Human
PATHOLOGY

ELSEVIER

www.elsevier.com/locate/humpath

Original contribution

Silencing the GUCA2A-GUCY2C tumor suppressor L)
axis in CIN, serrated, and MSI colorectal
neoplasia™ ™™

Babar Bashir MD, MS?-®, Dante J. Merlino PhD?, Jeffrey A. Rappaport?,
Esteban Gnass MD®, Juan P. Palazzo MD¢, Ying Feng PhD?, Eric R. Fearon MD, PhD ¢,
Adam E. Snook PhD?, Scott A. Waldman MD, PhD®"*

“Department of Pharmacology & Experimental Therapeutics, Thomas Jefferson University, Philadelphia, PA 19107, United States
*Department of Medical Oncology, Thomas Jefferson University, Philadelphia, PA 19107, United States

“Department of Pathology, Anatomy, and Cell Biology, Thomas Jefferson University, Philadelphia, PA 19107, United States
4Departments of Internal Medicine and Pathology, University of Michigan, Ann Arbor, MI 48109, United States

*Department of Human Genetics, University of Michigan, Ann Arbor, MI 48109, United States

Received 12 September 2018; revised 16 November 2018; accepted 23 November 2018

Keywords:

Serrated adenoma;
Tubular adenoma;
Colorectal cancer;

Summary Colorectal cancers (CRCs) initiate through distinct mutations, including in APC pathway compo-
nents leading to tubular adenomas (TAs); in BRAF, with epigenetic silencing of CDX2, leading to serrated
adenomas (SAs); and in the DNA mismatch repair machinery driving microsatellite instability (MSI). Trans-
formation through the APC pathway involves loss of the hormone GUCA2A that silences the tumor-sup-

guany}utl; lase C- pressing receptor GUCY2C. Indeed, oral hormone replacement is an emerging strategy to reactivate
Cg?g ate cyclase &, GUCY2C and prevent CRC initiation and progression. Moreover, retained expression by tumors arising

from TAs has established GUCY2C as a diagnostic and therapeutic target to prevent and treat metastatic
CRC. Here, we defined the potential role of the GUCA2A-GUCY2C axis and its suitability as a target in
tumors arising through the SA and MSI pathways. GUCA2A hormone expression was eliminated in
TAs, SAs, and MSI tumors compared to their corresponding normal adjacent tissues. In contrast to the hor-
mone, the tumor-suppressing receptor GUCY2C was retained in TA and MSI tumors. Surprisingly,
GUCY2C expression was nearly eliminated in SAs, reflecting loss of the transcription factor CDX2.
Changes in the GUCA2A-GUCY2C axis in human SAs and MSI tumors were precisely recapitulated in
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genetic mouse models. These data reveal the possibility of GUCA2A loss silencing GUCY2C in the path-
ophysiology of, and oral hormone replacement to restore GUCY2C signaling to prevent, MSI tumors. Also,
they highlight the potential for targeting GUCY2C to prevent and treat metastases arising from TA and MSI
tumors. In contrast, loss of GUCY2C excludes patients with SAs as candidates for GUCY2C-based preven-

tion and therapy.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Colorectal cancer (CRC) is a heterogeneous disease, which
can be classified into molecular subtypes originating through
distinct biological pathways with some degree of overlap [1].
The conventional neoplasia pathway accounts for ~75% of
CRCs and is frequently associated with chromosomal instabil-
ity (CIN) [1]. This pathway is often linked to ligand-
independent upregulation of canonical WNT signaling due to
a loss-of-function mutation in the APC (Adenomatous Poly-
posis Coli) gene, facilitating nuclear translocation of (-
catenin that promotes increased expression of proto-
oncogenic targets such as ¢-MYC and CYCLIN-D1 [2]. The
premalignant adenomatous polyps that arise from this pathway
are often noted to have tubular, tubulovillous, or villous histol-
ogy [3]. On the other hand, ~20% of all CRCs originate from
serrated precursor lesions that exhibit serrated or sawtooth
dysplastic crypts, and are subdivided into traditional serrated
adenomas (TSA) or sessile serrated adenomas (SSAs) [4]. Ad-
enomatous transformation and progression to carcinomas in
the serrated pathway reflect molecular alterations rarely seen
in the conventional pathway. Thus, mutations in the
mitogen-activated protein kinase components, such as KRAS
or BRAF, are early events in the serrated pathway [5,6]. Onco-
genic BRAF (usually VO60OE) mutations are identified in only
10% of all CRCs, but 70%-80% of SSAs, and are associated
with a worse prognosis [6].

