 2.5%
Triton X-100 to remove SDS and incubated overnight (O/N) in substrate buffer (50 mM
Tris-HCl, 10 mL CaCl2, pH 7.6). The next day, gels were stained with 0.5% Coomassie
Blue in 50% methanol (MeOH) and 10% acetic acid. Gels were destained in 50% MeOH
and 10% acetic acid, incubated in ddH2O to reverse gel shrinking, and imaged. Analysis
of bands was done in ImageJ.
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C HAPTER III: LINKING PATIENT OUTCOME TO HIGH THROUGHPUT
EXPRESSION DATA IDENTIFIES NOVEL REGULATORS OF COLORECTAL
ADENOCARCINOMA AGGRESSIVENESS
Parts of this chapter are published in F1000Research.

INTRODUCTION

Colorectal Adenocarcinoma

Colorectal carcinoma (CRC) is the third leading cause of cancer deaths for both
men and women in the United States; each year 142,000 people are diagnosed and
50,000 people die from this disease [1].

Like most cancers, CRC progression is

associated with acquisition of a series of genetic alterations, including APC
mutation/loss, KRAS mutation, Smad2/4 loss, and TP53 mutation/loss (Figure 1).
Importantly, survival rates dramatically decrease when distant metastases are present:
survival for localized stage II CRC is 90%, while survival for metastatic stage IV CRC is
only 12% [1]. Therefore, it is crucial for patient survival and quality of life that cancer is
diagnosed as early as possible and treated appropriately.
CRC staging is based on the TNM tumor staging system, including an
assessment of the primary tumor, regional lymph nodes, and distant metastases. The
primary tumor (T) is classified from T0-T4 based on the amount of invasion into the
surrounding tissue.

Regional lymph nodes are classified from N0-N2 based on the

number of regional lymph nodes containing metastases.

Distant metastases are a

binary classification of M0 or M1, indicating whether distant metastases are absent or
present, respectively. If any of these categories cannot be assessed, they are assigned
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Figure 1: Genetic alterations associated with CRC progression
This depicts the progression of normal colonic tissue to a metastatic cancer. Common genetic alterations
are shown in italics. Abbreviations: APC, adenomatous polyposis coli; KRAS, Kirsten rat sarcoma viral
oncogene homolog; SMAD, small mothers against decapentaplegic; TP53, tumor protein 53. Figure is from
[115].
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a designation of TX, NX, or MX [107]. Once the TNM status of the tumor is assessed,
the stage is determined (Table 1).
CRC stage is a central prognostic factor; therefore, current treatment decisions
for patients depend on tumor stage to a large degree. While it is agreed that Stage III
patients benefit from adjuvant chemotherapy [107], it remains controversial whether the
less advanced Stage II patients should receive adjuvant treatment. It has been reported
in several papers that Stage II CRC patients do not demonstrate a significant benefit
from adjuvant treatment [108,109].

Conversely, other studies show either smaller

benefit to Stage II patients [110,111] or a similar benefit in Stages II and III cancer
regardless of other prognostic risk factors [112].

In general, adjuvant therapy is

recommended for “high-risk” (clinically, the invasion of the cancer into the serosa) Stage
II patients [107]. Additionally, there are both prognostic and predictive molecular/genetic
factors identified in CRC: prognostic factors are thought to determine patient prognosis,
while predictive factors are used to guide treatment decisions (Table 2). There are two
established molecular poor prognosis factors: MSI status in early-stage CRC and BRAF
mutation in advanced CRC [113]. In addition, there are several potential molecular poor
prognosis factors identified.

For early-stage CRC, these include KRAS mutation,

thymidylate synthase (TS) positivity, 18q loss of heterozygosity (LOH), high p53
expression, and SMAD4 loss; for advanced CRC, MSI status, EGFR expression, and
KRAS mutation [113]. While these prognostic genomic markers are promising, none are
considered ready for use in the clinic. Treatment is instead determined based on clinical
presentation and tumor biology (e.g. metastases, symptoms, and progression), patientrelated factors, drug efficacy/toxicity, and drug availability, or the following predictive
markers [113].

There are three molecular/genetic predictive factors that are

recommended for use (outside of clinical trials) for advanced CRC: EGFR-mAb for
treatment of patients with a KRAS mutation, irinotecan for treatment of patients with TA
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TX
T0
Tis
T1
T2
T3
T4

NX
N0
N1
N2
MX
M0
M1

Stage 0
Stage I
Stage IIA
Stage IIB
Stage IIIA
Stage IIIB
Stage IIIC
Stage IV

Primary tumor (T)
Primary tumor cannot be assessed
No evidence of primary tumor
Carcinoma in situ: intraepithelial or invasion of the lamina propria
Tumor invades submucosa
Tumor invades muscularis propria
Tumor invades through the muscularis propria into the subserosa, or into
the nonperitonealized pericolic tissues
Tumor directly invades other organs or structures and/or perforates the
visceral peritoneum
Regional lymph nodes (N)
Regional nodes cannot be assessed
No regional lymph node metastases
Metastases in 1–3 regional lymph nodes
Metastases in ≥ 4 regional lymph nodes
Distant metastases (M)
Presence of distant metastases cannot be assessed
No distant metastases
Distant metastases
Stage grouping
T
N
M
Tis
N0
M0
T1 or T2
N0
M0
T3
N0
M0
T4
N0
M0
T1 or T2
N1
M0
T3 or T4
N1
M0
Any T
N2
M0
Any T
Any N
M1

Table 1: TNM staging classification of CRC
The TNM staging system used by AJCC. The primary tumor, regional lymph nodes, and distant metastases
are all given a number designation; higher numbers indicate more advanced disease. From these three
designations, the cancer stage is determined. Adapted from [107]
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Early CRC
Advanced CRC
Advanced CRC

Prognostic Factors
Predictive Factors

Potential

Established

KRAS mutation
TS positivity (>25% of cells)
18qLOH
p53 (high)
SMAD4 (any loss)
Multi-gene signatures

MSI-H/dMMR

MSI-H
EGFR (IHC)
KRAS mutation

BRAF mutation

Predictive for chemoradiation in localized rectal
cancer
• High TS
• Low EGFR
• TS polymorphism *3/*3 or *3/*4 (less benefit
from CRT, than *2/*2, *2/*3, or *2/*4)
For treatment with EGFR-mAB
• BRAF mutation
• Ligands: amphiregulin and epiregulin levels
PI3K (exon 20 versus exon 9) mutation
• PTEN mutation
• NRAS mutation
For treatment with bevacizumab
• VEGF >98 pg/ml
• bFGF, HGF, PlGF increase before
progression under Bevacizumab
(+chemotherapy)
For chemotherapy toxicity or efficacy
• High ERCC1 for oxaliplatin
• High TOPO 1 for irinotecan ± oxaliplatin

For treatment with
EGFR-mAB
• KRAS mutation
For chemotherapy
toxicity
• UGT1A1*28 genotype
for irinotecan
• DPD deficiency for
fluoropyrimidines

Table 2: Molecular and genetic prognostic and predictive factors for CRC
Potential and established molecular markers are shown for early and advanced CRC. Abbreviations: KRAS,
Kirsten rat sarcoma viral oncogene homolog; TS, Thymidylate synthase; LOH, Loss of heterozygosity;
SMAD, small mothers against decapentaplegic; MSI-H, Microsatellite instability-high; EGFR, Epidermal
growth factor receptor; IHC, Immunohistochemistry; BRAF, Rapidly accelerated fibrosarcoma B; mAb,
Monoclonal antibody; PTEN, Phophatase and tensin homolog; NRAS, Neuroblastoma rat sarcoma protein;
VEGF, Vascular endothelial growth factor; bFGF, Basic fibroblast growth factor; HGF, Hepatocyte growth
factor; PIGF, Phosphatidylinositol-glycan biosynthesis class F protein; ERCC1, Excision repair crosscomplementation group 1; TOPO1, Type 1 topoisomerase; UGT1A1, uridine diphosphate
glucuronosyltransferase 1A1; DPD, Dihydropyrimidine dehydrogenase. Table from [113].

26

repeats in the TATA region of the uridine diphosphate glucuronosyltransferase 1A1 gene
(UGT1A1*28 genotype), and fluoropyrimidines for treatment of patients with a
dihydropyrimidine dehydrogenase (DPD) deficiency [113].

Additionally, there are

several potential predictive markers that are not currently recommended for clinical use
(Table 2).
Although overall survival rates are significantly higher for early-stage patients,
those with undetectable micrometastases at the time of diagnosis are in danger of
subsequent metastatic growth that worsens their outcome. In CRC, 30% of stage II
patients have a recurrence at a distant site after removal of the primary tumor [114].
Identification of patients that have latent metastases would presumably improve patient
prognosis by helping physicians to decide which patients would benefit from adjuvant
chemotherapy.

Appropriate treatment with chemotherapy of Stage II patients might

prevent these latent metastases from later recurrence, thus improving survival rates.
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IGFBP2

IGFBP2 is part of the insulin-like growth factor (IGF) signaling axis: ligands IGF1
and IGF2 activate insulin growth factor receptor (IGFR) by direct binding, which leads to
downstream Ras/MAPK and phosphoinositide 3 kinase/protein kinase b (PI3K/AKT)
signaling that result in decreased apoptosis, and increased proliferation, protein
synthesis, and glucose metabolism (reviewed in [32]). IGFBP2 binds to IGF1 and IGF2
in the extracellular space, controlling their half-life and availability. Additionally, IGFBP2
can bind to molecules outside of the IGF pathway, such as extra-cellular matrix (ECM)
components,

proteoglycan

receptor,

integrin

receptors,

nuclear

transportation

complexes, and other factors, resulting in IGF-independent functions such as promotion
of angiogenesis, cell growth, and metabolic activity [33]. IGFBP2 structural domains and
binding sites are shown in Figure 2.
IGF signaling has long been recognized as important for driving cancer
progression, and is deregulated in diverse cancer types, such as colon, prostate,
osteosarcoma, melanoma, breast, liver, pancreatic, multiple myeloma, mesothelioma,
glioblastoma, and childhood malignancies [116]; both expression level and functional
studies have highlighted the importance of IGFBP2. In breast cancer, IGFBP2 promotes
growth and invasion [34], and high expression levels are associated with lymph node
metastases

[35]

and

phosphatase

and

tensin

homolog

(PTEN)

loss

[36].

Overexpression of IGFBP2 is also associated with prostate cancer [37–40] and in highgrade or very invasive ovarian cancer [41,42], and promotes invasion of ovarian cancer
cells [43]. In gliomas, IGFBP2 expression correlates with high-grade and poor prognosis
patients [44] and stem cells [45]. Its overexpression in gliomas results in increased
proliferation [45], higher grade tumors and increased AKT pathway activity [46],
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Figure 2: IGFBP2 domain structure
IGFBP2 has two cysteine-rich (Cys) regions at its N and C termini, separated by a linking domain containing
a proteolytic cleavage region. Both the N and C terminal Cys regions contain IGF binding domains. There
are two heparin-binding domains (HBD) located in the link domain and C-terminal Cys domain. The Cterminal Cys domain also contains an integrin-binding domain (RDG). Abbreviations: Cys, Cysteine; IGF,
Insulin-like growth factor; HBD-1, heparin-binding domain; NLS, Nuclear localization sequence. Figure from
[33].
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increased invasion and MMP2 activity [47], while knockdown experiments show
decreased invasiveness and tumorigenicity [48].

IGFBP2 is also associated with

chemoresistance and therapy response in adult acute myeloid leukemia (AML) [49,50].
In lung cancer, high IGFBP2 autoantibody levels in the blood are used as a biomarker
[51], and it inhibits caspase 3-mediated apoptosis [52].
While the studies described above indicate an oncogenic, tumor-promoting role
of IGFBP2 in most cancer types, its role in CRC is more controversial. Some evidence
points toward a similar tumor-promoting role: IGFBP2 is overexpressed in tumors [53–
56] and elevated in blood serum levels [56,57] of human CRC patients. Overexpression
of IGFBP2 resulted in increased proliferation, motility, tumorigenesis, and metastasis in
a subcutaneous model, while IGFBP2 knockdown caused a reduction of these
phenotypes [54]. Conversely, IGFBP2 has been shown to inhibit proliferation in vitro
[58,59]. Additionally, in human tissue samples IGFBP2 mRNA was expressed in all
samples but IGFBP2 protein was only expressed in a small subset [60]. This study also
showed that extracts taken from cancer tissue (but not normal colonic tissue extracts)
were able to degrade IGFBP2 protein, suggesting the presence of factors in cancer
tissue has the ability to decrease IGFBP2 expression by protein degradation [60].
Furthermore, transgenic mice with an overexpression of IGFBP2 in the intestine show
reduced tumor size and proliferating (Ki67-positive) cells [61].

IGFBP2 controls the

availability of IGFs [33]; therefore, an extreme overabundance of IGFBP2 may sequester
IGFs and prevent the tumor-promoting activities of its downstream signaling. It is also
possible that IGFBP2 has opposing effects on tumor initiation and tumor progression;
however, it is currently unknown what causes these contradictory effects and more
research is needed to elucidate the mechanism. The work described in this dissertation
supports the tumor-promoting role of IGFBP2 in CRC.
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GATA3

GATA3 was originally identified as a transcription factor in T-cells [117,118].
GATA3 is expressed in naïve T-cells, and upon activation it is either upregulated or
downregulated to produce at TH2 or TH1 phenotype, respectively [62].

GATA3

encourages a TH2 cell phenotype in two ways: by promoting differentiation of TH2 cells
and suppressing differentiations of TH1 cells. GATA3 induces the differentiation of TH2
cells by production of the cytokines IL-4 and IL-5, and is both necessary and sufficient
for TH2 cell differentiation [63,64]. Conversely, GATA3 suppresses TH1 cell
differentiation by suppression of IFN-γ, Stat4, and RUNX3 production [65–68].
Although much of the literature focuses on the role of GATA3 in T-cells, it is also
important for growth and development in non-hematopoietic tissues. GATA3-null mice
are embryonically lethal and die due to hemorrhaging, anemia, central nervous system
defects, and defects in liver hematopoiesis, suggesting that GATA3 is crucial for early
development in multiple tissues [119]. In humans, haploinsufficiency of GATA3 causes
Hypoparathyroidism, Sensorineural Deafness and Renal Disease (HDR) Syndrome,
characterized by hypoparathyroidism, heart and renal defects, immune deficiency, and
deafness, indicating that GATA3 plays an essential role in the development of the
thyroid, heart, kidney, and immune system [120]. GATA3 is expressed in epithelial cells
and regulates the differentiation of skin cells and hair follicles [69], kidney [70], and
luminal cells in the mammary gland [71,72].
Recently, some work has also been published on the role of GATA3 in breast
cancer. GATA3 levels inversely correlate with the metastatic potential of breast cancer
cell lines, and GATA3 loss occurred with tumor progression in three different mouse
models of breast cancer [76]. In human patients, low GATA3 expression is associated
with a number of poor prognostic indicators, such as estrogen receptor (ER) and
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progesterone receptor (PR) negative status, Her2/Neu overexpression, high grade, and
poor differentiation (reviewed in [77]).

Whether GATA3 has independent prognostic

value is disputed; several studies report that it does [121–123], but this has been refuted
by another study [124].
In addition to these GATA3 expression levels studies, GATA3 mutations are also
commonly found in breast cancer [73–75]. Interestingly, the TCGA publication reports
that GATA3 is the most frequently mutated protein in breast cancer [73].

These

mutations are a defining feature of luminal subtype A of breast cancer that has an
improved prognosis [75].

Most of these mutations are in the zinc finger domain of

GATA3 that is necessary for its ability to bind DNA (Figure 3) [74].
Functional

studies

have

shown

that

GATA3

expression

induces

cell

differentiation and decreases metastasis [76,78]. GATA3 also regulates tumorigenesis
and cell proliferation through its direct target INK4C [79]. Another downstream target of
GATA3 is miR-29b, which promotes differentiation, alters the microenvironment, and
suppresses metastasis [80].

