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ABSTRACT

Most sporadic colorectal cancer reflects acquired mutations in the adenomatous polyposis coli (APC)
tumor suppressor gene, while germline heterozygosity for mutant APC produces the autosomal dominant
disorder Familial Adenomatous Polyposis (FAP) with a predisposition to colorectal cancer. In these
syndromes, loss of heterozygosity (LOH) silences the remaining normal allele of APC, through an unknown
mechanism, as the initiating step in transformation. Guanylyl cyclase C receptor (GUCY2C) and its
hormones, uroguanylin and guanylin, have emerged as a key signaling axis opposing mutations driving
intestinal tumorigenesis. Indeed, uroguanylin and guanylin are among the most commonly repressed
genes in colorectal cancer. Here, we explored the role of APC heterozygosity in mechanisms repressing
hormone expression which could contribute to LOH. In genetic mouse models of APC loss, uroguanylin
and guanylin expression were quantified following monoallelic or biallelic deletion of the Apc gene.
Induced biallelic loss of APC repressed uroguanylin and guanylin expression. However, monoallelic APC
loss in Apc™™* mice did not alter hormone expression. Similarly, in FAP patients, normal colonic mucosa
(monoallelic APC loss) expressed guanylin while adenomas and an invasive carcinoma (biallelic APC loss)
were devoid of hormone expression. Thus, uroguanylin and guanylin expression by normal intestinal
epithelial cells persists in the context of APC heterozygosity and is lost only after tumor initiation by APC
LOH. These observations reveal a role for loss of the hormones silencing the GUCY2C axis in tumor
progression following biallelic APC loss, but not in mechanisms creating the genetic vulnerability in
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epithelial cells underlying APC LOH initiating tumorigenesis.

Introduction

Nearly 8% of incident cancers in the United States originate in
the colorectum.' Most sporadic cases begin with mutations
that silence one allele of the canonical tumor suppressor gene
adenomatous polyposis coli (APC) producing acquired hetero-
zygosity in intestinal epithelial cells.>” Alternatively, germline
mutations in APC cause a hereditary autosomal dominant
cancer predisposition syndrome called familial adenomatous
polyposis (FAP.)* In both sporadic and germline syndromes,
subsequent acquired mutations inactivate the second wildtype
allele of APC producing loss of heterozygosity (LOH).>”’
Mutations in APC occur most frequently in exon 15,
a genetic hot spot in both acquired and hereditary cases.
LOH resulting in biallelic loss of APC is generally considered
the initiating event in colorectal transformation, creating the
premalignant field that supports the development of adenomas
and, ultimately, invasive carcinoma.”” The role of LOH in this
process can best be appreciated by considering FAP patients, in
whom all epithelial cells are heterozygous for APC. In these
patients, APC LOH can produce hundreds of adenomatous
polyps*®” and, without intervention, they have a ~ 100% life-
time risk of colorectal cancer.'®""

Loss of APC, and its associated functions, through LOH
results in cytosolic accumulation of B-catenin which translocates

to the nucleus where it regulates transcriptional programs driv-
ing epithelial dysfunction, an essential step for tumor
initiation."*”"> While the role of APC heterozygosity in the
pathophysiology of colorectal cancer is established, there is an
incomplete understanding of the molecular steps contributing to
the genetic vulnerability in epithelial cells leading to inactivation
of the second APC allele and LOH. Defining mechanisms under-
lying epithelial cell vulnerability to LOH, and the resultant
evolution of the premalignant field, could provide insights to
mitigate tumorigenesis and improve cancer prevention.
Guanylyl cyclase C (GUCY2C) is an intestine-specific recep-
tor which plays a role in maintaining epithelial homeostasis.'®'
Uroguanylin and guanylin, peptide paracrine hormones pro-
duced in small intestine and colon, respectively,”>** activate
GUCY2C to produce the second messenger cyclic guanosine
monophosphate (cGMP).*>*® In turn, cGMP signaling regulates
homeostatic processes in intestine that are canonically disrupted
in cancer,”” including maintenance of DNA integrity and geno-
mic stability."”*® In that context, silencing the GUCY2C axis
amplifies intestinal epithelial cell vulnerability for APC LOH in
mouse models of FAP." Indeed, loss of GUCY2C signaling
drives intestinal transformation, specifically at the step of
tumor initiation, induced by genetic mutations or
carcinogens.'”'***° Importantly, uroguanylin and guanylin
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are the most commonly lost gene products in colorectal
cancer.”>*"** Moreover, loss of these paracrine hormones occurs
universally at the earliest stages of tumorigenesis in mice and
humans coincident with APC LOH.**'* In contrast,
GUCY2C expression appears to be preserved in most primary
and metastatic colorectal tumors.”>™’