Furthermore, serrated lesions are characterized by epige-
netic silencing of various genes by methylation (CpG island
methylator phenotype or CIMP) [5,7]. CIMP can silence tu-
mor-suppressor genes such as pl6, IGF2, MGMT, AXIN2,
MCC, and CDX2 [5,7,8]. CDX2 is a caudal-type homeobox
transcription factor that promotes intestinal homeostasis along
the constantly renewing crypt villus axis, provides tissue iden-
tity to stem cells, and has emerged as a tumor suppressor
[9,10]. The lack of CDX2 expression in CRC is associated
with decreased 5-year disease-free survival and overall poor
prognosis independent of tumor stage, grade, age, and sex
[10]. Interestingly, BRAF mutations and loss of CDX2 expres-
sion occur together frequently in serrated tumors and are asso-
ciated with worse prognosis [6,11].

In addition, a hypermutable phenotype known as microsat-
ellite instability (MSI) pathway accounts for 12%-17% of all
CRCs [8]. MSI results from a loss of genomic replicative fidel-
ity due to deficiencies of the DNA mismatch repair (MMR)

machinery. The hereditary subtype of MMR deficiency, also
called Lynch syndrome or hereditary nonpolyposis CRC
(HNPCC), accounts for 3% of MSI tumors and is character-
ized by germline mutations or epimutations in 1 or more of
the 4 MMR genes: MSH2, MLHI1, MSH6, and PMS2 [8,12].
In contrast, sporadic MSI tumors are characterized by biallelic
methylation of the MLH1 promoter and functional loss of
MLHI1 and PMS2 proteins [8,12]. Interestingly, sporadic
MSI tumors are associated with a background of CIMP and
harbor the BRAF (V600E) mutation in half of cases, which is
associated with a worse prognosis [8,12,13]. Thus, the serrated
neoplasia phenotype can be associated with sporadic MSI; in-
deed, they are not mutually exclusive.

Guanylate cyclase C (GUCY2C) is a transmembrane recep-
tor expressed on apical surfaces of enterocytes in small intes-
tine, colon, and rectum, where it surveys the lumen for its
peptide ligands [14]. The intestine expresses 2 peptide hor-
mones that function as paracrine endogenous GUCY2C li-
gands: uroguanylin (GUCA2B) and guanylin (GUCA2A) in
the small and large intestine, respectively [14]. In addition,
GUCY2C is the intestinal target for enterotoxigenic bacterial
heat-stable enterotoxins, which are structurally analogous to
its endogenous ligands and the pathogenic basis for traveler’s
diarrhea [14,15]. Once activated, GUCY2C produces the sec-
ond messenger cyclic guanosine monophosphate (cGMP), ac-
tivating downstream effectors such as ¢cGMP-dependent
protein kinase, which phosphorylates the cystic fibrosis trans-
membrane conductance regulator channel promoting salt and
water secretion [15].

Beyond fluid homeostasis, GUCY2C has emerged as a tu-
mor suppressor, and transformation is associated with the loss
of guanylin expression which silences receptor signaling and
disrupts intestinal homeostasis to promote CRC [16,17]. In-
deed, GUCA2A expression is lost, whereas GUCY2C is
retained, in human colorectal cancers, as well as in adenomas
in Apc™™ mice and patients with familial adenomatous poly-
posis, reflecting the conventional pathway of tumorigenesis
[18-20]. In that context, GUCA2A loss coupled with retention
of GUCY2C provides a unique opportunity for primary che-
moprevention of the conventional pathway of transformation
by reactivating receptor signaling through oral hormone re-
placement [19].

Furthermore, retention of GUCY2C by metastatic tumors
arising by the conventional pathway of transformation from
the colorectum also has emerged as a mucosally restricted
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Table Patient characteristics

TA (n=18) SA (n=15) Normal colon (n = 7) MSI tumor (n = 7)
Male/female ratio 7:11 5:10 3:4 3:4
Median age in years (IQR) 54 (47-70) 65 (55-69) 50 (44-77) 60 (41-61)
Proximal/distal colon * 8:10 10:5 2:5 6:1
NAT present 55% 80% = 86%
Subtype Tubular 7 SSA 13 - Sporadic 3
Tubulovillous 8 TSA 2 Hereditary 4
Villous 1
FAP 2

Abbreviations: FAP, familial adenomatous polyposis; IQR, interquartile range.