It has also been reported that GATA3 induces a

mesenchymal-to-epithelial (MET) transition that results in decreased invasion, smaller
tumors, and decreased metastasis by binding to the E-cadherin promoter [81]. Finally,
GATA3 has also been shown to negatively regulate TGF-β signaling and invadopodia
formation through binding to Smad4 [82].
In addition to the breast cancer studies, one paper has reported GATA3 loss
promotes cellular invasion and predicts recurrence in prostate cancer [83]; however, the
role of GATA3 in CRC had not been reported prior to the work done in our laboratory.
In this study, we analyzed publicly available data from TCGA to identify proteins
that are predictive of poor prognosis in colorectal adenocarcinoma (CRC) (7).

We

analyzed RPPA data, which includes protein and phospho-protein expression levels.
Our analysis identified both known and novel candidate CRC drivers statistically
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Figure 3: GATA3 domain structure
GATA3 consists of two N-terminal transactivation (TA) domains, and two zinc finger (ZF) domains that are
each followed by conserved basic regions. Both ZF domains bind directly to DNA; ZF1 binds specifically to
the canonical GATA motif (A/T)GATA(A/G), while ZF2 binding is broader. The basic regions mediate DNA
binding. Abbreviations: TA, transactivation; ZF, zinc finger. Figure from [77].
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associated with tumor recurrence or patient survival. Of these, we characterized two
molecules in more detail.

IGFBP2 was associated with both death and recurrence.

Validation in an independent patient dataset by immunohistochemical (IHC) staining of a
tissue microarray (TMA) demonstrated that high levels of IGFBP2 are associated with
poor patient prognosis. Interestingly, low protein levels of the transcription factor GATA3
were highly associated with death of CRC patients in the TCGA data set. Experimental
studies in colon cancer cell lines indicate that GATA3 expression acts to suppress
invasive, aggressive CRC behavior.

Since GATA3 protein and RNA levels are not

correlated with each other, this association would not have been detected using RNA
expression data.
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RESULTS

Bioinformatics Analysis of TCGA Data

To identify molecular drivers of aggressive CRC behavior, we used statistical
methods to link patient outcome data to protein and phospho-protein expression in the
TCGA RPPA dataset. The RPPA dataset includes protein and phospho-protein levels
from tumor biopsies taken at the time of diagnosis (for a complete list of proteins
included in the analyses, see Table 3). The clinical information for these patients is also
available, including recurrence and survival information, stage, and follow up time (Table
4, Table 5).
Therefore, we used a combination of univariate and multivariate approaches to
identify proteins associated with recurrence or death.

Univariate Cox proportional

hazard regression analysis [100,101] relates the time to an event to a covariate (gene or
protein expression) and is a common method to identify associations of protein
expression with patient outcome. We also used Wilma and Regsubsets multivariate
algorithms to select groups of proteins with predictive power [103,125].

Wilma is a

greedy forward algorithm, meaning it selects the best solution at each step; conversely,
Regsubsets is an exhaustive algorithm. The use of all 3 methods allowed us to identify
whether certain proteins were chosen independent of the statistical method used.
Patient characteristics are shown in Table 5 for the Cox regression analysis and in
Table 4 for the Wilma/Regsubsets analyses. As expected, there were some significant
differences in good vs. poor prognosis groups in tumor stage, metastasis status for
patients included in the multivariate analysis (Table 4), and tumor stage, primary tumor
size T, lymph node status N, and metastasis status M for patients in included in the Cox
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14-3-3_epsilon-M-C
4E-BP1_pS65-R-V
4E-BP1_pT37-R-V
4E-BP1_pT70-R-C
4E-BP1-R-V
53BP1-R-C
ACC_pS79-R-V
ACC1-R-C
AIB1-M-V
Akt_pS473-R-V
Akt_pT308-R-V
Akt-R-V
alpha-Catenin-M-V
AMPK_alpha-R-C
AMPK_pT172-R-V
Annexin_I-R-V
AR-R-V
ARID1A-M-V
ATM-R-C
B-Raf-M-NA
Bak-R-C
Bax-R-V
Bcl-2-R-NA
Bcl-X-R-C
Bcl-xL-R-V
Beclin-G-V
beta-Catenin-R-V
Bid-R-C
Bim-R-V
c-Jun_pS73-R-C
c-Kit-R-V
c-Met_pY1235-R-C
c-Met-M-C
c-Myc-R-C
C-Raf_pS338-R-C
C-Raf-R-V
Caspase-3_activeR-C
Caspase7_cleavedD198-RCaspase-8-M-C
C
Caspase9_cleavedD330-RCaveolin-1-R-V
C
CD20-R-C
CD31-M-V

CD49b-M-V
CDK1-R-V
Chk1_pS345-R-C
Chk1-R-C
Chk2_pT68-R-C
Chk2-M-C
cIAP-R-V
Claudin-7-R-V
Collagen_VI-R-V
COX-2-R-C
Cyclin_B1-R-V
Cyclin_D1-R-V
Cyclin_E1-M-V
Cyclin_E2-R-C
DJ-1-R-C
Dvl3-R-V
E-Cadherin-R-V
eEF2-R-V
eEF2K-R-V
EGFR_pY1068-R-V
EGFR_pY1173-R-C
EGFR_pY992-R-V
EGFR-R-C
eIF4E-R-V
ER-alpha_pS118-R-V
ER-alpha-R-V
ERCC1-M-C
ERK2-R-NA
FAK-R-C
Fibronectin-R-C
FOXO3a_pS318_S321-R-C
FOXO3a-R-C
GAB2-R-V
GATA3-M-V
GSK3_pS9-R-V
GSK3-alphabeta_pS21_S9-R-V
GSK3-alpha-beta-M-V
HER2_pY1248-R-V
HER2-M-V
HER3_pY1298-R-C
HER3-R-V
HSP70-R-C
IGF-1R-beta-R-C

IGFBP2-R-V
INPP4B-G-C
IRS1-R-V
JNK_pT183_Y185-R-V
JNK2-R-C
K-Ras-M-C
Ku80-R-C
Lck-R-V
LKB1-M-NA
MAPK_pT202_Y204-R-V
MEK1_pS217_S221-R-V
MEK1-R-V
MIG-6-M-V
Mre11-R-C
MSH2-M-C
MSH6-R-C
mTOR_pS2448-R-C
mTOR-R-V
N-Cadherin-R-V
NF-kB-p65_pS536-R-C
NF2-R-C
Notch1-R-V
Notch3-R-C
P-Cadherin-R-C
p21-R-C
p27_pT157-R-C
p27_pT198-R-V
p27-R-V
p38_MAPK-R-C
p38_pT180_Y182-R-V
p53-R-V
p70S6K_pT389-R-V
p70S6K-R-V
p90RSK_pT359_S363-R-C
PARP_cleaved-M-C
Paxillin-R-V
PCNA-M-V
PDK1_pS241-R-V
PEA-15-R-V
PI3K-p110-alpha-R-C
PI3K-p85-R-V
PKC-alpha_pS657-R-V
PKC-alpha-M-V

PKC-delta_pS664-R-V
PR-R-V
PRAS40_pT246-R-V
PTCH-R-C
PTEN-R-V
Rab11-R-V
Rab25-R-C
Rad50-M-C
Rad51-M-C
Rb_pS807_S811-R-V
Rb-M-V
S6_pS235_S236-R-V
S6_pS240_S244-R-V
S6-R-NA
SETD2-R-NA
Shc_pY317-R-NA
Smac-M-V
Smad1-R-V
Smad3-R-V
Smad4-M-V
Snail-M-C
Src_pY416-R-C
Src_pY527-R-V
Src-M-V
STAT3_pY705-R-V
STAT5-alpha-R-V
Stathmin-R-V
Syk-M-V
Tau-M-C
TAZ_pS89-R-C
TAZ-R-C
Transglutaminase-M-V
Tuberin-R-C
VASP-R-C
VEGFR2-R-C
XBP1-G-C
XIAP-R-C
XRCC1-R-C
YAP_pS127-R-C
YAP-R-V
YB-1_pS102-R-V
YB-1-R-V

Table 3: List of all proteins included in RPPA analysis
A complete list of the 171 proteins that were included in the TCGA RPPA analysis, listed in alphabetical
order.
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Total	
  
number	
  
Average	
  
age	
  
Average	
  
weight	
  
Male	
  
Female	
  
Stage	
  I	
  
Stage	
  II	
  
Stage	
  III	
  
Stage	
  IV	
  
T0	
  
T1	
  
T2	
  
T3	
  
T4	
  
N0	
  
N1	
  
N2	
  
M0	
  
M1	
  

Patients	
  included	
  in	
  Wilma	
  and	
  Regsubsets	
  analyses	
  
Recurrence	
  
Death	
  
Non-‐recurrent	
  	
  	
  	
  
Living	
  (3	
  yr.	
  
Recurrent	
   (3	
  yr.	
  follow-‐up)	
   p-‐value	
   Deceased	
   follow-‐up)	
   p-‐value	
  
22	
  

12	
   	
  	
  

23	
  

20	
  

	
  	
  

66.86	
  

59.83	
  

0.2339	
  

73.96	
  

63.65	
  

0.0274*	
  

77.55	
  
13	
  
9	
  
0	
  
6	
  
6	
  
9	
  
0	
  
0	
  
0	
  
17	
  
5	
  
7	
  
8	
  
6	
  
7	
  
10	
  

79.75	
  
7	
  
5	
  
2	
  
2	
  
7	
  
1	
  
0	
  
1	
  
2	
  
9	
  
0	
  
4	
  
7	
  
1	
  
10	
  
1	
  

0.6605	
  

67.21	
  
14	
  
9	
  
3	
  
6	
  
4	
  
9	
  
1	
  
0	
  
4	
  
11	
  
7	
  
10	
  
8	
  
5	
  
10	
  
9	
  

77.79	
  
10	
  
10	
  
3	
  
5	
  
8	
  
3	
  
0	
  
1	
  
3	
  
15	
  
1	
  
8	
  
7	
  
4	
  
13	
  
3	
  

0.1732	
  

1	
  

0.0341*	
  

0.0834	
  

0.3392	
  
0.0161*	
  

0.5472	
  

0.2379	
  

0.1315	
  

0.9904	
  
0.1516	
  

Table 4: Characteristics and comparison of good vs. poor prognosis of TCGA patients
with RPPA data included in Wilma and Regsubsets analyses for death and recurrence
The features of patients included in the TCGA Wilma and Regsubsets analyses for both definitions of poor
prognosis (recurrence and death). For good prognosis, a minimum of 3 years of follow-up data was required
to be reasonably sure an event would not occur in the future. Age and weight are averages, while other
categories have the number of patients present in each (gender, stage, T, N, and M). To see if there were
any differences between good vs. poor prognosis for any of these categories, we used a student’s T-test
(age, weight), a Fisher’s exact test (gender, M), and a Chi-square test (stage, T, N). P-values are reported
significance is denoted by asterisks.
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Total	
  
number	
  
Average	
  
age	
  
Average	
  
weight	
  
Male	
  
Female	
  
Stage	
  I	
  
Stage	
  II	
  
Stage	
  III	
  
Stage	
  IV	
  
T0	
  
T1	
  
T2	
  
T3	
  
T4	
  
Tis	
  
N0	
  
N1	
  
N2	
  
M0	
  
M1	
  

Patients	
  included	
  in	
  Cox	
  regression	
  analysis	
  
Recurrence	
  
Death	
  
Non-‐recurrent	
  	
  	
  	
  
Living	
   (3	
   yr.	
  
Recurrent	
   (3	
  yr.	
  follow-‐up)	
   p-‐value	
  
Deceased	
   follow-‐up)	
   p-‐value	
  
22	
  

125	
   	
  	
  

23	
  

168	
  

	
  	
  

66.86	
  

63.53	
  

0.3418	
  

73.96	
  

65.21	
  

0.003*	
  

77.55	
  
13	
  
9	
  
0	
  
6	
  
6	
  
9	
  
0	
  
0	
  
0	
  
17	
  
5	
  
0	
  
7	
  
8	
  
6	
  
7	
  
10	
  

82.84	
  
63	
  
62	
  
22	
  
46	
  
41	
  
13	
  
0	
  
3	
  
22	
  
87	
  
10	
  
1	
  
75	
  
39	
  
11	
  
99	
  
13	
  

0.2136	
  

67.21	
  
14	
  
9	
  
3	
  
6	
  
4	
  
9	
  
1	
  
0	
  
4	
  
11	
  
7	
  
0	
  
10	
  
8	
  
5	
  
10	
  
9	
  

82.62	
  
86	
  
82	
  
27	
  
67	
  
53	
  
17	
  
0	
  
3	
  
27	
  
120	
  
15	
  
1	
  
102	
  
45	
  
20	
  
130	
  
18	
  

0.0459*	
  

0.4951	
  

0.0009*	
  

0.1259	
  

0.0137*	
  
<	
  0.0001*	
  

0.5052	
  

0.0016*	
  

0.0037*	
  

0.2263	
  
0.0006*	
  

Table 5: Characteristics and comparison of good vs. poor prognosis of TCGA patients
with RPPA data included in Cox regression analysis for death and recurrence
The features of patients included in the TCGA cox regression analysis for both definitions of poor prognosis
(recurrence and death). For good prognosis, patients with less than 30 days of follow-up time were
discarded. Age and weight are averages, while other categories have the number of patients present in
each (gender, stage, T, N, and M). To see if there were any differences between good vs. poor prognosis
for any of these categories, we used a student’s T-test (age, weight), a Fisher’s exact test (gender, M), and
a Chi-square test (stage, T, N). P-values are reported significance is denoted by asterisks.
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regression analysis (Table 5). Age was also significantly different in deceased vs. living
patients (but not recurrent vs. non-recurrent patients) for both analysis groups, which
could be a possible confounding factor.
The Wilma and Regsubsets algorithms compare groups (clusters) of patients,
which we predefined by patient prognosis (recurrence or death), and find proteins that
are able to predict these clusters. For these multivariate methods, patients were divided
into “good” or “poor” prognosis groups according to survival or recurrence data. “Good
prognosis” patients were classified either as living or as having no recurrence with a
minimum of 3 years follow-up time. We chose 3 years as a reasonable cut-off time since
the great majority of colon cancer cases (91%) have a recurrence within this time frame
[114]. Although this did reduce our sample size for patients included in the multivariate
analyses compared to the univariate Cox regression (Table 4 vs. Table 5), we felt it was
necessary to ensure that our “good prognosis” group was accurate.

For the “poor

prognosis” patient group, recurrence or death could occur at any time point.

To

determine whether any proteins had stage-specific statistical associations, we performed
the analyses using patient groups of stages I-II, stages I-III, or stages I-IV ("all stages").
However, we did not use stage, node or metastasis status as traits for identification of
molecular correlates for several reasons. First, we reasoned that identifying molecular
correlates of stage would not add prognostic information for clinical decision making,
since stage is already gathered on every patient. Second, an initial test using the Wilma
algorithm suggested that RPPA protein expression changes selected to be associated
with node and metastasis negativity (e.g. N0M0 vs. N+M+) did not segregate patients
well into groups (Figure 4). Thus, the two-dimensional projections indicate that proteins
selected by both recurrence and death had the ability to separate patients into distinct
groups, indicating good predictive power, while N/M status at the time of diagnosis did
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Figure 4: Comparison of Wilma 2D projections for death, recurrence, and
node/metastasis status
These plots show the mean RPPA expression for all proteins (plotted in two dimensions) identified by the
Wilma algorithm for patients of all stages. Each number shows the position of an individual patient in the
two dimensional projection; a 0 indicates good prognosis (living with 3 years of follow-up data, non-recurrent
with 3 years of follow-up data, or N0M0) while a 1 indicates poor prognosis (deceased, recurrent, or N+M+).
The good separation between good and poor prognosis patients in the death and recurrence plots indicates
these definitions are superior to node/metastasis positivity in identifying proteins associated with poor
prognosis.
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not (Figure 4). After this initial test, we did not perform any more analyses with node or
metastasis status.
Proteins (indicated by “Antibody”) significantly (p<0.05) associated with death
using the univariate Cox proportional hazard regression are shown in Table 6, while
proteins significantly (p<0.05) associated with recurrence are shown in Table 7. Hazard
ratios indicate whether increased (HR > 1) or decreased (HR < 1) protein expression is
associated with an event (death or recurrence). For example, if the hazard ratio is 3, the
patient is 3 times more likely to have an event when expression of that protein is
increased. All proteins that had a significant p-value were included, regardless of their
hazard ratio.
Two-dimensional plots showing the results of the Wilma algorithm for all stages,
stages I-II, and stages I-III are shown in Figure 5 (death-associated proteins) and
Figure 6 (recurrence-associated proteins).