In the context of these observations, we explored the
hypothesis that paracrine hormone loss, which in turn silences
GUCY2C, is an obligatory step contributing to the genetic
vulnerability underlying LOH which establishes the premalig-
nant field. Specifically, these studies determined whether APC
heterozygosity alters GUCY2C paracrine hormone expression.
Here, we reveal that uroguanylin and guanylin expression is
maintained after monoallelic loss of APC but eliminated fol-
lowing APC LOH. Thus, APC heterozygosity does not suppress
guanylin and uroguanylin expression to create epithelial
genetic vulnerability underlying LOH that initiates tumorigen-
esis. Rather, loss of hormone expression silencing GUCY2C is
a direct effect of APC LOH, contributing to tumor progression.

Results

Development of uroguanylin and guanylin knockout mice
using CRISPR/Cas9 gene editing

To establish controls for loss of hormone expression, knockout
mice were developed using single guide (sg)RNAs targeting exons
2 and 3 of the Guca2b and Guca2a genes, respectively
(Figure la,b). Following microinjection, mouse embryos were
screened by PCR, using primers that spanned the target sites.
Knockouts ~were confirmed by sequencing analyses
(Supplementary Figure 1). Mice chosen for the Guca2b knockout
line harbor a ~ 1.5 Kb deletion in the Guca2b gene, while those
chosen for the Guca2a knockout line harbor a ~ 1.7 Kb deletion in
the GucaZa gene. Genotypes were confirmed by PCR, which
indicated a 3 Kb PCR product for the wildtype allele and a ~ 1.5
Kb and ~1.3 Kb PCR product for the Guca2b and Guca2a knock-
out deletion mutations, respectively (Figure 1c,d). Analysis of
Guca2b and Guca2a transcript levels by qRT-PCR confirmed
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Figure 1. (a and b) CRISPR/Cas9 gene editing approach used to generate the
uroguanylin (Guca2b) and guanylin (Guca2a) knockout mice. The targeting strat-
egy was designed to delete exons 2 and 3 of Guca2b and Guca2a, respectively. (c)
Representative PCR genotyping for Guca2b wildtype (3Kb), homozygous knockout
(1.5Kb), and heterozygous knockout mice (3Kb and 1.5Kb). (d) Representative PCR
genotyping for Guca2a wildtype (3Kb), homozygous knockout (1.3Kb), and het-
erozygous knockout mice (3Kb and 1.3Kb).
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Figure 2. GUCY2C ligand mRNA expression is retained after monoallelic loss of
APC. (a) GUCY2C, uroguanylin, and guanylin mRNA expression quantified by
RNAseq in colorectal carcinomas, classified by stage of disease [stage | (n = 57),
stage Il (n = 136), stage Ill (n = 113), stage IV (n = 52)], and normal colorectum
(n = 51) from the TCGA database.*® (b) GUCY2C and uroguanylin mRNA quantified
by qRT-PCR from jejunum in wildtype (n = 12), Apc™* (n = 11), Guca2b™ (n = 3)
and AchKO (n = 5) mice. (c) GUCY2C and guanylin mRNA quantified by qRT-PCR
from proximal colon in wildtype (n = 12), Apc™™* (n = 11), Guca2a™ (n = 3) and
Apc© (n = 5) mice. n.s., not significant, * p < .05, ** p < .01, ** p < 001, ****
p < .0001.

elimination of Guca2b and Guca2a expression in small intestine
and colon, compared to control mice (Figure 2a,b).

GUCY2C hormone expression is maintained after
monodallelic APC loss, but eliminated by APC LOH

Loss of GUCY2C hormone expression is an early event along
the continuum of colorectal cancer that aligns with mutations
in the APC-B-catenin signaling pathway.>*"** Previously, we
demonstrated that biallelic loss of APC increases Wnt signaling
which, in turn, represses GUCY2C hormone expression, sup-
porting a role for this process in tumor progression.”* Here, we
explored the effect of monoallelic APC loss (APC heterozygos-
ity) on hormone expression as a potential mechanism contri-
buting to genetic vulnerability, by silencing the GUCY2C axis,
that could promote APC LOH and tumor initiation.