? Proximal colon: classified as proximal to the splenic flexure; the remaining region was defined as distal.

tumor-associated antigen that is a diagnostic marker [20] and
therapeutic target for cancer vaccines, adoptive cell therapies,
and antibody-drug conjugates [21]. In that regard, luminal
compartmentalization in apical membranes of normal epithe-
lial cells, but systemic exposure in metastatic tumors, makes
GUCY2C a unique target for systemic therapies, eliminating
extraintestinal deposits of cancer without adverse effects on
the normal intestinal mucosa [22].

The roles of silencing the GUCA2A-GUCY2C signaling
axis in the pathogenesis of, and the potential utility of
GUCY2C as a chemoprevention and therapeutic target in, tu-
mors that arise from the conventional pathway involving mu-
tations in APC or CTNNBI genes are established. However,
changes in expression of GUCA2A or GUCY2C, and the as-
sociated utility of the receptor in chemoprevention and tar-
geted therapeutic paradigms, in tumors that arise by SA and
MSI pathways remain unknown. Here, we define the expres-
sion of GUCY2C and GUCA2A in tubular adenomas (TAs),
serrated adenomas (SAs), and MSI tumors and their normal
adjacent tissues (NATS).

2. Materials and methods

2.1. Human tumor tissues and
histological interpretation

The study was approved by the institutional review board
of Thomas Jefferson University (IRB control #14D.376). To
investigate GUCA2A and GUCY2C protein and mRNA ex-
pression, we obtained human tissues as formalin-fixed
paraffin-embedded (FFPE) blocks from 47 patients from the
archives of Department of Pathology at Thomas Jefferson Uni-
versity Hospital and Cooperative Human Tissue Network
(CHTN: https://www.chtneast.org). These included normal
colon (n =7); TAs (n = 18); SAs (n = 15); MSI tumors (n =
7); and, where available, their matched NATs. The diagnosis
of serrated lesions and MSI tumors was made based on estab-
lished histopathologic criteria by a board-certified gastrointes-
tinal pathologist (J. P.) [4,8]. Tumors and their matched

normal epithelia were labeled on the hematoxylin- and eosin
(H&E)—stained tissue sections by a pathologist (E. G.) blinded
to immunofluorescence (IF) results. Clinicopathologic data in-
cluded patient age, sex, location of tumor (proximal colon was
classified as proximal to the splenic flexure, and the remaining
region was defined as distal), and clinicopathologic subtypes
and are summarized in the Table.

2.2. Mouse tissues

CDX2P-CreER™ mice express Cre-ERT? under the control
of CDX2 promoter/enhancer regions, enabling tamoxifen-
inducible targeting of loxP alleles from the ileal to rectal epi-
thelium. Cdx2"" mice exhibit biallelic Cdx2 loss (Cdx¥™") fol-
lowing Cre-mediated recombination. Braf“* mice express
normal BRAF prior to Cre exposure and mutationally active
BRAFVYOE following Cre-mediated recombination [23].
Four-micrometer—thick tissue sections from tamoxifen-
treated and -untreated mice harboring these transgenes were
used for the work here [24]. These included 8 serrated cecal tu-
mors with compound Cdx2 loss and Braf"*"’F expression. Se-
lected tissues from wild-type and CreER T>-negative control
mice also were used for comparison [24]. Also, Msh2VT mice
with a constitutively active vil-Cre transgene were acquired
[25]. Tumors harvested from Msa 2 mice, predominantly lo-
cated in small intestine, were fixed in formalin and embedded
in paraffin for histology and flash frozen in liquid nitrogen for
protein and mRNA analysis. All mice were C57BL/6, and an-
imal husbandry was compliant with local IACUC standards.

2.3. RNA isolation

Total RNA was isolated from animal tissues using RNeasy
RNA extraction kits (Qiagen, Germantown, MD). Also, total
RNA was extracted from human FFPE blocks. At least 20-um
slices of tissue (up to 4x) were cut using a microtome. Tissue
slices were deparaffinized using 2 applications of Citra Solv
detergent (Citra Solv LLC, Danbury, CT) overnight at room
temperature. After removing Citra Solv, samples were washed
with ethyl alcohol x3. Air-dried samples were incubated in at
least 90 uL of digestion buffer containing 0.1 mol/L NaCl
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(AMO9760G, Life Technologies, Carlsbad, CA), 10 mmol/L
Tris (AM9855G, Life technologies), 1 mmol/L EDTA
(AM9260G, Life Technologies), 0.75% sodium dodecyl sul-
fate (AM9822, Life technologies), and 10 L of proteinase
K solution (AM2548, Life Technologies) at 56°C overnight.
Proteinase K was then heat-inactivated by placing the solution
at 90°C for 5 minutes, and samples were subjected to extrac-
tion with RNeasy kits (Qiagen). RNA was eluted from RNeasy
column using molecular-grade water, concentration deter-
mined by spectrophotometry, and stored at —80°C.