Each number represents an individual

patient; a 1 indicates a poor prognosis patient and a 0 indicates a good prognosis
patient. The distinct separation between groups of patients indicates the algorithm is
clustering poor prognosis patients separately from good prognosis patients. Proteins
selected for both death and recurrence had the ability to segregate patients based on
prognosis in stages I-II, stages I-III, and all patients, indicating that these are both good
definitions of prognosis (Figure 5, Figure 6).
Plots showing the results of the Regsubsets algorithm for stages I-II, stages I-III,
and all stages are in Figure 7 (death) and Figure 8 (recurrence). We set nvmax, the
maximum number of proteins that could be included in a model, to 5. Nbest, the number
of models of each size to determine, was set at 10. The Regsubsets algorithm returns
nbest number of models of all sizes up to nvmax. Thus, each Regsubsets analysis
returned 50 models (10 models times 5 model size groups). The adjusted r-squared
value for each model is the plotted on the y-axis, while the proteins included in each
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Death
Antibody

Hazard_Ratio

P_value

All stages

XBP1.G.C
AMPK_alpha.R.C
Tau.M.C
Smad3.R.V
Bid.R.C
INPP4B.G.C
IGFBP2.R.V
GATA3.M.V
Bim.R.V
Fibronectin.R.C

7.12
4.82
0.19
3.48
0.06
1.96
1.44
0.24
2.67
0.58

0.003
0.011
0.015
0.019
0.028
0.029
0.030
0.038
0.044
0.046

Stages I-II

GATA3.M.V
K.Ras.M.C
cIAP.R.V
IGFBP2.R.V
Rb.M.V
Cyclin_D1.R.V
AMPK_alpha.R.C
X14.3.3_epsilon.M.C
Tau.M.C
Notch3.R.C
PR.R.V

0.04
0.14
15.84
2.25
0.02
0.00
24.32
0.00
0.05
3.33
0.02

0.0003
0.002
0.005
0.006
0.008
0.010
0.012
0.017
0.025
0.036
0.047

Stages I-III

GATA3.M.V
Rb.M.V
Bid.R.C
IGFBP2.R.V
K.Ras.M.C
Tau.M.C
AMPK_alpha.R.C
c.Kit.R.V
TAZ_pS89.R.C
PR.R.V
XBP1.G.C

0.07
0.06
0.01
1.83
0.23
0.07
5.91
2.25
0.00
0.06
6.28

0.001
0.004
0.006
0.007
0.008
0.009
0.015
0.027
0.031
0.046
0.046

Table 6: Hazard Ratios and p-values for Cox Regression Analysis Identifying Proteins
Associated with Patient Death
A hazard ratio above 1 indicates that increased expression of the protein is associated with death; a hazard
ratio above 1 indicates that decreased expression of the protein is associated with death. Only proteins with
a significant p-value (<0.05) were included
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Recurrence
All stages

Stages I-II

Stages I-III

Antibody

Hazard_Ratio

P_value

COX.2.R.C
YAP_pS127.R.C
Caspase.7_cleavedD198.R.C
c.Jun_pS73.R.C
MEK1_pS217_S221.R.V
XIAP.R.C
HSP70.R.C
YAP_pS127.R.C
IGFBP2.R.V
COX.2.R.C
PEA.15.R.V
CDK1.R.V
IGFBP2.R.V
COX.2.R.C
YB.1_pS102.R.V
XRCC1.R.C
XIAP.R.C
DJ.1.R.C

2.02
2.31
0.63
4.18
2.42

0.001
0.021
0.028
0.042
0.049

41.60
2.44
8.12
2.01
2.68
52.19
0.00
1.96
2.30
7.69
16.08
12.56
0.07

0.012
0.031
0.035
0.040
0.045
0.046
0.050
0.004
0.007
0.019
0.028
0.030
0.043

Table 7: Hazard Ratios and p-values for Cox Regression Analysis Identifying Proteins
Associated with Tumor Recurrence
A hazard ratio above 1 indicates that increased expression of the protein is associated with recurrence; a
hazard ratio above 1 indicates that decreased expression of the protein is associated with recurrence. Only
proteins with a significant p-value (<0.05) were included.
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Figure 5: Two-Dimensional Wilma Algorithm Plots for Death
These plots show the mean RPPA expression for all proteins (plotted in two dimensions) identified by the
Wilma algorithm for patients of all stages. Each number shows the position of an individual patient in the
two dimensional projection; a 0 indicates good prognosis (living with 3 years of follow-up data) while a 1
indicates poor prognosis (deceased).
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Figure 6: Two-Dimensional Wilma Algorithm Plots for Recurrence
These plots show the mean RPPA expression for all proteins (plotted in two dimensions) identified by the
Wilma algorithm for patients of all stages. Each number shows the position of an individual patient in the
two dimensional projection; a 0 indicates good prognosis (non-recurrent with 3 years of follow-up data) while
a 1 indicates poor prognosis (recurrent).
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Figure 7: Regsubsets Algorithm Plots for Death
These plots show the output of the Regsubsets algorithm for a) Stages I-II, b) Stages I-III, and c) All stages.
Proteins are on the x-axis, and adjusted r-squared value is on the y-axis. Each horizontal line indicates a
separate model, and the black boxes show which proteins are included in each model. Proteins identified in
more than 5 models are marked with an arrow and enlarged protein name above the plot.
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Figure 8: Regsubsets Algorithm Plots for Recurrence
These plots show the output of the Regsubsets algorithm for a) Stages I-II, b) Stages I-III, and c) All stages.
Proteins are on the x-axis, and adjusted r-squared value is on the y-axis. Each horizontal line indicates a
separate model, and the black boxes show which proteins are included in each model. Proteins identified in
more than 5 models are marked with an arrow and enlarged protein name above the plot.
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model are indicated on the x-axis. As the number of proteins in the model increases, the
adjusted r-squared value also increases, so the models with nvmax proteins (in our
case, 5) are the top nbest (in our case, 10) rows of the Regsubsets plots. For our
analysis, we set a threshold that a protein must be identified five times by Regsubsets to
be included in the summary charts (indicated by enlarged protein names inserted above
arrows in Figure 7 and Figure 8).
The full results of all three bioinformatics analyses for molecules statistically
associated with death or recurrence are summarized in Table 8 and Table 9, with bold
proteins indicating the proteins that were identified by more than one of the three
bioinformatics methods. To more easily visualize this, we created modified volcano plots
of these proteins showing the number of times a protein was identified vs. the difference
in RPPA expression for either death or recurrence (Figure 9a). In these charts, proteins
with negative values are downregulated in patients with poor outcome (such as the wellknown tumor suppressor, Rb) and proteins with positive values are upregulated (such as
the oncogene c-Jun).

Proteins that were identified by more than one method are

indicated in red in the volcano plots (Figure 9a).
Proteins associated with death included known CRC drivers, including SMAD3,
SMAD4, and MSH2, which respectively regulate TGF-β signaling [126] and microsatellite
instability [127] (Table 8). In addition, a number of apoptosis and cell cycle proteins
were associated with death, including Bid, Bim, Rb, and Chk1.

Interestingly, the

transcription factor GATA3 was our top hit associated with patient death and was
identified 8 times out of a potential maximum of 9 times (3 stage groups analyzed by 3
statistical methods). GATA3 is frequently mutated in breast cancer and is known to
promote luminal cell differentiation in the mammary gland [71,73,74,76], but has not
been previously studied in colon cancer. IGFBP2, which was linked with both patient
death and tumor recurrence in our analysis, was another interesting hit, as it has been
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Death

Antibody	
  

	
  
	
  

Method
Stages
GATA3.M.V
Bid.R.C
Rb.M.V
AMPK_alpha.R.C
Tau.M.C
IGFBP2.R.V
Beclin.G.V
Src_pY527.R.V
c.Jun_pS73.R.C
X4E.BP1.R.V
Bim.R.V
COX.2.R.C
Smad4.M.V
ERK2.R.NA
PR.R.V
Annexin_I.R.V
Chk1.R.C
K.Ras.M.C
MSH2.M.C
p27_pT157.R.C
p70S6K_pT389.R.V
Smad3.R.V
X4E.BP1_pT37.R.V
XBP1.G.C
ACC1.R.C
Akt.R.V
AMPK_pT172.R.V
Caspase.3_active.R.C
CDK1.R.V
Fibronectin.R.C
STAT5.alpha.R.V
TAZ.R.C
YB.1_pS102.R.V
B.Raf.M.NA
Bax.R.V
c.Kit.R.V
cIAP.R.V
Cyclin_D1.R.V
Cyclin_E1.M.V
eIF4E.R.V
INPP4B.G.C
Notch3.R.C
p27.R.V
p38_pT180_Y182.R.V
PRAS40_pT246.R.V
S6.R.NA
TAZ_pS89.R.C
X14.3.3_epsilon.M.C

All

ü
ü
ü
ü
ü

Cox
I-II I-III

All

ü

ü

ü
ü
ü
ü

ü
ü
ü
ü
ü
ü

ü

ü
ü

ü
ü

ü
ü

ü

ü
ü
ü
ü
ü
ü
ü
ü

Wilma
I-II I-III

ü
ü
ü
ü

ü
ü
ü

ü

ü
ü
ü

ü
ü
ü

ü

ü

ü

ü
ü

ü

ü
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ü

ü
ü
ü
ü

ü
ü
ü

ü
ü

ü
ü

ü

ü
ü

ü

ü

ü

ü

ü

ü
ü

ü
ü
ü

ü
ü
ü

ü
ü

ü
ü

ü
ü

ü

ü

ü

ü
ü
ü

ü
ü
ü

Regsubsets
All I-II I-III

ü
ü

ü

Total
8
6
5
5
5
4
4
4
3
3
3
2
2
2
2
2
2
2
2
2
2
2
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Table 8: All Proteins Associated with Patient Death, Sorted in Descending Order by the
Number of Times Identified
Table on previous page. Proteins (indicatd by Antibody) identified by all three bioinformatics methods (Cox
regression, Wilma algorithm, and Regsubsets algorithm) to be associated with death for Stages I-II, I-III, and
All stages. Proteins identified by more than one bioinformatics method are indicated in bold.
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Antibody	
  

	
  
	
  

Method
Stages
COX.2.R.C
c.Jun_pS73.R.C
Rb.M.V
IGFBP2.R.V
Rb_pS807_S811.R.V
Beclin.G.V
Smad4.M.V
GSK3.alpha.beta.M.V
HSP70.R.C
p70S6K.R.V
PEA.15.R.V
PI3K.p85.R.V
XIAP.R.C
XRCC1.R.C
YAP_pS127.R.C
GATA3.M.V
ERK2.R.NA
PR.R.V
ACC1.R.C
AMPK_pT172.R.V
Caspase.3_active.R.C
CDK1.R.V
Fibronectin.R.C
STAT5.alpha.R.V
TAZ.R.C
YB.1_pS102.R.V
ACC_pS79.R.V
Akt_pS473.R.V
ARID1A.M.V
Caspase.7_cleavedD198.R.C
DJ.1.R.C
GSK3_pS9.R.V
Lck.R.V
MEK1_pS217_S221.R.V
NF2.R.C
Rad50.M.C
Rad51.M.C
Shc_pY317.R.NA
STAT3_pY705.R.V

Recurrence
Cox
All I-II I-III

All

ü
ü

ü
ü

ü
ü

ü
ü

ü

ü

ü

ü

ü
ü

ü
ü
ü

ü

ü

Wilma
I-II I-III

ü
ü
ü

ü

ü
ü

ü

ü

ü
ü

ü

ü
ü

ü
ü

ü

ü

ü
ü

ü
ü

ü

ü

ü

ü

ü

ü

ü

ü

ü

ü

ü
ü

ü
ü

ü
ü

ü
ü
ü
ü

Regsubsets
All I-II I-III

ü

ü
ü
ü

ü
ü

Total
7
5
4
3
3
2
2
2
2
2
2
2
2
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Table 9: All Proteins Associated with Tumor Recurrence, Sorted in Descending Order by
the Number of Times Identified
Proteins (indicatd by Antibody) identified by all three bioinformatics methods (Cox regression, Wilma
algorithm, and Regsubsets algorithm) to be associated with recurrence for Stages I-II, I-III, and All stages.
Proteins identified by more than one bioinformatics method are indicated in bold.
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Figure 9: Visualization of Proteins Identified by Bioinformatics Analysis
a) Volcano plots were created by plotting the difference in the scaled RPPA expression
for each protein vs. the number of times that protein was identified in the bioinformatics
analysis. A positive value on the y-axis means that protein is upregulated in poor
prognosis (recurrent or deceased) patients, while negative value on the y-axis means
that protein is downregulated in poor prognosis (recurrent or deceased) patients.
Proteins identified by more than one bioinformatics method (Table 8 and Table 9, bold)
are shown in red, and proteins selected for further analysis are boxed and labeled.
b) Heatmaps were created using unsupervised clustering of all top hits (Table 8 and
Table 9, bold) in stage I-II patients. Each row is a patient; each column is a protein.
Red boxes outline poor prognosis (recurrence or death) clusters. Proteins selected for
further analysis (GATA3 and IGFBP2) are outlined in grey boxes. RPPA, Reverse
phase protein array.
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associated with a number of cancer types but few studies have addressed its role in
CRC [53–55].
Proteins associated with recurrence (Table 9) also included known CRC
regulators, including the pro-inflammatory enzyme COX2 [128,129], phospho-c-Jun
[130] and SMAD4 (reviewed in [131]). Some proteins were identified to be statistically
associated with both death and recurrence, including the cell cycle regulator Rb, the
autophagy regulator Beclin1, and IGFBP2.

To visualize the expression of top hits

identified by more than one bioinformatics method (Table 8 and Table 9, indicated in
bold; Figure 9a, red) in individual patient tumor samples, we created heatmaps using
unsupervised clustering. Interestingly, clustering of data from Stage I-II patient tumors
gave superior segregation of prognosis groups by the proteins than using data from
Stages I-III or I-IV patient tumors. For both recurrence and survival, there was a “poor
prognosis” cluster that segregated away from the remaining patients (Figure 9b, red
boxes). Notably, the ability of the chosen proteins to cluster patients according to poor
prognosis was also superior when using death as the outcome, perhaps due to the
larger number of significant proteins or the larger sample size of Stage I-II patients with
that follow-up metric (Figure 9b, compare death and recurrence heat maps).
Of the proteins identified in our analyses, GATA3 and IGFBP2 were the most
novel as regulators of CRC. Visualization by heatmaps shows a decreased expression
in GATA3 and increased IGFBP2 expression in tumors within the poor prognosis
clusters (Figure 9b, grey boxes). Stage-adjusted survival plots revealed that TCGA
patients with low GATA3 expression levels had a significantly increased risk of death,
compared with patients whose tumors had high GATA3 levels. Patients whose tumors
had high IGFBP2 expression had a trend towards decreased survival, but this did not
reach statistical significance (Figure 10a). Importantly, both GATA3 and IGFBP2 had
significantly altered RPPA expression in deceased patients for all stages, stages I-II, and
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stages I-III (Figure 10b, c). Similar trends were seen in recurrent vs. non-recurrent
patients, but the data did not reach statistical significance, potentially due to the smaller
number of patients with recurrence follow-up data (Figure 11).
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Figure 10: Survival Analysis of Selected Proteins from Bioinformatics Analysis
(a) Stage-adjusted survival plots for GATA3 and IGFBP2. (b) and (c) Comparison of RPPA-determined
expression in living and deceased patients for GATA3 (b) and IGFBP2 (c). A cox proportional hazard
analysis shows that IGFBP2 expression is significantly increased in deceased patients in Stages I-II, I-III,
and I-IV, while GATA3 is significantly decreased in deceased patients in Stages I-II, I-III, and I-IV. * p<0.05,
**p<0.01, ***p<0.001. RPPA, Reverse phase protein array.
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Figure 11: Recurrence Analysis of Selected Proteins from Bioinformatics Analysis
Decreased GATA3 (a) and increased IGFBP2 (b) expression are evident in recurrent patient tumors, but the
data were not significant (n.s.). RPPA, Reverse phase protein array.
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Validation of IGFBP2 in Human CRC TMA

To validate our findings in an independent tumor cohort, we obtained a tissue
microarray (TMA) that contained 61 CRC samples and had available patient follow-up
data.