Analysis of data from The Cancer Genome Atlas (TCGA)*®
confirmed that expression of uroguanylin and guanylin mRNA
is reduced ~250-fold in human colorectal tumors at all disease
stages (Figure 2a).>**® In contrast, expression of GUCY2C
mRNA was retained in most of those tumors (Figure 2q) 333438
Small differences (~1.75-fold) in GUCY2C mRNA at some
stages likely reflect a contribution of tumors arising from the
serrated adenoma pathway, in which receptor expression is
substantially reduced.”>*® In close agreement with human
samples, uroguanylin and guanylin mRNA and protein were
reduced in small intestine and colon, respectively, in mice with
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Figure 3. GUCY2C ligand protein expression is retained after monoallelic loss of
APC. (a) GUCY2C and uroguanylin protein quantified by immunoblot (represen-
tative shown) from jejunum in wildtype (n = 12), Apc™™* (n = 11), Guca2b™
(n = 3) and Apc™® (n = 5) mice. (b) GUCY2C and guanylin protein quantified by
immunoblot (representative shown) from proximal colon in wildtype (n = 12),
Apc™™* (n = 11), Guca2a™ (n = 3) and Apc™® (n = 5) mice. (c) Single field
immunofluorescence of Apc™™* small intestine containing an adenoma and
normal adjacent tissue (NAT). (d) Immunofluorescence of wildtype and Apc™*
proximal colon for guanylin. B-catenin (red), guanylin (green), GUCY2C (magenta),
DAPI (blue). n.s., not significant, * p < .05, ** p < .01, *** p <.001, **** p < .0001.
Scale bar = 100 pm.

biallelic Apc loss (AchKO) (Figures 2b,c, 3a,b), and in adeno-
mas (Apc LOH) in Apc™"* mice, which are heterozygous for
Apc (Figure 3c). Conversely, GUCY2C mRNA (Figure 2b,c)
and protein (Figure 3a,b) were preserved in Apc“*© mice, and
in adenomas in Apc™"™* mice (Figure 3c), recapitulating obser-
vations with patient tumor samples (Figure 2a). Importantly,
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uroguanylin, guanylin, and GUCY2C mRNA (Figure 2b,c) and
protein (Figure 3a-d) were quantitatively similar in normal
mucosa in small intestine and colon of Apc™™* mice (Apc
heterozygosity), compared to wildtype mice.

Suppression of GUCY2C hormones requires APC LOH in
FAP patients

Like Apc™™* mice, FAP patients have a germline mutation in one
allele of APC which creates a predisposition for LOH, transforma-
tion, and the formation of intestinal polyps.'® Here, we obtained
fresh specimens from colon resections of FAP patients to explore
the expression of components of the GUCY2C signaling axis in
the context of APC mutations. Guanylin protein (Figure 4a) and
mRNA expression (Figure 4b) were maintained in normal epithe-
lium (APC heterozygosity), but were absent in adjacent premalig-
nant polyps and invasive adenocarcinoma reflecting APC LOH.
Importantly, GUCY2C protein and mRNA expression were
maintained at each stage of transformation, in the context of
monoallelic or biallelic loss of APC. Moreover, these data further
support our previous findings in FAP patients.>* Taken together,
these observations support a mechanism in which paracrine hor-
mone loss silencing the GUCY2C tumor suppressor in intestinal
transformation reflects biallelic inactivation of APC in mice and
humans (Figure 4c).

Discussion

APC mutations occur in ~80% of colorectal tumors.>!*!?

Although an essential role for biallelic loss of APC gene
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Figure 4. Suppression of guanylin requires APC LOH in an FAP patient. (a) Representative immunofluorescence of guanylin and GUCY2C in an FAP patient (Biobank ID:
#027). Samples were obtained from the colon of this patient that captured the progression of transformation from normal adjacent tissue (NAT; monoallelic APC loss),
through premalignant polyp and invasive adenocarcinoma (biallelic APC loss). Representative images shown, guanylin (green), GUCY2C (magenta), DAPI (blue). (b)
Quantification of guanylin and GUCY2C mRNA by qRT-PCR in NAT (n = 2 patients), polyp (n = 2 patients) and adenocarcinoma (n = 1 patient). (c) Graphical
representation for APC-dependent mechanism of guanylin suppression created with Biorender.com. Scale bar = 100 um.
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function in the development of colorectal cancer is established,
mechanisms linking inactivation of the first APC allele with the
genetic vulnerability that promotes loss of the second allele in
the same cell remain to be defined. Here, we tested whether
APC heterozygosity produced loss of uroguanylin and guany-
lin, which could silence GUCY2C and downstream signaling
mechanisms maintaining genomic integrity, as a potential
pathophysiological step underlying formation of the premalig-
nant field.