2.4. Quantitative reverse-transcription polymerase
chain reaction

Relative mRNA levels of GUCY2C, GUCA2A, and
GUCAZ2B (relative to GAPDH levels) in both human and
mouse tissue were determined by quantitative real-time re-
verse-transcription polymerase chain reaction (RT-PCR) by
using commercially available primer-probe sets (for mouse:
Gucy2c, MmO01267705_m1; Guca2a, Mm00433863_ml;
Gapdh, Mm99999915_gl; Guca2b, Mm01192051_ml;
for human: GUCY2C, Hs00990129_ml; GUCA2A,
Hs00157859; GAPDH, Hs02758991_gl [Life Technolo-
gies]). Target mRNA was amplified from total RNA using
RNeasy mini kits (Qiagen) in a 25-pL reaction on an ABI
7000 Sequence Detection System (Applied Biosystems, Foster
City, CA).

2.5. Immunoblot analysis

Protein was extracted from mouse tissues lysed in M-PER
reagent (Pierce, Rockford, IL) containing phosphatase and
protease inhibitor cocktails (Roche, Indianapolis, IN) and Ben-
zonase nuclease (Sigma, St Louis, MO). Lysates were re-
solved by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (NuPAGE 4%-12% Bis-Tris Gel; Novex Life
Technologies) and transferred to a nitrocellulose membrane
(Novex Life Technologies). Membranes were blocked in
10% milk (nonfat dry milk, M0841, LabScientific, Highlands,
NJ) in 1x phosphate-buftered saline and 1% Tween 20 and
probed overnight with antibodies to GUCY2C (1:500; Ms20
[26]), GAPDH (1:5000; Cell Signaling Technologies,
Danvers, MA), GUCA2A (1:1000), and GUCA2B (1:1000)
followed by incubation with goat anti-mouse horseradish per-
oxidase—conjugated and goat anti-rabbit horseradish peroxi-
dase—conjugated secondary antibodies (1:30000; Jackson
ImmunoResearch, West Grove, PA). Rabbit anti-GUCA2A
(#2538) and anti-GUCA2B (#6910) antisera used for detecting
mouse tissue guanylin and uroguanylin, respectively, were a
gift from M. Goy (University of North Carolina) [27]. Blots
were developed in SuperSignal West Dura enhanced chemilu-
minescence substrate (Thermo Scientific, Waltham, MA). Rel-
ative intensity was quantified by densitometry using Imagel
software (v1.51 s, National Institute of Health, Bethesda,
MD) and normalized to the intensity of GAPDH.

2.6. Immunofluorescence staining and signal
quantification

Sections (4 pm) were obtained from human and mouse
specimens in FFPE blocks. After tissue deparaffinization and
rehydration, slides were subjected to heat-induced epitope re-
trieval by boiling in a pressure cooker for 15 minutes in pH
9 antigen retrieval buffer (Dako, Carpinteria, CA). Protein ex-
pression was determined by following primary antibodies for
immunostaining: mouse anti—(-catenin IgG1 (1:100, sc-
7963, Santa Cruz Biotechnology, Dallas, TX); rabbit anti-
CDX2 conjugated with Alexa Fluor 647 (1:500, ab195008,
Abcam, Cambridge, MA); rabbit anti-GUCA2A for human
guanylin (1:500, HPAO18215, Sigma-Aldrich, St Louis,
MO), mouse anti-GUCY2C IgG2a (2 ug/mL; Ms20 [26]),
rabbit anti-GUCA2A (1:1000), and rabbit anti-MSH2 (1:100,
D24BS, Cell Signaling Technology, Danvers, MA). Slides
were stained according to a modified Alexafluor protocol
(Life Technologies, Carlsbad, CA) or tyramide signal amplifi-
cation protocol [28]. Appropriate negative controls were used
to improve specificity of IF staining. Thus, GUCA2A
blocking peptide (APREST72418, Sigma, St Louis, MO)
was preincubated with primary antibody at the manufacturer’s
recommended concentration. Mouse IgG2a isotype
control was used as a GUCY2C negative control (Biolegend,
San Diego, CA). For all runs of IF, normal tissue served as
a positive control. All images were captured using EVOS
FL auto imaging system (Life Technologies) with a 20x
objective. To quantify GUCA2A, GUCY2C, CDX2, and
MSH2 protein expression, a single in-focus plane was
acquired. Using Imagel] software, quantification in defined re-
gions of interest was performed by calculating corrected
total cell fluorescence (CTCF) using the following equation:
CTCF = integrated density — (area of selected cell x mean
fluorescence of background readings). CTCF for each
tissue section was calculated relative to control region of
interest.