Patient characteristics are shown in Suppl. Table 5.

Note that some clinical

information, such as age or gender, was not available for all patients (Table 10). We
stained the TMA slides with antibodies against IGFBP2 as well as with the epithelial
marker cytokeratin in order to identify tumor cells (Figure 12a, b). We quantified the
areas of both IGFBP2 staining and cytokeratin staining (representing total tumor area),
and calculated the percent IGFBP2 positive area per tumor area in order to normalize to
the amount of tumor present in each sample. This metric was used to divide patients
into high or low IGFBP2 by median expression, and their survival or recurrence-free
survival was compared. The results revealed that patients with IGFBP2 staining at or
above the median had a significant reduction in both survival and recurrence-free
survival time, independent of tumor stage (Figure 12a, b, lower panels).

Staining of

normal colon tissue also revealed strong staining in the bottom of the crypts (Figure
12c), consistent with a previous report [54].
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TMA	
  Patients	
  

Characteristics	
  

Recurrence	
  

Death	
  

Stage	
  

Average	
  age	
  (years)	
  
Male	
  
Female	
  
Gender	
  unknown	
  
Average	
  follow	
  up	
  time	
  (days)	
  
Average	
  days	
  to	
  recurrence	
  
Recurrent	
  
Non-‐recurrent	
  
Average	
  days	
  to	
  death	
  
Deceased	
  
Living	
  
Stage	
  I	
  
Stage	
  II	
  
Stage	
  III	
  
Stage	
  IV	
  

63.05	
  
26	
  
34	
  
1	
  
2074.08	
  
674.95	
  
22	
  
39	
  
1180.05	
  
21	
  
40	
  
0	
  
34	
  
26	
  
0	
  

Table 10: Characteristics of patients included in TMA analysis
Age, sex, follow-up time, recurrence status and time, vital status and time, and cancer stage are shown for
TMA patients.
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Figure 12: IGFBP2 Expression is Associated with Recurrence and Death in CRC in a
Secondary Dataset
IHC immunostaining of a CRC tissue microarray for IGFBP2 and cytokeratin (epithelial marker) was
performed. a) Representative IGFBP2 staining in living and deceased patients and Kaplan-Meier curve
comparing survival of patients with low (below median) vs. high (at or above median) IGFBP2 staining. b)
Representative IGFBP2 staining in non-recurrent and recurrent patients and Kaplan-Meier curve comparing
recurrence-free survival of patients with low (below median) vs. high (at or above median) IGFBP2 staining.
%IGFBP2-positive area of tumor was calculated using IGFBP2 area and cytokeratin area to identify tumor.
Survival and recurrence-free survival plots are adjusted for stage. c) Representative IGFBP2 and
cytokeratin staining in a representative normal colon sample. Scale bars indicate 100 µm.
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Validation of GATA3 in Vitro

GATA3 is a transcription factor that was originally identified as a T-cell
differentiation factor [117,118].

However, recent data indicates that GATA3 is also

expressed in some epithelia (reviewed in [77]) . In breast cancer, GATA3 is frequently
mutated [73,74].

In addition, low levels of GATA3 correlate with decreased breast

cancer patient survival [121,124,132–134]. To determine whether GATA3 is expressed
in CRC cells or only in T-cells, we stained CRC TMAs as well as matched normal and
colon cancer tissue (Figure 13). Antibodies to cytokeratin (CK) and CD3 respectively
marked the epithelial tumor cell and T-cell compartments. We found variable staining
patterns with two different anti-GATA3 antibodies. Using the same antibody that was
used to probe the TCGA RPPA samples (Figure 13a, GATA3 BD), there was weak
cytoplasmic and occasional nuclear staining in the tumor cells and a small amount of
nuclear staining in cells in the stromal compartment.

It should be noted that this

antibody had not been validated for IHC. Furthermore, we noticed variable staining of
TMA sections from normal colon tissue, suggesting high sensitivity of this antibody to
fixation conditions. We therefore tested two more antibodies that were validated for IHC.
Using an antibody that has successfully been used for breast cancer stratification [121],
we detected very light cytoplasmic staining of epithelial cells with some nuclear staining
of stromal cells in normal colon samples, but no staining of epithelial or stromal cells in
paired colon cancer samples (GATA3 SC, Figure 13b). Using a second validated IHC
antibody (GATA3 LS), we found strong staining of the epithelial component of both
normal colon tissue and colon cancer (Figure 13b). Interestingly, with both the SC and
LS antibodies, it appeared that in normal colon tissue there was increased staining in
epithelial cells at the mucosal surface with nuclear localization, compared to the deep
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Figure 13: GATA3 is Expressed in Human CRC
a) Representative immunostained tissue sections from two patient tumors from the CRC TMA showing
staining for epithelial tumor (cytokeratin, CK), T-cells (CD3), and two different GATA3 antibodies (BD and
LS). b) Representative staining of matched normal colonic tissue and colon cancer samples for two different
GATA3 antibodies (LS and SC). Note the variability of GATA3 staining with different antibodies.
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crypts (Figure 13b). Staining of the TMA with GATA3 LS gave strong staining in both
the nuclei and cytoplasm of tumor cells. However, there was a high background in many
of the samples with apparently nonspecific staining throughout both the tumor and
stromal compartment (Figure 13a), which made the samples unsuitable for quantitation.
This high background may be due to overfixation of some of the TMA blocks, since it
was not apparent on separate fixed tissues that were not part of the TMA (compare
Figure 13a to Figure 13b, GATA3 LS staining).
We also checked the Human Protein Atlas (HPA) [135] for staining of colon
tissues by GATA3 antibodies (Figure 14). The HPA also used three different antibodies.
One of them, CAB016217, is the same as the antibody we tested that gave little to no
staining of colon tissue (GATA3 SC). Likewise, they found little nuclear staining, and
weak or negative cytoplasmic staining across both normal and colon cancer samples.
The other two antibodies stained the epithelial component of both normal and colon
cancer samples with primarily nuclear or nuclear + cytoplasmic staining patterns. Thus,
with 4 out of the 5 antibodies tested by our laboratory and the HPA, nuclear GATA3
staining was seen in colon epithelial and cancer cells. However, due to the variability in
intensity and pattern of staining, we were not able to perform quantitations to obtain
information about prognostic significance.
To determine if we could use a gene expression dataset for validation, we tested
whether GATA3 RNA expression by RNA sequencing correlated with GATA3 protein
expression by RPPA in TCGA samples that had both types of data. There was no
correlation between GATA3 RNA and protein expression (Figure 15a), so we were not
able to use GATA3 RNA expression for correlative studies in a secondary tumor dataset.
By contrast, IGFBP2 protein levels correlate well with IGFBP2 RNA levels (Figure 15b).
There was no correlation between IGFBP2 protein and GATA3 protein levels, indicating
there is likely no mechanistic link between these two proteins (Figure 15c).
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Figure 14: Comparison of GATA3 Staining Patterns in CRC Tumor Samples in the
Human Protein Atlas (HPA) Using Three Different Antibodies
a) Subcellular localization; b) Staining, intensity, and quantity plots from the HPA. c) Representative images
from matched normal colon tissue and colorectal cancer (CRC) samples with three different GATA3
antibodies, as indicated.
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Figure 15: Correlations of RPPA Protein Expression with RNA Expression for selected
proteins
GATA3 and IGFBP2 RPPA and mRNA expression values from TCGA datasets were plotted and analyzed
on an individual tumor basis. (a) GATA3 mRNA expression does not correlate with protein expression. (b)
IGFBP2 mRNA expression does correlate with protein expression. (c) GATA3 and IGFBP2 RPPA
expression levels do not correlate. All plots were created with cBioPortal using TCGA (2012) dataset [149].
RPPA, Reverse phase protein array.
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Because we were unable to use GATA3 RNA expression, we tried gene set
enrichment analysis (GSEA) in a secondary patient dataset as an alternative to gene
expression validation sets. This method determines if a predefined set of genes (such
as target genes from a transcription factor) is enriched in different biological phenotypes
[136]. Using GSEA, we did not see significant enrichment of GATA3 target genes in
poor prognosis patients in a secondary dataset. However, this is not entirely surprising:
while GATA3 has been identified in the driver network of a differentiated CRC subtype
with improved survival, but GATA3 target genes were not significantly enriched in this
subtype [30].
As an alternative to validation with tissue samples or gene expression sets, we
decided to investigate the biological role of GATA3 in colon cancer with in vitro
experiments. We performed Western blot analysis of GATA3 levels in a panel of CRC
cell lines with Jurkat T-cells as a positive control for GATA3 expression. Using the same
antibody that was used in the TCGA RPPA analyses (GATA3 BD), we detected a band
of the correct 48 kilodalton (kDa) size for GATA3 was detected by Western blot analysis.
Compared with Jurkat cell expression, GATA3 was expressed at a much lower level in
most CRC cell lines. GATA3 expression was undetectable in about half of the cell lines
tested, including several with invasive characteristics, e.g. DLD1, SW480, and SW620
[137,138].

Consistent with the known role of GATA3 in cellular differentiation

[64,69,77,118,139–142], the highest GATA3 expression was observed in the more
differentiated cell lines, Caco-2, SK-CO-15 and HT-29 [143–145] (Figure 16a).
To investigate the role of GATA3 in CRC growth and invasion, we chose two of
the invasive cell lines with undetectable GATA3 expression and stably expressed
GATA3 in them using retroviral transduction (Figure 16b). We first tested the ability of
the GATA3-expressing cells to form colonies after seeding as single cells in an
embedded 3D Matrigel growth assay. Colony growth in this assay represents a
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Figure 16: GATA3 Expression Affects CRC Aggressiveness
Figure on previous page. a) Representative Western blot (of 2 blots) showing that GATA3 is expressed in
a subset of CRC cell lines. Jurkat is a T-cell line and used as a positive control. Higher expression is seen
in the more differentiated cell lines Caco-2, HT-29, and SK-CO-15. b) Western blot showing engineered
expression of GATA3 in DLD1 and KM12c CRC cell lines. pBabe is an empty vector control. c) Colony
growth of engineered CRC cell lines in 3D Matrigel. Left: Representative images from day 9. Right: Growth
curves. Data were gathered from duplicate wells from 3 independent experiments. The mean is plotted and
error bars represent 95% CI. d) Invasion of CRC cell lines across Transwell filters. Left: Representative
images of the bottom of Transwell filters after 48 hours invasion. Right: Quantitation of invaded cells/field.
Data from five random fields per filter x triplicate filters for each of 3 independent experiments. Error bars
represent +/- SEM. *** p<0.001.

67

combination of growth and matrix remodeling activity, since the cells are fully embedded
in 90% Matrigel [146–148].

Compared with control cells, GATA3-expressing cells

formed smaller colonies in this 3D culture environment, an effect that was statistically
significant beginning at day 5 (Figure 16c). To determine whether the smaller colony
size of GATA3-expressing cells was due to an intrinsic decrease in proliferation rate, we
cultured them in 2D in the presence or absence of serum and used automated
microscopy to follow the number of cells over a period of 5 days. GATA3 expression
had no effect on cell numbers in the presence or absence of serum (Figure 17). To
determine if GATA3 specifically controls CRC invasiveness, control and GATA3expressing cells were allowed to invade for 48 h across a bed of Matrigel in a Transwell
invasion assay. For both of the tested CRC cell lines, GATA3-expressing cells exhibited
significantly decreased invasion compared to control cells (Figure 16d).
together, these data indicate that GATA3 controls CRC invasiveness.
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Taken

Figure 17: GATA3 Does Not Affect 2D CRC Proliferation
Growth curves (log base 10 of the cell number) from CRC cell lines grown in the presence of 10% serum (a,
"(+) serum)") or the absence of serum (b, "(-) serum"). Cells were plated in triplicate and imaged on a
Cellavista automated microscope in 3 independent experiments. Mean is plotted and error bars represent
95% confidence intervals. No significant differences were observed between control and GATA3-OE cells
for either cell line.
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DISCUSSION

In this study, we used high throughput protein and phospho-protein expression
data from the TCGA to identify candidate drivers of CRC aggressiveness. By linking
RPPA data to patient death or recurrence and using multiple statistical approaches, we
identified both known and novel biomarkers of CRC aggressiveness. The top hit in our
survival analysis was the transcription factor GATA3, for which low levels were
correlated with death.

Follow-up experiments indicated that GATA3 is expressed in

CRC and suppresses the invasive behavior of CRC cells.

We also validated the

prognostic value of the known but understudied molecule IGFBP2 in a secondary CRC
dataset. These data indicate that RPPA and other high throughput protein datasets are
useful for identifying potential biomarkers and drivers of aggressive tumor behavior,
especially for proteins whose RNA expression does not correlate to protein expression,
such as GATA3.
Gene expression signature discovery has been dominated by transcript profiling
technologies. Since we previously found that a small RPPA dataset from human tumors
can be useful as a biological discovery tool [31], we tested its utility in a larger dataset
from TCGA in this study.

In addition to identifying proteins known to drive CRC

progression, we identified several novel or understudied proteins associated with
recurrence or death of CRC patients. These included IGFBP2 and GATA3, which were
identified by multiple statistical methods, and a number of additional proteins that were
detected by multiple (bold) or any method (Table 8,Table 9). Validation of IGFBP2 by
TMA staining and GATA3 in vitro suggests that our bioinformatic approach has utility
and biological validity. Moreover, our analysis showed that GATA3 mRNA levels were
not predictive of GATA3 protein levels (Figure 15).
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Consistent with recent reports

showing that RNA and protein expression levels frequently do not correlate with each
other [27,150], these data highlight the necessity of incorporating proteomics data into
gene signature studies.
Our approach uses a comparison of tumor tissue between good and poor
prognosis patients, which differs from previous proteomics studies that have either
focused on differences between tumor and normal control tissues or on stage-specific
differences [151–158]. These studies have given insight in to the pathophysiology of
CRC progression. However, our goal was to identify markers that are independent of
stage and could be potentially used in the future to predict prognosis in early stage
patients.