The intestine is a complex continuously regenerating organ
renewing the epithelial layer every 3-5 days.”™*' Continuous
epithelial replacement requires tight coordination of regenera-
tive processes including proliferation, migration, differentiation,
and apoptosis.””*'** Beyond coordinating normal regeneration,
these homeostatic processes are canonically dysregulated in
mechanisms underlying tumorigenesis.”” GUCY2C, an intest-
inal epithelial cell-specific membrane receptor, regulates
a number of homeostatic process that organize the intestinal
epithelium, including proliferation, differentiation, metabolism,
DNA damage repair, and epithelial-mesenchymal crosstalk.'” !
GUCY2C has emerged as a key intestinal tumor suppressor, and
silencing this receptor disrupts those canonical homeostatic
mechanisms, promoting tumorigenesis in mouse models of col-
orectal cancer.'®*"**** In that context, loss of guanylin and
uroguanylin, which silences GUCY2C signaling, occurs at the
earliest stage of intestinal transformation by a mechanism that is
conserved across species.” >

Previously, we demonstrated that GUCY2C hormone expres-
sion is eliminated by a dysregulated nuclear B-catenin-dependent
transcriptional mechanism reflecting APC LOH in mice and
humans.*® Indeed, we have identified a pathophysiological
model in which guanylin hormone expression is eliminated as
a direct downstream consequence of mutant APC-B-catenin-TCF
nuclear transcriptional reprogramming.”* These studies demon-
strated that oncogenic APC-B-catenin signaling silences guanylin
mRNA and loss of guanylin expression was dependent on
a canonical TCF-dependent mechanism.>* These observations
underscore the established pathophysiological association of hor-
mone loss with colorectal tumorigenesis across species.”'~>*
They suggest a role for hormone repression silencing GUCY2C
in mechanisms contributing to tumor progression, for example
through hyperproliferation, desmoplasia, chromosomal instabil-
ity, and DNA hyper-mutation,'””"** reflecting dependence of
this repression on LOH and APC biallelic loss.*

Beyond progression, eliminating GUCY2C expression in the
Apc™™* mouse model of genetic transformation increased the
incidence and burden of tumors in the colorectum. Similarly,
administering the colorectal pro-carcinogen azoxymethane to
mice devoid of intestinal GUCY2C increased the incidence and
burden of tumors in the colorectum." Surprisingly, increased
tumor burden in both genetic and carcinogen models of transfor-
mation reflected a predominant effect on tumor number (initia-
tion), rather than tumor size (progression).'””'” Conversely, oral
administration of GUCY2C ligands to Apc™™’* mice reduced
tumor burden through a primary effect on tumor number, rather
than on tumor size.”>*° Similarly, chronic colonization of mice
with bacteria constitutively secreting GUCY2C ligand opposed
azoxymethane-induced colorectal tumorigenesis primarily by
reducing tumor number, with a minor effect on tumor size.*®

These observations suggest that, beyond progression after
APC LOH, hormone repression silencing the GUCY2C signal-
ing axis might contribute to creating the epithelial genetic
vulnerability underlying tumor initiation through APC LOH.
In that context, the established link between dysregulated
nuclear APC-f-catenin signaling and transcriptional repres-
sion of hormone expression’® suggested a model in which
APC heterozygosity suppressed hormone expression silencing
GUCY2C leading to genetic vulnerability. Indeed, recent pre-
liminary studies suggested that hormone mRNA expression
was suppressed in normal epithelium (monoallelic APC loss),
but not in tumors (biallelic APC loss), in Apcmi”/ * mice.>® Here,
we confirmed that uroguanylin and guanylin mRNA and pro-
tein expression was quantitatively reduced in small intestine
and colon, respectively, in mice with tissue-specific inducible
biallelic APC loss (AchKO).34 However, in striking contrast to
previous reports,’® uroguanylin and guanylin mRNA and pro-
tein expression was quantitatively maintained in normal
epithelia in small intestine and colon, respectively, in mice
with monoallelic APC loss (Apc™"*). Hormone expression in
normal epithelia was prominently juxtaposed with the elimina-
tion of GUCY2C hormone expression in immediately adjacent
intestinal tumors. Moreover, observations in genetic mouse
models were confirmed in patient samples. Thus, in FAP
patients, normal colon epithelia (APC heterozygosity) exhib-
ited robust guanylin expression while adenomas and an inva-
sive carcinoma (biallelic APC loss) were devoid of guanylin
expression, confirming previous reports.” It is noteworthy that
the sample size of FAP patients remains a limitation of this
study, and it will be important to confirm these observations in
future studies with larger cohorts.