2.7. Gene expression data

We obtained log,-transformed GUCY2C-GUCA2A gene
expression data from colonic tissue in Cdx2%1, BrqfVOoOOE,
Wt control mice as well as in serrated tumors from compound
Cdx2"8 and Braf¥*"°F mice from Gene Expression Omnibus
(accession number GSE85650) [24]. We obtained The Cancer
Genome Atlas (TCGA) [29] gene expression data using
UCSC genome browser (available at: http://xenabrowser.net)
to compare GUCA2A-GUCY2C-CDX2 expression in human
CRCs and normal colonic tissue. We classified human CRCs
into MSI and microsatellite-stable (MSS) tumors to compare
GUCA2A and GUCY2C gene expression (Supplementary
Figs. 1 and 2). MSI was defined by reduced expression in 1
or more of following MMR genes: MLH1, MSH2, MSHG6,
and PMS2.
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2.8. Statistical analysis

Statistical significance was analyzed using Student ¢ test,
le-way analysis of variance, and Pearson correlation coeffi-
cient. All Ps were 2-tailed with P < .05 considered statistically
significant. Ps were corrected for multiple testing using
Bonferroni method. Sample sizes of mouse and human tissues
were based on experience with previous similar experiments.
All statistical analyses were performed using GraphPad Prism
version 7 (La Jolla, CA). Analyses represent mean + SEM, un-
less otherwise indicated; *P < .05, ¥*P <.01, ***P < .001, and
*ExEP <0001

3. Results

3.1. Patient characteristics

Cohorts with SAs and TAs were balanced with respect to
age and sex (P > .05; Table). Patients in the normal colon
and MSI tumor cohorts also were balanced with respect to
age and sex (P > .05; Table). SAs and MSI tumors were lo-
cated predominantly in proximal colon, in agreement with pre-
vious observations, whereas TAs were distributed equally
between proximal and distal colon. TAs included all major his-
tologic subtypes including tubular, tubulovillous, and villous
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adenomas. In addition, adenomas from patients with familial
adenomatous polyposis also were analyzed. SAs included both
major pathogenic subtypes: SSA and TSA. The MSI tumor co-
hort included both sporadic and hereditary subtypes.

3.2. Tubular adenomas

In close agreement with earlier transcriptomic analyses
[18,19], GUCA2A protein and mRNA expression was elimi-
nated in TAs (Fig. 1A-E). As demonstrated previously, elimi-
nation of guanylin hormone expression was universal, and all
TAs analyzed here exhibited complete loss of GUCA2A pro-
tein compared to NATs (P < .01; Fig. 1B-D). Similarly,
GUCA2A mRNA expression was reduced in adenomas com-
pared to normal colonic mucosa (Fig. 1E). In contrast to the
hormone, the tumor-suppressing receptor GUCY2C mRNA

and protein were retained in TAs compared to normal mucosa
(Fig. 1F-I), in alignment with previous transcriptomic and im-
munohistochemical analyses of CRCs from patients [18,19].
Again, receptor expression was universal, and TAs analyzed
here exhibited a 25-fold increase in GUCY2C protein com-
pared to NATs (P <.05; Fig. 1G-I).