It is agreed that Stage III and IV patients universally benefit from

chemotherapy [107], but the treatment decision for early Stage II patients is more
complicated: there is disagreement over whether Stage II patients should [110–112] or
should not [108,109] receive additional chemotherapy. While these findings are clearly a
long way away from translation to the clinic, we posit that our general approach has the
potential to identify biomarkers that can be used to identify early patients that could
benefit from additional adjuvant therapy.
A limitation of our study was that the TCGA CRC patient sample set was smaller
for RPPA than for more standard analyses such as RNA Seq or DNA mutations (196,
compared to 244 and 224 patient samples) [149]. In addition, many samples either did
not have clinical follow-up or had only short follow-up time, further reducing sample size.
Additionally, there were no other published RPPA datasets in CRC that contained
analysis of our proteins of interest. Therefore, validation of our findings required either
staining of tissue microarrays or in vitro experiments. As RPPA datasets accumulate, we
anticipate that there will be larger and multiple independent validation datasets with
longer follow-up times. Finally, because RPPA is an antibody-based technique, it is
usually typically limited in the number of proteins detected. Higher throughput proteomic
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approaches may solve this problem, although they are often unsuitable for quantitation
of posttranslational modifications such as phosphorylation.
We identified increased expression of insulin-like growth factor binding protein 2
(IGFBP2) to be associated with CRC recurrence and death. High levels of IGFBP2 have
been associated with poor prognosis in several cancer types. In breast cancer, IGFBP2
has increased expression compared to normal samples [159]. IGFBP2 has also been
shown to promote invasion of ovarian cancer cells [43]. In CRC, IGFBP2 has been
reported to be upregulated compared to normal colon epithelia [55] with a trend towards
higher expression in more advanced CRC [53].

Interestingly, IGFBP2 is expressed

predominantly in the crypts of normal colon tissue (Fig 3a and [54]), opposite to the
pattern we observed with GATA3 expression and suggesting a stem-cell-like expression
pattern. Notably, IGFBP2 has been connected to both hematopoietic and glioma stem
cell expansion and survival [149,160]. Stem cells are progenitor cells that have limitless
capacity for self-renewal and can differentiate into a number of other cell types; in
cancer, similar signaling pathways regulate cancer cell growth, and cancer stem cells
can drive tumorigenesis [161]. In addition, IGFBP2 overexpression in CRC cell lines
was recently found to promote CRC tumorigenesis and metastasis [54]. Those data are
consistent with our finding that high IGFBP2 expression in CRC tumors is significantly
associated with death and recurrence in two independent datasets of CRC patients
(Table 8,Table 9; Figure 12).
The top hit in our survival analysis was GATA3, which has not previously been
studied in CRC. GATA3 is a transcription factor that was originally identified in T-cells,
and controls the differentiation of TH2 cells [64,118,141,142], skin cells [69], hair follicles
[139] and luminal cells in the mammary gland [71,76]. The importance of GATA3 for
mammary luminal cell proliferation and differentiation is suggested by the high
expression of GATA3 in luminal breast cancers and recurrent mutations in the luminal
72

subtype that stabilize GATA3 protein expression levels [73,74]. Conversely, similar to
our findings in CRC, low GATA3 levels are associated with poor patient prognosis in
breast cancer [121,124,132–134]. At this point it is unclear whether that represents the
overall poor outcome of non-luminal breast cancers or an active role for GATA3 in
suppressing aggressive behavior. Support for the latter possibility is provided by data
indicating that re-expression of GATA3 in non-luminal breast cancer cells is sufficient to
induce differentiation and suppress lung metastases [76].
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FUTURE DIRECTIONS

To improve our analysis, more stringent bioinformatics techniques could be
employed to have more confidence in proteins selected for further analysis. One such
method is called elastic net, which uses both L1 and L2 regularization; specifically, it
improves upon L1-penalized least squares method used by the least absolute shrinkage
and selection operator (lasso) [162] by combining it with an L2 penalty on the residual
sum of squares (called ridge regression) to improve variable selection [163]. This results
in the ability of elastic net to select groups of correlated predictors (genes or proteins, for
example) even when the number of predictors is far greater than the number of
observations; it was originally suggested to be used in analysis of microarray data [164].
We attempted to utilize the elastic net technique for analysis of TCGA data;
unfortunately, the sample size was too small in most cases, so these data were not
included in our overall summary. However, the algorithm was able to compute results
for two groups: Recurrence/All Stages and Survival/Stages I-III (Table 11). Importantly,
many of the proteins identified by Cox regression, Wilma, and Regsubsets algorithms
were also identified by elastic net, including GATA3 and IGFBP2 (Table 11).

This

confirms that our method using these techniques has merit. It is unknown why the
algorithm was successful for these two particular groups; however, increasing the
samples size by adding more patients would greatly help this analysis.
The specific mechanistic role of IGFBP2 in CRC is still unclear. In most cancer
types, high expression of IGFBP2 has been correlated with more aggressive cancers,
and it been shown to promote proliferation, invasion, and other tumor-promoting
phenotypes [34–52].

However, in CRC studies have shown contradictory roles of

IGFBP2. Some studies have indicated that IGFBP2 has a tumor-promoting role [53–57],
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Proteins Identified

Recurrence / All Stages
Beclin.G.V
COX.2.R.C
GSK3.alpha.beta.M.V
NF2.R.C
c.Jun_pS73.R.C
p70S6K.R.V

Survival / Stages I-III
AMPK_alpha.R.C
Annexin_I.R.V
Beclin.G.V
Bid.R.C
FOXO3a_pS318_S321.R.C
GATA3.M.V
IGFBP2.R.V
MIG.6.M.V
NF2.R.C
Rb.M.V
XBP1.G.C
c.Jun_pS73.R.C

Table 11: Proteins identified by elastic net analysis
For the elastic net analysis, the same sample set was used for Wilma and Regsubsets (Table 4). Proteins
are listed in alphabetical order.
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while other studies have shown a tumor-inhibitory effect [58–61]. The reason for these
converse effects of IGFBP2 on CRC is unclear.

Tumor-promoting effects of IGFBP2

are generally due to its binding to factors unrelated to the IGF signaling pathways, such
as

ECM

components,

proteoglycan

receptor

integrin

receptors,

and

nuclear

transportation complexes [33]. It is probable that the tumor inhibitory effects are due to
IGF-dependent effects: when IGFBP2 binds IGF1 or IGF2, it sequesters them and
prevents the tumor-promoting downstream Ras/MAPK and PI3K/AKT signaling
pathways [32]. Additionally, it has been suggested that exceedingly high IGFBP2 levels
could account for the inhibition of tumor growth in IGFBP2 transgeneic mice [33,61].
However, why this effect is seen in CRC and not in any other cancer type to date is
unknown.

The work presented in this thesis supports a tumor-promoting activity of

IGFBP2, since high levels of IGFBP2 were found in recurrence and deceased patients
as compared to non-recurrent and living patients with at least three years of follow-up
data (Figure 12). Interesting future directions would include studies to determine the
mechanism of how IGFBP2 is promoting CRC pathogenesis and in particular, through
which binding partners it is acting.

IGFBP2 represents a possible target for future

chemotherapy; however, much more research must be done to ensure specific targeting
of IGFBP2 tumor-promoting activities and not the tumor-inhibitory effects.
In CRC, the mechanistic role of GATA3 also still remains to be defined. One
possibility is that GATA3 controls CRC differentiation, similar to its function in T-cells and
luminal breast cells. Consistent with our prediction, IHC stains of normal colon tissue
showed higher staining in the superficial mucosa, where the most differentiated cells
should be (Figure 13). In addition, the most differentiated CRC cell lines in our panel
had the highest GATA3 expression (Figure 16). Additionally, we previously identified
three transcriptional subtypes of CRC and then identified subtype-specific driver
networks by integrating mutation and copy number alteration data from each subtype
76

with a protein signaling network using a random walk approach [30]. GATA3 was
included in the driver network for the “differentiated subtype” with relatively good survival
outcome; GATA3 mRNA was not significantly upregulated in this subtype, although that
is not surprising since we show that GATA3 mRNA and protein levels do not correlate
(Figure 15). Consistent with our prediction, IHC stains of normal colon tissue showed
higher staining in the superficial mucosa, where the most differentiated cells should be
(Figure 13b, normal). In addition, the most differentiated CRC cell lines in our panel had
the highest GATA3 expression (Figure 16a).
Another nonexclusive possibility is that GATA3 regulates TGF-β signaling, a key
pathway regulating CRC aggressiveness, as reported in breast cancer [82].

TGF-β

signaling is widely recognized for its effect on tumor initiation and progression of many
cancers, including CRC [165–167]. The role of TGF-β in cancer is complex: early in
tumor development, TGF-β has a tumor suppressive role, but in later stages it can act as
a tumor promoter [167]. It has been reported that GATA3 negatively regulates TGF-β
signaling in breast cancer by binding to Smad4, thus regulating cell migration, invasion,
and invadopodia formation [82]. To investigate if a similar mechanism existed in CRC
cell lines, we obtained a TGF-β luciferase reporter and transfected it into control and
GATA3-OE cells along with an internal Renilla control. Interestingly, we see decreased
activity of a TGF-β reporter in GATA3-OE cell lines (Figure 18), indicating that GATA3
overexpression causes decreased TGF-β signaling in these cell lines. Further work is
required to determine if any of these or other mechanisms are responsible for the role of
GATA3 in CRC.
In the future, it is feasible that GATA3 could be used as a prognostic biomarker in
the clinic to guide treatment decisions for stage II CRC patients. To determine if a
biomarker is an independent prognostic factor, a multivariate analysis must be done to
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Figure 18: TGF-β Activity is Decreased in GATA3-OE CRC Cell Lines Compared to
Control
Bar charts showing the average normalized TGF-β activity for two control and GATA3-OE cell lines. Cells
were transfected with a TGF-β luciferase reporter and an internal renilla control, and fluorescence of cell
lysates was measured. N=3.
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compare the new biomarker with established ones [168]. Unfortunately, there was not
enough data for us to perform an extensive multivariate analysis; in general, 10 events
per variable are needed so overfitting does not occur [169].

We instead compared

GATA3 RPPA expression in different categories of known prognostic determinants, such
as tumor stage, tumor size/spread (T), lymph node spread (N), metastasis status (M),
gender, age, venous invasion, lymphatic invasion, prior diagnosis, microsatellite
instability, non-nodal tumor deposits, perineural invasion, synchronous colon cancer
present, colon polyps present, history of colon polyps, expression loss of mismatch
repair proteins, anatomic location, histological type, and race (Figure 19). The only
significant differences were a slight increase in GATA3 RPPA expression from Stage II
to III patients and an increase from N0 to N1 patients. Since this is the opposite effect of
what we saw in our TCGA analysis and in vitro studies, it suggests that GATA3 may be
independent of stage and lymph node status. All other differences were not significant,
indicating that GATA3 RPPA expression is not linked to any of these prognosis factors.
While this is suggestive that GATA3 may be a useful biomarker in CRC, more data
needs to be collected to perform a multivariate analysis with these factors to determine if
GATA3 is an independent prognostic biomarker.
It is also possible that future therapeutics could target GATA3 in CRC.

The

downregulation of GATA3 in more aggressive tumors and our work showing
overexpression of GATA3 decreases tumor phenotypes points to a tumor suppressorlike role for GATA3 in CRC. However, tumor suppressors are more difficult to target
than oncogenes since their activity must be restored, not inhibited [170]. Most cancer
therapeutics are small molecule inhibitors that bind to and inhibit the activity of kinases
[171].

It is possible to use small molecule inhibitors upstream of tumor suppressor

genes, but this is challenging since a specific target upstream of the tumor suppressor
gene that increases its expression must first be identified [170].
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One example is

Figure 19: GATA3 RPPA expression is not significantly affected by clinical prognostic
biomarkers.
Bar charts or scatter plots comparing GATA3 RPPA expression in different categories. A student’s T-test
was used to compare two variables, an ANOVA was used to compare more than two variables, and a
Pearson’s correlation was used for the age vs. RPPA correlation. Significant p-values are denoted by an
asterisks. RPPA, Reverse phase protein array.
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restoring retinoblastoma protein (Rb) function.

Rb was the first identified tumor

suppressor gene [172], and its expression can be indirectly restored using inhibitors
against oncogenic kinases such as MEK (Trametinib) [173], PPARα (Fenofibrate) [174],
and PI3K (LY294002) [175]; when used in combination with 5-fluorouracil (5-FU), a
common treatment for CRC, these three Rb-restoring agents enhance its efficacy [176].
Another common tumor suppressor, p53, is negatively regulated by its interaction with
mouse double minute homolog 2 (MDM2) [177].

Thus, the p53 pathway can be

reactivated with small molecule inhibitors of MDM2 [178,179]. For this strategy to be
successful with GATA3 in CRC, more work needs to be done to identify an appropriate
upstream target of GATA3.
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C HAPTER IV: IDENTIFICATION OF THE CORTACTIN BINDING PROTEIN SHANK2
AS A NOVEL REGULATOR OF HNSCC AGGRESSIVENESS

INTRODUCTION

11q13 Amplification in HNSCC

Genetic instability is one of the hallmarks of cancer [4], and HNSCC has a
number of genetic alterations that occur during disease progression (Figure 20) [180].
One of these alterations is amplification of 11q13, which is a late-stage event thought to
occur through a breakage-fusion-bridge cycle [181]. 11q13 amplification occurs in 3040% of HNSCC patients [95–97], and is found less commonly (up to 24%) in breast
[73,182], ovarian [183], small cell lung cancer [184], pancreatic [185], esophageal [186],
and bladder [187] cancers. 11q13 has also been identified by the TCGA as an important
alteration in a pan-cancer analysis: twelve human cancer types were divided into distinct
classes characterized by either mutations or copy number changes, and 11q13 was a
defining feature of one of these subclass [188].

Importantly, 11q13 amplification

correlates with more aggressive disease in multiple cancer types: increased tumor
grade, increased recurrence, increased lymph node metastases, and decreased survival
in HNSCC [189–194]; survival rate and distant metastasis in esophageal cancer [186];
decreased recurrence-free survival, lymph node metastases, decreased survival,
increased recurrence, and increased distant metastasis in breast cancer [195–197]; poor
prognosis in pancreatic cancer [185]; and larger and poorly differentiated tumors in lung
cancer [198]. 11q13 amplification is thought to be a late stage event, driving tumor
progression instead of initiation [180,199].
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Figure 20: Genetic alterations associated with HNSCC progression
Common genetic alterations that take place in the progression of HNSCC from normal mucosa to
carcinoma. Note that 11q13 amplification is a late stage event. Abbreviations: LOH, Loss of heterozygocity;
pTEN, Phophatase and tensin homolog. Figure from [180].
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The core 11q13 amplicon is 1.5 Mb and contains twelve genes (Table 12) [97].
Among these, CCND1 (cyclin D1) and CTTN/EMS1 (cortactin) have been the most
studied and are thought to be likely drivers of this amplification due to their consistent
correlation of protein overexpression with gene amplification [196,200,201]. One study
examined the cases of independent amplifications of CTTN and CCND1 in HSNCC
(these cases occur because CCND1 and CTTN are located at opposite ends of the
11q13 amplicon), and found that poor prognosis markers such as decreased survival
were correlated with CTTN but not CCND1 amplification [202]. This provides evidence
that cortactin is more likely than CCND1 to drive 11q13 amplicon-associated poor
prognosis. Additionally, cortactin protein levels are correlated with poor prognosis in
HNSCC [203,204]. Mechanistic experimental studies have also shown that cortactin
drives tumor aggressive phenotypes in HNSCC (reviewed in [94,205]), including
invasiveness. However, additional genes within the amplicon are also overexpressed
(Table 12) and may contribute to 11q13-driven HNSCC aggressiveness [206,207].
One of these genes, SHANK2, is located on the edge of the 11q13 amplicon
directly adjacent to CTTN and is usually reported amplified [206,208], although one
study using cell lines reported only some SHANK2 overexpression as a result of
amplification [209]; when SHANK2 is gene-amplified, this leads to its protein
overexpression [206].

Interestingly, Shank2 is also a cortactin binding partner [93].

However, the significance of this binding interaction and CTTN and SHANK2 coamplification in HNSCC is unclear.