Taken together, these observations establish a previously unap-
preciated detailed mechanistic sequence along the pathophysiolo-
gical continuum of intestinal transformation linking APC loss-of-
function mutational dynamics with paracrine hormone loss silen-
cing GUCY2C. They reveal that elimination of paracrine hor-
mone expression requires biallelic APC inactivation, positioning
GUCY2C loss of signaling after tumor initiation, contributing to
progression of intestinal transformation. These results align clo-
sely with the ability of gain-of-function mutations in p-catenin,
which phenocopy the dysregulated nuclear transcriptional pro-
gramming and tumorigenic potential of biallelic APC loss, to
eliminate guanylin expression in colorectum.* In contrast, these
studies reveal that monoallelic APC loss, and its associated hetero-
zygosity, does not suppress uroguanylin and guanylin mRNA and
protein expression in small intestine and colon, respectively. They
suggest that APC heterozygosity suppressing hormone expression
silencing GUCY2C does not contribute to molecular mechanisms
establishing the genetic vulnerability of individual intestinal cells
underlying APC LOH and tumor initiation, in contrast to earlier
reports.”® However, the present observations notwithstanding,
mechanisms beyond APC inactivation may entrain the
GUCY2C tumor suppressor signaling axis in initiation of intest-
inal transformation. Thus, obesity and inflammation, processes
with well-established links to colorectal cancer risk, suppress
paracrine hormone expression silencing GUCY2C and contribut-
ing to intestinal tumorigenesis, through mechanisms that are
independent of APC.***” In close agreement, hormone replace-
ment opposes intestinal tumorigenesis induced by inflammation



or obesity.‘g’48 Moreover, the substantial impact of GUCY2C
signaling on tumor initiation, compared to progression, in both
genetic and carcinogen mouse models of intestinal
transformation'’"**>** underscore the potential of leveraging
GUCY?2 C signaling as a novel chemoprevention target for color-
ectal cancer.

Materials and methods
Animal models

All animal protocols were approved by the Thomas Jefferson
University Institutional Animal Care and Use Committee
(Protocol 00914, approved July 11, 2019). Apc™™* mice
contain a transversion point mutation converting codon 850
from leucine to a premature stop codon, truncating one copy of
APC (Jackson Laboratories, Stock #002020). Apcmw * mice
were used as a model for monoallelic Apc loss. Apc“*© mice
contain a conditional knockout allele of Apc with loxP sites
flanking exon 14, producing a truncated APC protein in the
context of Cre-mediated recombination (NCI Mouse
Repository, #01XAA). Apc“¥© mice were crossed with vil-Cre-
ER™ mice to induce biallelic Apc inactivation (vil-Cre-ER™-
Apc“¥Y’KO) in intestinal epithelial cells.*” Conditional mouse
models were induced with an intraperitoneal administration of
a 100 mg/kg dose of tamoxifen and harvested 5 days later.
Genotyping for wildtype, Apc™"™* and Apc“*© mice was per-
formed by Transnetyx using real-time PCR. Guca2b and
Guca2a knockout mice were generated using the CRISPR/
Cas9 system at the University of Pennsylvania Transgenic
and Chimeric Mouse Facility. For Guca2b knockouts, Cas9
mRNA and sgRNAs were microinjected into fertilized embryos
of C57Bl/6 ] mice. Mutations in Guca2b were confirmed by
sequencing analyses. Guca2b knockout mice were genotyped
using PCR with specific primers (forward, 5'- GTG TGA GCT
TGG AAG CGA G - 3'and reverse, 5- CTT GTG TCC TGT
AAGTACTCT GC -3'). Guca2a knockouts were developed by
microinjection of Cas9 mRNA and sgRNAs into fertilized
embryos of SJI/] mice. Mutations in Guca2a were confirmed
by sequencing analyses and Guca2a knockout mice were gen-
otyped using PCR with specific primers (forward, 5- TGG
CTG TCC TGG TAG AAG GGG TCA C - 3’ and reverse, 5'-
ACC CTG GTA CCT CTG TGT TCC CAC C - 3’). In order to
establish the mouse line, a Guca2a knockout founder was
backcrossed to C57Bl/6 ] for 5 generations using Jackson
Laboratories SNP Genome Scanning Analysis for speed con-
genics. Gucy2c knockout mice were described previously.”