3.3. Serrated adenomas

As in TAs, hormone loss was universal, and SAs exhibited
reduced expression (P <.001) of GUCA2A protein (Fig. 2A-
C). Similarly, GUCA2A mRNA expression also was reduced
in SAs compared to normal colonic mucosa (Fig. 2D). Unex-
pectedly, expression of GUCY2C mRNA and protein was
eliminated in almost all SAs (Fig. 2E-H), in striking contrast
to receptor retention observed in TAs (Fig. 1E-H). Again,
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Cdeﬁ/ﬂ—Bmfm (Cdeﬁ/ﬂ—qufv 000y CreER™ negative control (Cre ), and wild-type control mice. E, IF quantification revealed decreased GUCY2C expression in serrated tumors (n = 8) from
compound Cdx2™" Braf***’E mice compared to wild-type controls (n = 6). GUCY2C expression was also reduced in Cdx2™" (n = 3) mice compared to wild-type controls, but not in Cre control
(n = 6), or Braf**"’F (n = 3) mice. F, GUCY2C mRNA was reduced in both Cdx2™" and serrated tumors in compound Cdx2™ Braf***’F mice, but not in Braf***°F mice, compared to wild-type
controls (n = 3). Blue, DAPI. **P < .01, ****P < .0001. Scale bar = 100 pm.
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receptor loss was universal, and all SAs exhibited reduced ex-
pression (P < .001) of GUCY2C protein compared to NAT
(Fig. 2G and H). Co-staining CDX2 and GUCY2C in human
SAs confirmed loss of GUCY2C receptor with absent nuclear
CDX2 staining (Fig. 2F; Supplementary Fig. 3A and B). In-
deed, retention of CDX2 expression within a crypt was associ-
ated with preservation of GUCY2C expression and normal
morphology (arrowhead in Fig. 2F and I). Moreover, TCGA
data revealed a direct relationship between CDX2 and
GUCY2C in colonic adenocarcinomas (correlation coeffi-
cient: 0.74, Supplementary Fig. 4).

Serrated tumors from mouse cecum in CDX2P-CreER™-
Cdx2FVFL_BrafVOoOOF mice recapitulated GUCA2A loss ob-
served in human SAs (Fig. 3A). Indeed, GUCA2A protein
(Fig. 3B) and mRNA (Fig. 3C) were reduced in serrated tu-
mors compared to Wt controls. In contrast, GUCA2A mRNA

B Normal colon

and protein were preserved in tissues from Cre recombinase-
negative, CDX2P-CreER?-Cdx2"“* or mutant Braf¥°00F
mice (Fig. 3A-C). Similarly, GUCY2C protein and mRNA
were reduced in serrated tumors from CDX2P-CreER™-
Cdx2"VFL_BraqfV0F mice compared to Wt controls (Fig. 3D-
F). GUCY2C protein and mRNA were unchanged in tissues
from Cre recombinase-negative and mutant BrafY°°°F mice
compared to Wt controls. In contrast, GUCY2C mRNA and
protein were reduced in tissues from CDX2P-CreER™?-Cdx2
FL/FL mice (Fig. 3D-F). Quantitative differences between
changes in mRNA and protein expression reflect the mosai-
cism of gene loss following activation of Cre recombinase
by tamoxifen. In that context, protein expression was analyzed
in homogenous transformed tissues visualized by IF, com-
pared to analyses of mRNA which quantify expression in het-
erogeneous samples of tumor admixed with NAT.
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Fig.4 GUCA2A, butnot GUCY2C, is lost in MSI tumors. A, Representative H&E image of normal colon and MSI tumor. B, Representative IF
images of MSI tumors and normal colonic mucosa. C and D, GUCA2A (green) quantified by IF (B) in MSI tumors and NATSs in matched (n =5;
C) and unmatched (n = 7; D) specimens. E, GUCA2A mRNA quantified by RT-PCR in MSI tumors (n = 6) compared to normal colonic mucosa
(n=7). F, GUCY2C mRNA quantified by RT-PCR in MSI tumors (n = 6) compared to normal colonic mucosa (n = 7). G-I, GUCY2C (green)
quantified by IF (G) in MSI tumors and NATSs in matched (n = 5; H) and unmatched (n = 7; I) specimens (purple, CDX2; blue, DAPI). *P < .05;

*#P < .01. Scale bar = 100 pm.
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3.4. MSI tumors

The foregoing analyses reveal differences in expression of
components of the GUCA2A-GUCY2C axis in tumors arising
from the APC—p-catenin and CDX2-Braf pathways that, in
turn, have implications for their utility as targets for cancer pre-
vention and therapy. These differences underscore the neces-
sity of defining their expression in CRC tumors initiating
through divergent molecular pathways. In that context, inacti-
vation of DNA mismatch repair genes through hypermethyla-
tion or heritable mutations creates MSI contributing to
HNPCC and Lynch syndrome [8,12,13]. As in tumors arising
through the APC-f-catenin and CDX2-Braf pathways,
GUCA2A protein and mRNA expression was lost in human
MSI tumors (Fig. 4A-E). However, in contrast to tumors aris-
ing through the CDX2-Braf pathway, GUCY2C mRNA and
protein expression was retained in MSI tumors (Fig. 4F-I),
which was comparable to tumors arising through the APC—
[-catenin pathway. TCGA data confirmed loss of GUCA2A,
but retention of GUCY2C, mRNA in MSI and MSS tumors
(Supplementary Figs. 1 and 2).