Furthermore, the role of Shank2 in cancer

progression of any type has never been studied.
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Gene

Description

Function

TPCN2
MYEOV

Two pore segment channel 2
Myeloma overexpressed gene

CCND1
ORAOV1
(TAOS1)
FGF19

Cyclin D1
Oral cancer overexpressed 1

FGF4

Fibroblast growth factor 4

FGF3

Fibroblast growth factor 3

ANO1

Anoctamin 1

FADD

Fas-associated via death
domain
Protein tyrosine phosphatase,
receptor type, f polypeptide
(PTPRF) interacting protein
(liprin) a1
Cortactin (previously EMS1)

Ion channel
Proliferation and
invasion
Cell cycle
Prevention of ROS
damage
Growth factor in
FGF signaling
Growth factor in
FGF signaling
Growth factor in
FGF signaling
Ca2+ activated Clchannel
Apoptosis

PPFIA1

CTTN

SHANK2

Fibroblast growth factor 19

SH3 and multiple ankyrin
repeat domains 2

Protein
overexpression?
Yes [208]
No [208]
Yes [97,208,209]
Yes [97,208,209]
Yes [208]
Yes [210]
No [208,209]
No [208,209]
Yes [211]
Yes [208,209]

Tyrosine
phosphatase

Yes [208,209]

Activates Arp2/3
complex and NWASp; binds Factin
Scaffolding
protein

Yes [200,202,208,209]

Yes [206]

Table 12: Genes and their functions in the HNSCC 11q13 amplicon core
Genes in the 11q13 amplicon, listed in the order they are located in the amplicon. Protein overexpression
as a result of gene amplification is also indicated, along with appropriate references.
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Cortactin

Cortactin was originally identified as a cytoskeleton-associated Src kinase
substrate [212] and was subsequently named for its localization to cortical actin
structures [213].

Cortactin is ubiquitously expressed, with the exception of

hematopoietic cells that instead express the cortactin homolog hematopoietic specific 1
(HS1) [214]. Structurally, cortactin consists of a NTA (N-terminal acidic) domain, six and
a half tandem repeat domains, a proline-rich domain, and an SH3 domain (Figure 21).
The N-terminal end of cortactin regulates branched actin assembly through direct
binding interactions with the Arp2/3 complex and F-actin [215,216]. The C-terminus,
consisting of proline-rich and SH3 domains, is thought to be the regulatory or signaling
part of the molecule. Cortactin can be phosphorylated by various kinases in the prolinerich domain and has a number of different cytoskeletal, trafficking, and signaling SH3
binding partners (Table 13). The role of the C-terminus in cortactin function is poorly
understood.
Cortactin controls many different actin-based cellular processes, such as cell
motility, invasion, cell-cell adhesion, and vesicular trafficking [94]. Interestingly, our lab
and others have identified a role for cortactin in HNSCC tumor aggressiveness
phenotypes.

Specifically, cortactin regulates tumor size, invasion, vascularization,

invadopodia activity, and protein secretion [147,217–220].
Although interactions with Arp2/3 complex and actin filaments are critical for
regulation of cortactin-mediated actin dynamics, the role of additional cortactin-binding
partners in cortactin-dependent phenotypes is unclear. In particular, the role of cortactin
SH3 interactions and how these contribute to its function in tumor progression is poorly
understood. In general, SH3 domains bind to target proteins with proline-rich regions
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Figure 21: Cortactin domain structure
A schematic of cortactin domains and binding partners is shown. Cortactin consists of four main functional
domains: NTA, tandem repeats (1-6), Abbreviations: NTA, N-terminal acidic, SH3, Src homology 3. Figure
from [94]
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Protein

Description

Function

MIM
N-WASp
WIP
CD2AP
Shank2

Actin assembly
Actin assembly
Actin assembly
Adaptor protein
Adaptor protein

BK channels
Dyn2
Hip1R
AMAP1/ASAP1

Missing in metastasis
Neural Wiskott–Aldrich Syndrome protein
WASP-interacting protein
CD2-associated protein
SH3 and multiple ankyrin repeat domains
protein 2
Big potassium channels
Dynamin2
Huntingtin interacting protein 1 related
Arf-GTPase activating protein 1

BPGAP1
FGD1
MLCK
ZO-1
Abl/Arg
CBP90

RhoA-GAP
Faciogenital dysplasia protein 1
Myosin light chain kinase
Zonus occudens 1
Abl-related gene
Cortactin binding protein 90

Membrane excitability
Membrane trafficking
Membrane trafficking
Membrane trafficking;
Signal transduction
Rho-GAP
Rho-GEF
Signal transduction
Tight junction adaptor
Tyrosine kinase
Unknown

Table 13: Cortactin SH3 Binding Partners and Their Functions
Proteins that have been shown to bind directly to the cortactin SH3 domain, and their cellular functions.
Adapted from [94,205].
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containing one or more PXXP motifs; cortactin binds to proteins with positively charged
residues surrounding this PXXP motif [221]. A conserved tryptophan residue in SH3
domains [222], found at position 525 in cortactin [93], is crucial for SH3 binding.
Cortactin SH3 binding interactions have been implicated in a number of actinrelated cellular phenotypes.

In vitro actin polymerization assays show that W525K-

cortactin has decreased actin bundles compared to WT-cortactin [223]. Overexpression
studies show that W525K-cortactin has decreased actin dynamics and membrane
protrusion compared to WT-cortactin [224,225].

Smaller growth cones and shorter

filopodia are seen when cortactin-KD cells are rescued with either the W525K or a
mutant where the entire SH3 domain is deleted [226]. However, Src-phosphorylated
cortactin-W525K has been shown to enhance actin polymerization as well as Srcphosphorylated wild-type (WT) cortactin in vitro [227].

There are also some

contradictory studies on cell migration. Cell migration defects caused by KD of cortactin
can be fully rescued using the N-terminus of cortactin containing only the NTA domain
and tandem repeats, indicating the SH3 domain is not important for cell migration [98].
However, it has also been shown that the W525K mutant does not rescue migration of
mouse embryonic fibroblast (MEF) cells in scratch assays [228]. Our laboratory has
recently reported that the W525K mutant does rescue fibrosarcoma random cell
migration; however, the migration levels of W525K-cortactin-expressing cells were
somewhat decreased (although not statistically significant from WT-cortactin) [218].
Additionally, phosphorylation of cortactin regulates the affinity of SH3 binding
proteins. Erk1/2 phosphorylation has been proposed to “liberate” the SH3 domain for
binding and increases the ability of cortactin to bind the SH3 binding partner N-WASp
[229]. Similarly, p21-activated kinase 1 (Pak1) phosphorylation of cortactin at the same
residues (S405 and S418) also increases cortactin binding to N-WASp [230].
Conversely, Src phosphorylation of cortactin inhibits the ability of cortactin to bind N89

WASp with purified proteins [229], although a later study showed the tyrosine
phosphorylation-mediated binding of cortactin to N-WASp was dependent on the adaptor
protein Nck [227], indicating opposing effects may be seen dependent on which proteins
are present. However, Src phosphorylation of cortactin enhances its ability to bind to
dynamin-2 [231], indicating this regulation may be specific to different SH3 binding
proteins.

Importantly, cortactin can be phosphorylated by both Erk1/2 and Src

concurrently,

and

the

serine

phosphorylation

is

independent

from

tyrosine

phosphorylation [232].
Taken together, these data suggest that the SH3 domain plays a role in cortactindependent cellular phenotypes, but this role may vary depending on which SH3 binding
partner is interacting with cortactin and the phosphorylation status of cortactin.
However, since only one SH3 binding partner can interact with cortactin at a time,
distinguishing which protein is bound to the SH3 domain and its subsequent role in
cortactin-associated phenotypes is impossible with experiments using cortactin SH3
domain mutants. Therefore, studying individual SH3 binding partners is important.
.
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Protein Trafficking and Secretion

Protein trafficking and secretion are complex processes, and it is well known that
they are altered during tumor progression.

For example, improper trafficking of the

receptor tyrosine kinase (RTK) EGFR through the endocytic system can result in
deregulated signaling pathways that can contribute to tumor initiation, promotion, and
metastasis [233–235].

Cancer cells secrete a milieu of proteins termed the “cancer

secretome”, which is being researched for discovery of potential cancer biomarkers
[236–239] and control the tumor microenvironment. As one example, secreted vesicles
known as exosomes are increasingly being recognized as important for tumor
aggressiveness [240–242].
Sorting at the Golgi complex determines the destination of secretory vesicles
coming from the biosynthetic pathway; thus, this organelle plays an important role in
secretion [243]. Additionally, the Golgi complex has been reported to sense stress and
trigger apoptosis [244], and has been proposed as a future target of cancer therapy
[245].

Interestingly, it has been reported that morphology of the Golgi complex is

collapsed in weakly metastatic cells and extended in highly metastatic cells [246].
Previous studies have shown that a dominant-negative cortactin mutant (without the
SH3 domain) blocks vesicle exit from the trans-Golgi network (TGN) [247,248].
Cortactin has also been implicated in other trafficking pathways, such as endocytosis
[231,249]. However, although multiple trafficking proteins bind to cortactin through its
SH3 domain (Table 13), it is unknown what role the cortactin SH3 domain plays in these
secretory phenotypes.
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Shank2

Shank2 is a scaffolding protein that binds to neurotransmitter receptors, and has
primarily been characterized for its role in the nervous system as a core component of
the post-synaptic density [250].

Specifically, Shank2 links together the NMDA- and

mGluR- receptor complexes through its interactions with GKAP and Homer [84]. This
scaffolding role of Shank2 is crucial for proper synaptic functioning, and mutations in
SHANK2 have recently been linked to autism spectrum disorder [85–88].

However,

Shank2 is also expressed in tissues outside the brain, including kidney and liver [89,90],
and was also reported to regulate salt and water transport in epithelial cells by binding to
Na-H exchanger 3 [91]. Shank2 also regulates calcium signaling through an interaction
with PLC-β3 [92].
Shank2 has three reported isoforms (Figure 22), the longest of which is known
as Shank2e and consists of ankyrin repeats, an SH3 domain, PDZ domain, a region of
proline-rich clusters, and a C-terminal SAM domain [90]. Two shorter Shank2 proteins,
ProSAP1a and CortBP1, are produced by alternative start sites and start respectively
with the SH3 and PDZ domains [93,251]. Cortactin binds to all three Shank2 isoforms to
the PPI motif in the proline-rich region; in neurons, this interaction helps organize the
post-synaptic density [93,252].
In addition to Shank2, there are two other Shank family proteins: Shank1 and
Shank3. Their domain structure is similar to Shank2e, although like Shank2, there are
multiple alternative start, stop, and splicing sites that produce shorter isoforms [89].
Both Shank2 and Shank3 bind to cortactin, but Shank1 lacks the PPI motif necessary for
this interaction [93,253].

Shank1 is found exclusively in the brain, while Shank3 is

expressed in the heart, brain, and spleen [89]. Additionally, the proline-rich domains of
Shank1, 2, and 3 have much less sequence homology than the SH3, PDZ, and SAM
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Figure 22: Shank2 Isoforms and Domain Structure
Schematic showing Shank2 domain structure, isoforms, and binding partners for each domain.
Abbreviations: Ank, Ankyrin repeats; SH3, Src homolog 3, PDZ, PSD95/Dlg1/Zo-1; PPI, Polyproline I; SAM,
Sterile alpha motif.
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domains [89]. Although all three Shank family members have been implicated in autism
spectrum disorder [254], the differential expression patterns and distinct proline-rich
domains suggest unique functions of the Shank2 family protein members in tissues other
than the brain.
Although Shank2 is co-amplified with cortactin in the 11q13 amplicon, the
functional significance of this is unclear and the role of Shank2 in cancer has not been
investigated.

It is possible that Shank2 is merely amplified as a result of its gene

location, and has no role in driving this amplification. However, we previously identified
Shank2 in a random walk of our invadopodia network [31], suggesting that Shank2 may
play a functional role in HNSCC. Interestingly, Shank2 also binds to sharpin, a protein
with a newly identified role in tumor progression and metastasis by inhibition of β1
integrin and activation of the nuclear factor κB pathway [255–258].
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RESULTS

Cortactin SH3 Domain is Crucial for Cellular and Tumor Phenotypes

In this study, we investigated the role of cortactin in regulating Golgi size,
morphology, and trafficking.

Surprisingly, we found that cortactin regulates late

endosomal/lysosomal trafficking, indirectly controlling Golgi morphology [259].

The

knockdown of cortactin is already known to decrease tumor aggressiveness [147], and
cortactin-KD cells exhibited dramatically decreased Golgi area similar to the Golgi
phenotype reported previously in less aggressive cell lines [246]. Interestingly, rescue of
the Golgi phenotype with cortactin W525K mutants showed a variable phenotype, with
some cells displaying a collapsed Golgi complex while others were dispersed (Figure
23). We suggest this may due to a dominant-negative effect [259].
While the effect of the cortactin SH3 domain mutant has been characterized in
several in vitro phenotypes, such as actin dynamics, cell migration, FN secretion, and
Golgi morphology [218,223–226,228,259,260], its effect on in vivo tumor growth has
never been reported. We used a semi-orthotropic HNSCC model developed by the
Yarbrough lab where HNSCC cells are placed inside a denuded rat trachea and
implanted into the flank of a nude mouse [106]. Our laboratory has previously used this
model to report that HNSCC tumor size and aggressiveness correlates with expression
of cortactin [147]. It is a good system to model tumor growth and invasion, by measuring
both total tumor size and cells that have invaded through the tracheal ring [147]. To
determine if cortactin’s SH3 domain is important for tumor growth in this model, we
expressed either full-length (FL)-cortactin or the cortactin SH3 mutant W525K in both
WT and cortactin-KD tumors for overexpression and rescue studies, respectively.
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Figure 23: Cortactin SH3 Domain Mutant Partially Rescues Golgi Morphology
Figure on previous page. A) Schematic of cortactin with mutant sites indicated: W22A (Arp2/3 binding
mutant); 3Y (Src phosphorylation mutant); Δ4RP (F-actin binding mutant); and W525K (SH3 binding
mutant). NTA represents the N-terminal acidic domain, YYY represents Src phosphorylation sites, and
circles represent cortactin repeat domains. For B–D: FL = wild-type cortactin, LZ = empty vector, Sc =
scrambled oligo. Others as indicated in (A) and (B) Western blot analysis of cortactin mutant expression (top
panel) and actin as a loading control (bottom panel) in stable SCC61 cells. (C) Representative widefield
images of the Golgi (GM130, green), actin (rhodamine-phalloidin, red), and Hoechst (blue) in the cortactin
mutants. (D) Quantitation of Golgi area to cell area ratio from n = 3; > 20 cells per independent experiment.
Scale bar = 25 µm. Data are presented as box and whiskers plots with the box indicating the 25th and 75th
percentiles, solid line indicating the median, and the whiskers indicating the 95% confidence intervals. *P <
0.05. From [259]
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Interestingly, expression of cortactin FL in cortactin-KD cells resulted in large and
invasive tumors, while tumors grown from the cortactin W525K mutant were a similar
size as cortactin-KD cells (Figure 24). Similar results were seen in the overexpression
studies, although without any invasion; however, these results were insignificant and
more replicates need to be completed.

These data suggest that the cortactin SH3

domain may be critical for in vivo tumor size, although it is not known which SH3 binding
partners contribute to this phenotype.
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Figure 24: Cortactin SH3 Domain is Crucial for In Vivo Tumor Growth
a) Representative images from cytokeratin immunohistochemical staining of tumors grown with cortactinrescued cells lines. Cortactin FL or W525K mutant were re-expressed in SCC61-cortactin-KD cells, and
LZRS vector was used as a control. Note the invasion outside of the tracheal ring in the cortactin full-length
rescue (KD/FL) tumor. Three independent replicates with one mouse each were completed (n=3 mice; 6
tracheas). b) Representative images from cytokeratin immunohistochemical staining of tumors grown with
cortactin-overexpressed cells lines. Cortactin FL or W525K mutant were overexpressed in SCC61 cells, and
LZRS vector was used as a control. One independent replicates of two mice each were completed (n=2
mice; 4 tracheas). c) Tumor area measured from cytokeratin staining to identify tumor epithelial cells.
Cytokeratin-positive tumor area is brown. Abbreviations: KD, knockdown; LZRS, retroviral vector used to
create cell lines; FL, full-length; OE, overexpressed; W525K, Cortactin SH3 binding mutant; n.s., not
significant. * p<0.05
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Characterization of Shank2 Expression in HNSCC Cell Lines and Patients

Because Shank2 has not been studied in the context of cancer, we wanted to
characterize its expression in HNSCC. We found that Shank2e was expressed in five
out of eight HNSCC cell lines (Figure 25a). Additionally, high Shank2e expression was
correlated to 11q13 amplification; FaDu, Detroit 562, and SCC25 are known to have
11q13 amplification [147,261]. CortBP1 was also expressed, but to a lesser degree, and
no significant ProSAP1a expressed was observed (Figure 25a).