Human samples

This study was approved by the local Institutional Review Board
(control #18D.495, approved August 23", 2018). Patients gave
written informed consent for their participation in the study.
Tissue specimens from two FAP patients were provided in a de-
identified fashion by the Department of Pathology at Thomas
Jefferson University Hospital. All tumors underwent routine
profiling in the Department of Pathology. Patients carried
a diagnosis of FAP based on clinical and histopathological cri-
teria. Expression of GUCY2C, uroguanylin, and guanylin
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mRNA in human colorectal adenocarcinomas classified by dis-
ease stage was obtained from The Cancer Genome Atlas
(TCGA).*®

Immunofluorescence

Tissues were fixed in 4% paraformaldehyde, processed and
embedded in paraffin. Antigens were retrieved using the
Dako Target Retrieval Solution pH 9.0 (Agilent, S2367) for
15 min and then stained. Antibody to p-catenin was from BD
Biosciences (Purified Mouse anti-p-catenin clone 14, 1:800)
and anti-human GUCA2A antibody (#HPA018215, 1:500)
was from Sigma. Guanylin antisera (#2538, 1:1000) used for
mouse tissue staining was gifted from Dr. M. Goy.”' Ms20
monoclonal antibody to GUCY2C (1:1000) was previous vali-
dated and used for both mouse and human samples.*’
Background autofluorescence was reduced with sudan black
(0.5% solution in 70% ethanol). Secondary antibodies were
from Jackson ImmunoResearch. GUCY2C and GUCA2A
were detected wusing tyramide signal amplification.
Fluorescence images were captured with an EVOS FL auto
cell imaging system (Thermo Fischer Scientific).

Western blots

Protein was extracted from intestinal mucosa dissected from
mouse small intestine and colon (20-30 pg protein per lane).
Tissue lysates were extracted in T-Per (Thermo Fisher
Scientific), supplemented with protease and phosphatase inhi-
bitors (Roche, St. Louis, MO). Protein was quantified by immu-
noblot analysis employing antibodies to: GAPDH (cat. #2118,
1:3000), guanylin antisera (#2538, 1:1000), uroguanylin anti-
sera (#6910, 1:1000) and GUCY2C (1:500). Immunoblot
images were captured on the BioRad ChemiDoc MP imaging
station and bands were quantified by densitometry normalized
to that of GAPDH using Image]. Average relative intensity
reflects at least two independent experiments each with at
least three biological replicates. Uroguanylin antisera (#6910,
1:1000) used for immunoblot detections was also gifted from
Dr. M. Goy.”!

Messenger RNA analysis

Tissue samples were flash frozen in liquid nitrogen and stored
at —80°C until use. RNA was extracted and purified using the
RNeasy kit (Qiagen, Germantown, MD). Following isolation,
RNA concentration and purity were measured using the
Nanodrop 1000 (Thermo Fisher Scientific) and two-step quan-
titative (qQ)RT-PCR used to interrogate gene expression.
Complementary DNA was produced using the Tagman RT-
PCR kit (Life Technologies, Carlsbad, CA) according to the
manufacturer’s specifications and then quantified by PCR
(Applied Biosystems, Foster City, CA) using Taqgman primer
probes (Life Technologies).

Statistical analysis

Statistical significance was determined by one-way ANOVA for
multiple comparisons, for analyses of immunoblot and relative
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mRNA expression determinations in both humans (TCGA) and
mice. For animal studies, minimum cohort sizes were computed
using a power of 80% and a significance level of 0.05 (2-tailed
test) employing a priori predictions of effect size and variance
established by preliminary studies or literature review. All sta-
tistical tests were calculated using GraphPad Prism (La Jolla,
CA). Analyses represent mean + SD with n = 3-12 mice per
cohort, and * p < .05, ** p < .01, *** p < .001, ****, p < .0001.
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