Msh2FYFL mice develop jejunal tumors (Fig. 5A and B)
with complete loss of the DNA mismatch repair protein
MSH2 compared to Wt controls (Fig. 5C and D) [25]. Whereas
GUCA2A is almost exclusively the GUCY2C ligand
expressed in colon, GUCA2B is the primary ligand expressed
in small intestine [14]. In agreement with human MSI tumors
from colon, jejunal tumors from Msh2"FL mice exhibited
loss of GUCA2A (Fig. 5E-G) and GUCA2B (Fig. 5H) protein.
Interestingly, the mRNA for these ligands was not signifi-
cantly different between wild-type and Msh2FYFL tumors
(Fig. 5I and J). Again, in agreement with human tumors,
GUCY2C protein and mRNA were retained in Msh2VFL ty-
mors (Fig. 5K-N).

4. Discussion

CRC continues to be the fourth leading cause of cancer and
the second leading cause of cancer mortality, underscoring the
significant unmet clinical need for effective prevention and
therapy [30]. The well-established adenoma-carcinoma
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sequence, involving stepwise accumulation of genetic alter-
ations resulting in sequential epithelial transformation over a
20-year horizon, offers unique opportunities to interrupt the
formation of invasive and metastatic tumors by premalignant
screening and removal, or chemoprevention [2,3]. However,
surveillance has proven inadequate, and only 63% of eligible
patients in the United States underwent regular screening in
2015 [31]. Moreover, chemoprevention is limited to low-
dose aspirin only in patients 50-59 years old with increased
risk of cardiovascular disease and without increased risk for
bleeding [32]. Beyond prevention, >50% of patients who de-
velop CRC die of metastatic disease [30]. Identifying patients
who will develop metastases remains a diagnostic dilemma
[20]. Furthermore, there are no therapeutic modalities that cure
metastases. Thus, identifying and validating new targets for
prevention and therapy remain a priority.

Although the evolution of CRC reflects a final common
clinical pathway, there is recognition that these tumors arise
through different genetic alterations. Tumors originating from
the conventional pathway represent ~75% of sporadic CRCs
and involve driver mutations in APC and CTNNBI genes
constitutively activating (F-catenin—dependent WNT signaling
[1-3]. These tumors are characterized by CIN resulting in
the development of a median of >60 mutations, including crit-
ical driver mutations in TP53, SMAD4, and/or KRAS contrib-
uting to invasion and metastasis [3]. Alternatively, tumors
originating from the serrated pathway represent ~20% of spo-
radic CRCs and frequently have driver mutations in mitogen-
activated protein kinase pathway components—particularly
BRAFVO9°E__that promote DNA hypermethylation and
CIMP [4]. In turn, hypermethylation silences expression of
CDX2, producing an epithelial stem-like niche permissive
for mutant BRAF to drive transformation [33]. Finally, MSI tu-
mors comprise ~15% of CRCs and reflect silencing of DNA
mismatch repair genes—through mutations in inherited syn-
dromes like HNPCC (Lynch syndrome) or through hyperme-
thylation in sporadic tumors—that leads to a hypermutable
phenotype [8,12,13]. This diversity in CRC initiation and evo-
lution, characterized by different genetic drivers and dysregu-
lated signaling pathways, highlights the importance of
defining molecular targets in specific tumor types to individu-
alize clinical utility.

The GUCY2C hormone axis has emerged as a marker and
target for managing patients across the CRC disease contin-
uum from prevention to metastatic therapy. GUYC2C is a
tumor-suppressing receptor whose silencing drives transfor-
mation, including hyperproliferation, Warburg metabolism,
genomic instability, and desmoplasia [16,17]. Furthermore,
CRC is characterized by loss of GUCA2A expression, which
silences GUCY2C contributing to transformation [18,19]. Ad-
ditionally, GUCY2C ligands prevent transformation induced
by mutations, carcinogens, or inflammation in preclinical
models [17,19]. These observations support a role for oral hor-
mone replacement to reconstitute GUCY2C signaling as che-
moprevention for CRC [34]. Beyond prevention, tissue-
selective expression on normal epithelial cells confined to