We also analyzed

paired normal and tumor samples (Table 14) from two Stage IV HPV-negative HNSCC
patients and saw that Shank2e (quantitated) and CortBP1 were increased in tumor
tissue as compared to normal tissue (Figure 25b). This data indicates that Shank2,
primarily the epithelial isoform Shank2e, is expressed in HNSCC and is upregulated in
tumors.
Additionally, we checked the localization of Shank2 by immunofluorescence (IF)
using a commercial polyclonal antibody. Shank2 localizes both to the cytoplasm and colocalizes with actin at membrane ruffles (Figure 26a); similarly, Shank2e has previously
been reported to localize to apical membranes [90]. Shank 2 localization is unaltered in
cortactin-manipulated cells (control, KD, and rescue), indicating that Shank2 is not
recruited to membrane ruffles by cortactin (Figure 26a). Shank2 binds to dynamin2
[252], and is also endocytosed with sodium-phosphate cotransporter IIa (NaPiIIa) and
regulates its apical retention and intracellular distribution [262,263], suggesting a
possible role in membrane trafficking. Cortactin has recently been shown to play a role
in the LE/lysosomal maturation and trafficking and cortactin-KD leads to enlargement of
LE [218,259,264]. Based on these previous studies, we hypothesized that Shank2 may
also participate in this process. We do see some possible Shank2 colocalization with
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the late endosomal marker CD63 (Figure 26b), indicating that it is positioned to play a
role in LE trafficking, although further studies need to be done to ensure this is not the
result of cytoplasmic overlap. Shank2 cytoplasmic localization is unaltered in cortactinmanipulated cells (Figure 26b), indicating that cortactin expression does not play a role
in Shank2 localization.
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Figure 25: Shank2 is Expressed in HNSCC and Upregulated in Tumor Compared to
Normal Tissue
a) A panel of HNSCC cell lines stained with a polyclonal Shank2 antibody. Three forms of Shank2 were
identified in cell lines: Shank2e (230 kDa), ProSAP1a (180 kDa), and CortBP1 (165 kDa). Shank2e was the
most highly expressed isoform, and expression was increased in 11q13 amplified cell lines (Detroit 562,
FaDu, and SCC25). b) Paired normal (N) and tumor (T) tissue lysates from patients with Stage IV HPVnegative HNSCC stained with polyclonal Shank2 antibody. Faint expression of both Shank2e and CortBP1
is seen, and is upregulated in tumor tissue compared to normal. The graph shows the quantitation of
Shank2e bands.
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ID	
  
Site	
  
Sex	
  
Age	
  at	
  dx	
  
Race	
  
Smoking	
  history	
  (Pack	
  Years)	
  
Pathology	
  staging	
  
Clinical	
  staging	
  
Treatment	
  before	
  collection	
  

Treatment	
  after	
  collection	
  
Months	
  from	
  dx	
  to	
  last	
  follow-‐up	
  
Months	
  from	
  dx	
  to	
  recurrence	
  
Current	
  status	
  

6356	
  
6675	
  
Larynx	
  
Larynx	
  
M	
  
M	
  
67	
  
53	
  
W	
  
W	
  
50	
  
2	
  packs	
  per	
  day	
  
T4aN3	
  
T3N2b	
  
T4N2bM0	
  
T3N2b	
  
IVB	
  
IVA	
  
No	
  treatment	
  
No	
  treatment	
  
Surgery,	
  
concurrent	
  
chemo/radiation	
   Surgery/radiation	
  
4	
  
2	
  
N/A	
  
N/A	
  
LWD	
  
LWD	
  

Table 14: Clinical Attributes of Patients Tested for Shank2 Expression
Patient information is from the Vanderbilt-Barry Baker Head and Neck Repository. Paired tumor and normal
tissue from these patients was used to assess Shank2 expression (Figure 25). Abbreviations: dx,
diagnosis; M, male; W, white.
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Figure 26: Shank2 localizes to cell ruffles and cytoplasm in HNSCC cells
Representative confocal microscopy images (.2 µM slices) are shown from stained SCC61 cells. a) Shank2
staining (right) localizes to the cytoplasm and membrane ruffles (marked by actin staining, left). b) Shank2
(green) partially colocalizes with late endosomes (red, CD63). Yellow indicates colocalization.
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Analysis of TCGA Patients Suggests Shank2 is an Independent Predictor of Tumor
Aggressiveness

One possibility is that the Shank2 protein is merely overexpressed as a result of
11q13 amplification of the SHANK2 gene, but has no effect on tumor growth.

To

determine if SHANK2 expression is an independent predictor of tumor aggressiveness,
we analyzed TCGA RNAseq data. We first graphed SHANK2 vs. CTTN expression
(Figure 27a) to determine if there was a correlation. We do see a slight correlation
between these; however, there were some tumors with high SHANK2 and low CTTN or
vice versa, allowing us to assess whether SHANK2 correlates with tumor phenotypes
independent of CTTN expression.

We observed a cluster of patients with both low

SHANK2 and CTTN expression; thus, we set the cutoff for “high” and “low” expression
based on this observation (Figure 27a, red lines indicate cutoff points). This divided our
patients into four groups: CTTN and SHANK2 high, CTTN high and SHANK2 low, CTTN
low and SHANK2 high, and CTTEN and SHANK2 high. We then looked at the stage,
tumor size, and lymph node status of these four groups of patients.

In CTTN-high

expressing patients, SHANK-high expressing patients display decreased aggressive
indicators (Stage IV, N2-3, T3-4) and increased less aggressive indicators (Stages I-III,
N1-2, T1-2) when compared to SHANK2-low expressing patients. Similar results were
seen in CTTN-low expressing patients, indicating that SHANK2 may correlate with tumor
aggressiveness independent of CTTN expression (Figure 27b-d). Unfortunately, there
were not enough patients available to do a statistical analysis, or to look at
vital/recurrence status. Therefore, these data are suggestive that Shank2 may play a
significant role in tumor progression independent of 11q13 amplification measured by
CTTN expression, but we are unable to draw any definitive conclusions at this time.
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Figure 27: TCGA RNAseq Data Shows Increased Tumor Aggressiveness with High
Shank2 Expression
Data from TCGA [149]. a) CTTN vs. SHANK2 RNAseq correlation for all tumor types except hematopoietic
malignancies. Each data point indicates a patient. Red lines indicate cutoff points for “low” vs. “high”
RNAseq expression. b) Analysis of tumor stage and CTTN/SHANK2 high/low groups. SHANK2 high
expressing patients have a higher percentage of aggressive Stage III-IV tumors, in both CTTN-low and
CTTN-high groups. c) Analysis of tumor size and CTTN/SHANK2 high/low groups. SHANK2 high
expressing patients have a higher percentage of aggressive T4 tumors, in both CTTN-low and CTTN-high
groups. d) Analysis of lymph node status and CTTN/SHANK2 high/low groups. SHANK2 high expressing
patients have a higher percentage of more aggressive N2 tumors and a lower percentage of non-aggressive
N0 tumors, in both CTTN-low and CTTN-high groups. Percentage of patients was used instead of total
patient number due to the differing numbers of patients in each group.
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Shank2 Knockdown Affects Tumor Phenotypes

To determine the role of Shank2 in tumor aggressiveness, we knocked down
Shank2 in one 11q13-amplified cell line (FaDu) and one 11q13-non-amplified cell line
(Cal-27) cells using shRNA to the 3’UTR [261,265] (Figure 28a).
hallmark of cancer is invasion and metastasis [4].

One important

To determine if Shank2 controls

HNSCC invasiveness, we tested the ability of these cells to invade through Matrigelcoated Transwell filters. The number of cells able to invade was significantly reduced in
FaDu Shank2-KD cells compared to control cells; a similar trend is seen in Cal27-KD
cells, but more replicates are needed to reach statistical significance (Figure 28b). This
indicates that Shank2 does play a specific role in HNSCC invasiveness, independent of
11q13 amplification status.
Invadopodia are subcellular structures that secrete proteases such as MMPs to
degrade ECM, giving cancer cells the ability to move through tissues in the body; they
are formed preferentially by aggressive cancer cells and invadopodia activity is used to
identify aggressive cancer cells [266].

To determine if Shank2 affects HSNCC

invasiveness by specifically controlling invadopodia activity, we tested the ability of
Shank2-KD cells to degrade a fluorescent bed of ECM.

Shank2-KD cells exhibit

decreased invadopodia activity compared to control cells, seen by a decrease in
degradation area of the FN matrix (dark holes) (Figure 29). This result is significant for
KD3 (the more robust KD, see Figure 28a) but not KD2; more data needs to be
collected to reach statistical significance for this less robust KD.
A decrease in invadopodia activity can be a result of either a decrease in the
number of invadopodia formed, or a defect in secretion of MMPs at invadopodia. To test
whether the effect of Shank2 manipulation on invadopodia activity was due to a
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Figure 28: KD of Shank2 Decreases Transwell Invasion
a) Western blots of cell lysates from shLacZ control and three separate knockdowns (KD) constructs of
Shank2. β-actin is shown as a loading control. Graphs show the quantitation of Shank2 KD as a
percentage to the shLacZ control. N=1 is quantitated. b) A quantitation of the number of cells invaded
across a Matrigel-coated Transwell filter after 48 hours. N=2 replicates; experiments were plated in
duplicate.
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Figure 29: KD of Shank2 Decreases Invadopodia Activity
a) Representative images of control (shLacZ) and Shank2-knockdown (KD) cells stained with actin (4F11,
left) and FITC-labeled fibronectin matrix (FN, right). Some shadows from cells settling on the FN matrix are
seen in all groups. However, invadopodia activity can still be visualized as dark puncta, and their area was
quantitated. b) The quantitation of degradation area normalized to cell area. ***p<0.001; n.s., not significant
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decrease in MMP levels, we tested the ability of these cells to secrete MMPs.
Conditioned media from Shank2-manipulated FaDu cells was run on a non-reducing gel
containing an MMP substrate (gelatin), and incubated overnight to allow degradation of
the gelatin by MMPs. Interestingly, we see a decrease in MMP9 and active MMP2, but
similar levels of pro-MMP2 (Figure 30).

Taken together, these data indicate that

Shank2 controls HNSCC aggressiveness, specifically invasion through invadopodia
activity and MMP secretion.
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Figure 30: KD of Shank2 Decreases MMP Activity
a) Zymography using conditioned media from control (shLacZ) and Shank2-knockdown (KD) cells showing
gelatin degradation of MMPs. Shank2-KD cells exhibit decreased MMP9 and active MMP2 activity.
Conditioned media from HT1080 cell line was used as a positive control. b) Quantitation of band intensity
for MMP9, Pro-MMP2, and active MMP2. N=1 replicate.
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DISCUSSION

In this study, we set out to determine the roles of the cortactin SH3 domain and
one of its binding partners Shank2 in tumor aggressiveness.

We showed that the

cortactin SH3 domain is crucial for the cortactin-dependent phenotypes in vitro Golgi
morphology and in vivo HNSCC tumor size [147,259]. Cortactin with a point mutation
abolishing its SH3 binding activity (W525K) did not rescue collapsed Golgi phenotype or
in vivo tumor growth defects caused by cortactin KD (Figure 23, Figure 24). These data
indicate that that cortactin SH3 domain is important for tumor aggressive phenotypes.
However, since cortactin binds to numerous proteins through its SH3 domain (Table 13),
it is unknown which of these interactions is contributes to these phenotypes. In addition,
cortactin has been reported to affect various other tumor-related phenotypes, such as
invasion, vascularization, invadopodia formation and activity, protein secretion, and
exosomes secretion [147,217–220]. Although cortactin only has the ability to interact
with one protein at once through its SH3 domain, it is possible that cortactin plays
multiple roles in HNSCC through temporal regulation of SH3 binding. It is also likely that
cortactin SH3 interactions may be important in different locations throughout the cell.
Indeed, cortactin is found localized at many places throughout the cell, including cell
membranes, cell ruffles, lamellipodia, invadopodia, and intercellular vesicles.

Many

cortactin SH3 binding partners have also been implicated in tumor progression or
crucially related processes, such as actin assembly, membrane trafficking, and signaling
(Table 13).
The cortactin SH3 binding partner Shank2 has never been studied in the context
of cancer, although it is overexpressed along with cortactin as a result of 11q13
amplification, which occurs in multiple cancer types [95–97,182,185–187]. In this study,
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we identified Shank2 as a novel regulator of HNSCC aggressiveness.

Shank2

knockdown resulted in a decrease of cellular invasiveness, invadopodia activity, and
MMP secretion (Figure 28, Figure 29, Figure 30). We used two HNSCC cell lines with
differing 11q13 amplification status: FaDu cells are highly 11q13 amplified while Cal-27
cells are not amplified. Shank2 regulated these phenotypes regardless of 11q13 status,
although higher Shank2 expression was seen in 11q13 amplified cells. Previously, it
was unclear whether Shank2 overexpression is simply a result of 11q13 amplification, or
whether Shank2 function may help drive this amplification. It is currently unknown which
genes are responsible for 11q13 amplification, although it is assumed to be either CTTN
or the cell cycle control protein CCND1 [196,200,201].

The breakage-fusion-bridge

cycle that amplifies 11q13 can result in cases where only one end of the core amplicon
is amplified. Interestingly, an analysis of this in HNSCC shows that poor prognosis was
associated with CTTN amplification (located on one end of the amplicon) but not with
CCND1 amplification (located on the other end). Since the SHANK2 gene is found
immediately adjacent to the CTTN gene, this is consistent with our results that identify
Shank2 as an active regulator of tumor aggressiveness. Additionally, our preliminary
results suggest that tumors with high SHANK2 expression are more aggressive than
those with low SHANK2 expression, regardless of CTTN levels (Figure 27).
The mechanism of how Shank2 contributes to HNSCC aggressiveness, and
whether or not the interaction between cortactin and Shank2 plays a role, is currently
unknown. One possibility is that similar to its role in the post-synaptic density, Shank2
serves as a scaffolding protein.

This could occur at the cell edge and/or in the

cytoplasm (potentially at late endosomal vesicles), two locations where we observed
Shank2 localization (Figure 26).

It is unknown which proteins Shank2 would link

together in HNSCC cells. In the PSD, Shank2 scaffolds together two separate receptor
complexes (NMDA- and mGluR-) through interactions with GKAP and Homer; deletion of
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Shank2 in mice results in defective synaptic signaling leading to autistic behaviors [85–
88].

Interestingly, cortactin, Shank2, and dynamin2 are all direct binding partners

[93,252,267]. Additionally, Shank2 binds to α-fodrin, another cytoskeletal protein that
interacts with f-actin [268]. These interactions suggest that Shank2 may link signaling
molecules to the actin cytoskeleton.

Another possible scaffolding role of Shank2 is

linking the exocyst complex protein Sec8 to cortactin through its binding to PSD-95
[253,269]. The exocyst complex is important for numerous cellular functions, such as
cytokinesis, exocytosis, endocytic recycling, autophagosome biogenesis, cell migration,
and invadopodia [270]. It is feasible that Shank2 and cortactin could work together to
promote cell migration, invadopodia formation and activity, or trafficking.
Additionally, we previously performed a random walk analysis on a manually
curated list of core invadopodia machinery to identify new molecules, or hubs,
associated with invadopodia. Interestingly, Shank2 was significantly associated with this
invadopodia network [31]. This is consistent with our results that Shank2 expression
affects invadopodia activity and MMP secretion (Figure 29, Figure 30). It is likely that
Shank2 controls invadopodia activity by regulating upstream trafficking of MMPs,
resulting in decreased MMP secretion.

Whether or not this trafficking defect MMP-

specific or is more general remains to be determined.
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FUTURE DIRECTIONS

It is interesting to note that the genes CTTN and SHANK2 are located
immediately adjacent on the 11q13 amplicon; it is possible that their overexpression may
have a synergistic effect on HNSCC tumor progression. To test that hypothesis, cell
lines manipulated with high levels of cortactin and Shank2, both separately and together,
could be used for tumor growth or other phenotypic experiments. Cortactin is the only
known binding partner of the PPI motif in Shank2; therefore, a Shank2 PPI binding
mutant that is unable to bind cortactin could be used to determine whether any observed
effects were due to the Shank2-cortactin binding interaction.

Re-expression of this

Shank2 PPI mutant in Shank2-KD cells would be a crucial rescue experiment for the
phenotypes tested in this study (transwell invasion, invadopodia activity, and MMP
secretion), as well as in vivo tumor growth and exosomes secretion.

Testing of

additional phenotypes would determine if the mechanistic role of Shank2 in HSNCC
progression is trafficking-specific or more broad.
Another interesting future direction would be use of Shank2 KD cells to test its
role on vesicular trafficking. One way Shank2 could regulate trafficking is through its
interaction with dynamin2. Dynamin2 controls vesicle scission at the cell membrane and
other organelles; however, its mechanism is poorly understood [271,272]. We showed
that Shank2 regulates MMP secretion (Figure 30) and matrix degradation by
invadopodia (Figure 29); dynamin2 is also necessary for focal adhesion matrix
degradation [273]. It is feasible that Shank2 could act with dynamin2 at or upstream of
invadopodia to regulate matrix degradation or MMP secretion at invadopodia.

The

interaction of Shank2 with cortactin could also affect trafficking and secretion, since
cortactin has a reported role in LE/lysosomal trafficking and secretion of FN [218,259].
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More work is needed to see if this trafficking defect is general, or specific to MMP
secretion. Dynamin2 and cortactin bind to different residues of Shank2, meaning it is
possible for Shank2 to bind to both cortactin and dynamin2 simultaneously, but whether
or not this occurs and what effect it would have is unknown. Competitive binding assays
could be performed to determine if Shank2 and dynamin2 compete for binding to the
cortactin SH3 domain, or if cortactin and Shank2 compete for binding to the dynamin2
proline-rich domain (PRD). This competition could regulate dynamics on vesicles or at
the cell surface.
It would also be interesting to test the effect of Shank2 on progression of tumors
from other tissue types. 11q13 amplification is the most common in HNSCC, but is also
found in other cancers, such as breast, esophageal, pancreatic, ovarian, lung, and
bladder [95–97,182–188]. Although the overexpression of Shank2 is likely driven by
11q13 amplification in HNSCC and possibly other cancers, our results show that the
Shank2 promotes tumor-associated phenotypes regardless of 11q13 amplification
status. Therefore, Shank2 could also play a role in non-11q13 amplified cells.
More replicates of the following experiments are needed to achieve statistical
significance or a greater level of confidence in our results: tumor growth with the
cortactin W525K mutant (OE cell lines only), expression of Shank2e in paired tumor and
normal samples, and invadopodia assay and zymography with Shank2-KD cell lines.
Both of the tumors included in the paired tumor and normal tissue Western blots that
showed increased expression of Shank2e (and CortBP1) are from Stage IV patients
(Figure 25, Table 14). These patients were selected because 11q13 amplification is
thought to be a late stage in HNSCC progression [180]. However, inclusion of patients
in varying stages, as well as a comparison of cortactin and/or cyclin D1 overexpression,
would give a clearer picture of when Shank2 overexpression occurs in HNSCC and
whether or not this is concurrent and comparable with overexpression of other markers
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in the 11q13 amplicon. For tumor growth, it is unusual that the OE tumors were smaller
than the KD/rescue, which should have less expression of cortactin (Figure 24). Since
only one independent experiment was performed for the OE tumors, this may simply be
due to inherent variability in the experiment.
Additionally, MMP secretion should be tested in non-11q13 amplified Shank2-KD
cells (Cal27), and invadopodia activity should be tested in 11q13-amplified Shank2-KD
cells (FaDu).

Interestingly, even though FaDu cells are highly amplified and very

aggressive in vivo [147], they do not form invadopodia nor degrade matrix under our
usual experimental conditions.

Therefore, we must either use a different 11q13-

amplified cell line, or determine a way to induce invadopodia formation in FaDu cells.
We hypothesized that hypoxia, a known promoter of tumor progression [274] that has
been reported to induce invadopodia formation in other cell types [275], may also
stimulate invadopodia formation in FaDu cells.

We saw no effect after 24 hours in

hypoxic conditions, but after 48 hours we do see significantly increased invadopodia
activity of FaDu cells (Figure 31). We see a similar effect in SCC61 cells, which are well
characterized for their ability to form invadopodia [266,276,277], indicating that hypoxia
induces invadopodia formation in multiple HNSCC cell types. Therefore, we can test the
ability of FaDu Shank2-KD cells to form invadopodia and degrade matrix under hypoxic
conditions.
Additionally, more patients are needed for our TCGA analysis in order to perform
the proper statistical analysis (chi-square test) (Figure 27). It is worth noting that M was
not a good method of analysis, since HNSCC doesn’t usually have distant metastases
(only 2 patients out of 312 total). We would also be able to perform a survival and
recurrence-free survival analysis with additional patients. With the data used, nearly
50% of the deceased patients had no available follow-up information, making it difficult
to do a Kaplan-Meier analysis.
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Figure 31: Hypoxia increases invadopodia degradation after 48 hours
a) Representative images of FaDu cells (left) and SCC61 cells (right) stained with cortactin and fibronectin
(FN). Cells were plated on fluorescently labeled FN matrix, and fixed and stained after 24 or 48 hours in
hypoxic or normal O2 conditions. Invadopodia activity can be visualized by dark puncta in the FN matrix
colocalized with bright cortactin puncta. b) The quantitation of degradation area normalized to cell area.
n.s., not significant; * p<0.05; n.s., not significant.
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C HAPTER V: SUMMARY AND CONCLUSIONS

SUMMARY

Part I

In this dissertation, I use different methods to identify novel regulators of two
different cancer types. In CRC, we used a novel bioinformatics approach that identified
proteins associated with poor prognosis (defined as patient death or tumor recurrence)
in the publically available TCGA dataset. Many of these proteins are well known to be
associated with CRC (such as KRAS, SMAD2, SMAD4, and MSH2), indicating that this
approach has merit. We followed up on two of these proteins, IGFBP2 and GATA3, to
validate our initial results. High levels of IGFBP2 were associated with poor prognosis in
our initial TCGA dataset. Using a TMA stained with IGFBP2 for our secondary dataset,
we confirmed that patients with high levels of IGFBP2 have significantly decreased
survival and recurrence-free survival. Interestingly, the protein most highly associated
with death was GATA3, a transcription factor important for T-cell differentiation. While
low levels of GATA3 have been also linked with breast cancer, this protein has not
previously been studied in the context of CRC.

Using cell lines with stable

overexpression of GATA3, we show that a higher level of GATA3 decreased
invasiveness and 3D colony growth in Matrigel, but did not affect 2D proliferation rates.
The mechanism is currently unknown, but our data suggests two nonexclusive
possibilities: differentiation or TGF-β signaling. Our results show that consistent with the
known role of GATA3 in T-cell differentiation, higher levels of GATA3 are found in more
highly differentiated, less aggressive cell lines (Figure 16), and higher GATA3 staining is
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seen in more differentiated mucosal cells (Figure 13). Additionally, since GATA3 has
been shown to regulate TGF-β signaling in breast cancer [82], we used a TGF-β reporter
and see significantly decreased TGF-β activity in our GATA3-OE cell lines as compared
to control (Figure 18). Taken together, these data indicate that GATA3 plays a role in
CRC invasion.

Part II

In HNSCC, I identified the cortactin SH3 binding partner Shank2 as a novel
regulator of cancer aggressiveness. Cortactin is a protein that is overexpressed in up to
40% of HNSCC through the 11q13 amplicon. This overexpression correlates with poor
prognosis, and functional studies have shown cortactin regulates tumor size,
vascularization, invasiveness, and protein secretion. Cortactin binds to multiple proteins
through its SH3 domain (Table 13), and it is unknown what mechanistic effect these
interactions produce. Here, I showed that the SH3 domain of cortactin was crucial for
both Golgi morphology (a phenotype previously connected to tumor aggressiveness
[246]) and in vivo tumor growth.

This suggests that the regulation of tumor

aggressiveness phenotypes depends on SH3 binding interactions. Interestingly, one of
cortactin’s SH3 binding partners, Shank2, is in 11q13 immediately adjacent to CTTN and
is overexpressed via its amplification. Therefore, we hypothesized that the interaction of
cortactin with Shank2 may regulate tumor aggressiveness.

Indeed, we found that

knockdown of Shank2 resulted in decreased invasiveness of HNSCC cells, with some
preliminary evidence also showing a decrease in invadopodia activity and MMP
secretion. This identifies Shank2 as a novel regulator of HNSCC.
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SIGNIFICANCE

Bioinformatics is an incredibly valuable tool to use in the analysis of biological
data, and the development and characterization of new methods for these analyses is
crucial. In particular, the field of cancer research has been tremendously helped by
application of bioinformatics techniques to personalized medicine, drug discovery,
metabolomics, immunology, immunotherapy, gene discovery, epigenetics, gene function
prediction, protein structure prediction, and molecular profiling [19–26]. It is becoming
increasingly easier to collect and store large amounts of various types of information.
For example, at the date of writing this dissertation, TCGA has copy number alterations,
clinical data, DNA methylation, exon expression, gene expression, protein expression,
miRNA expression, somatic mutations, and miRNAseq for over 11,000 human tumors
samples from 34 different cancer types [278]. Another publically available dataset, the
Cancer Cell Line Encyclopedia (CCLE), has DNA copy number, mRNA expression,
mutations, and drug treatment data for over 1,000 cell lines [279,280]. A number of
other datasets produced by individual researchers or institutions can be obtained
through articles published in various scientific journals.

Computational and

bioinformatics analysis saves time, money, and resources by using this collected data
for multiple purposes. In this dissertation, I analyzed high throughput data from two
different cancer types. Using RPPA protein expression data and patient clinical data, I
used three different algorithms (Cox regression, Wilma, and Regsubsets) to identify
proteins associated with poor prognosis (death or recurrence). While these algorithms
have been previously developed and described, using them concurrently to gain more
confidence in selected proteins was novel. Additionally, I used TCGA RNAseq data to
provide evidence suggesting that SHANK2 contributes to cancer aggressiveness
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independent of CTTN expression in HNSCC. These findings highlight the utility of these
high throughput datasets in making biological discoveries.
Protein overexpression of oncogenes is crucial for driving tumor progression and
metastasis; it is therefore important to identify these proteins and the mechanisms
underlying their overexpression. Oncogene activation can occur through a mutation of
the oncogene, resulting in a protein that is constitutively active. Additionally, oncogenes
can be overexpressed at the gene or protein level by gene duplication, induction of gene
expression, chromosomal translocation, or epigenetics [11].

When gene duplication

occurs frequently at distinct regions, the unit of DNA amplification is called an amplicon
[2]. Many oncogenes are overexpressed through amplicons, such as c-MYC (8q24),
KRAS (6q12), erbB1 (7p12-13), akt-1 (14q32-33), akt2 (19q13), cdk4-mdm2-sas-gli
(12q13), cyclin e (19q12), and others [2,188]. Interestingly, overexpression of the 11q13
amplicon was found to define one subclass of cancer based on a pan-analysis of 12
different TCGA cancer types [188]. In this dissertation, an oncogenic role for the protein
IGFBP2 in CRC was suggested: IGFBP2 was associated with poor prognosis in a
bioinformatics analysis, and patients in a secondary dataset that expressed high IGFBP2
levels had decreased survival and recurrence-free survival.

Additionally, functional

studies demonstrating decreased invasiveness and preliminary evidence for decreased
invadopodia activity and MMP secretion provide evidence for an oncogenic role of
Shank2 in HNSCC.
Tumor progression and metastasis is also driven by repression of tumor
suppressor genes.

This process occurs at the gene or protein level through gene

deletion, gene inactivation, epigenetics, or mutations producing a defunct protein, and in
most cases requires inactivation of both tumor suppressor alleles [12].

In this

dissertation, low levels of GATA3 were associated with CRC tumor recurrence and
patient death, indicating it may play a tumor suppressive role (Figure 9, Figure 10,
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Figure 11).

This is further supported by functional studies in CRC cells where

overexpression of GATA3 decreases 3D colony growth and invasiveness (Figure 16).
Interestingly, GATA3 protein levels do not correlate with mRNA levels (Figure 15),
indicating that the regulation of GATA3 occurs at the protein level.
Clinically, cancer aggressiveness is measured using the TNM staging system,
which takes into account primary tumor size and invasiveness (T), spread to regional
lymph nodes (N), and metastasis to distant organs (M) [9]. This system is commonly
used to make treatment decisions for patients, even though it has several limitations.
TNM staging does not take into account additional biologic factors (such as subtypes,
heterogeneity, microenvironment, or genetic instability), it is often inadequate to predict
patient prognosis [10], and it limited by the current technology for detecting spread to
lymph nodes or distant organs. This is underscored by the fact that we find N and M
status to be a poor way to define poor prognosis. Using the Wilma algorithm, we see
that proteins associated with recurrence and death have the ability to separate patients
into distinct populations based on prognosis, while N/M status surprisingly does not
(Figure 4). Methodologies such as the one presented in this dissertation are a crucial
step in the direction of finding biomarkers that more accurately describe tumor
aggressiveness to predict patient prognosis and improve patient treatment.
Treatment decisions are important for drugs that are effective only on a subset of
patients (for example, targeted therapies).

Additionally, treatment decisions are

especially crucial for early stage patients. For example, the standard of care for Stage II
is surgical resection of the primary tumor [107]. However, after this resection, 30% of
CRC Stage II patients have a recurrence at a distant site [114]. This likely means that
there were undetectable micrometastases present at the time of diagnosis that
subsequently grew after removal of the primary tumor. This subset of patients would
benefit from adjuvant therapy to treat these micrometastases. Therefore, biomarkers to
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identify this subset of patients would be helpful to clinicians and would likely improve
patient prognosis. In this dissertation, I identify GATA3 to be associated with tumor
recurrence and patient death by three different bioinformatics analysis.

GATA3

expression is significantly lower in deceased Stage I-II patients compared to Stage I-II
living patients, and a stage-adjusted Cox proportional hazards shows that GATA-low
expressing patients have significantly decreased survival compared to GATA3-high
expressing patients. This indicates that GATA3 expression is associated with patient
prognosis independent of stage, and has exciting potential as a novel biomarker in CRC.
Because RPPA expression data was taken at the time of diagnosis, it is feasible that
tumor biopsies in the future could be measured for GATA3 RPPA expression to guide
treatment decisions.
Identification of novel oncogenes and tumor suppressors that regulate cancer
progression and metastasis is important for developing new biomarkers to diagnose
cancer, guide treatment decisions, or identify populations that are at a high risk of
developing cancer so preventive measures can be taken. Once identified, targetable
proteins can be treated with small molecule inhibitors.

Additionally, novel cancer

regulators provide mechanistic insight into how individual cancer cells are functioning.
The work presented within this dissertation identifies two novel cancer regulators,
GATA3 in CRC and Shank2 in HNSCC.

While these proteins need to be further

characterized with respect to their roles in those cancers and are clearly years away
from clinical usefulness, these discoveries have the potential in the future to act as
biomarkers and impact cancer treatment.
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