intestine, but overexpression on cancer cells, makes GUCY2C
a sensitive and specific marker of occult metastatic tumor cells
in lymph nodes and blood that improves staging and postoper-
ative surveillance of CRC patients [20]. Moreover, normally,
GUCY2C is sequestered in apical membranes of epithelial
cells in the luminal mucosa but represents a neoantigen in
the systemic compartment in metastatic disease [35]. This an-
atomical and immunological compartmentalization makes
GUCY2C uniquely suited as a therapeutic target to eradicate
established metastases with antibody-drug conjugates [21]
and adoptive immune cell therapies [36] and to prevent the de-
velopment of secondary metastases with vaccines without in-
testinal toxicities [35]. However, this broad applicability in
CRC prevention and therapy is contingent on differential ex-
pression of GUYC2C signaling components in tumors arising
through different canonical genetic pathways.

Here, we defined the expression of GUCA2A and
GUCY2C in tumors arising through conventional, serrated,
and MSI pathways. This study revealed the loss of GUCA2A
at the earliest stages in the development of precancerous le-
sions of conventional and serrated pathways as well as in he-
reditary and sporadic MSI tumors. These observations
confirm previous studies exploring the expression of
GUCAZ2A in intestinal tumors arising in mice and humans
[18,19]. In that regard, they are consistent with the mechanistic
hypothesis that paracrine hormone loss silencing the
GUCY2C-cGMP signaling axis universally contributes to ini-
tiation and promotion of intestinal tumorigenesis arising
through each of the canonical genetic mechanisms. Further-
more, GUCY?2C expression was preserved in conventional ad-
enomas and cancers and in tumors arising through the MSI
pathway. Surprisingly, we observed complete loss of
GUCY2C in tumors arising through the serrated pathway.
These observations validate prior studies describing the gen-
eral association of GUCY2C expression in most, but not all,
colorectal tumors [20,37]. They reinforce the role of silencing
the GUY C2C tumor suppressor, here defined by hormone and/
or receptor loss, as an integral component of the process of
transformation generally in mice and humans. Moreover, they
underscore the importance of exploring the expression of indi-
vidual markers by tumors arising through discreet molecular
mechanisms to define their suitability for clinical application.
Indeed, these studies reveal that, in contrast to tumors arising
through the conventional and MSI pathways, those arising
through the serrated pathway would not be amenable to pre-
vention, diagnosis, or therapy targeting GUCY2C. In that con-
text, the reconstitution of GUCY2C-cGMP signaling in
premalignant lesions of the colorectum arising through the
conventional and MSI pathways aimed at preventing malig-
nant transformation remains an area of active investigation.
Current work has direct translational relevance, as the
paradigm of GUCY2C reactivation may not be applicable to
the serrated neoplasia pathway due to the loss of GUCY2C
receptors.

Although loss of GUCA2A is a universal feature character-
izing tumorigenesis initiated through conventional, serrated,
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and MSI pathways, molecular mechanisms eliminating para-
crine hormone expression remain incompletely defined. In-
deed, regulation of GUCA2A transcription and translation
has not been characterized previously. GUCA2A expression
is suppressed in the colorectum by endoplasmic reticulum
(ER) stress induced by consumption of excess calories in mice
and humans [17]. In part, loss of GUCA2A, associated with si-
lencing of the GUCY2C tumor suppressor, by ER stress pro-
duced by excess calories is one molecular mechanism
contributing to colorectal transformation in the context of obe-
sity [17]. However, the precise contribution of ER stress to the
pathophysiology of cancer generally, and to different path-
ways driving colorectal cancer specifically, remains to be elu-
cidated. Beyond ER stress, GUCA2A expression is eliminated
as an early event in intestinal mucosa of mice heterozygous for
APC mutations [18,19]. These observations are compatible
with a model in which constitutive activation of Wnt signaling,
through accumulation of nuclear (-catenin, regulates tran-
scriptional programs associated with silencing of GUCA2A
expression [15]. This possibility is strengthened by the fre-
quency of mutations in Wnt pathway components, resulting
in constitutive activation, as part of the mechanism mediating
transformation in serrated and MSI pathways [8,38]. In that
context, we are exploring the role of transcriptional regulation
of GUCA2A expression by constitutively activated Wnt sig-
naling in tumors arising through different genomic pathways.

Although molecular processes underlying GUCA2A loss
in CRC tumorigenesis remain to be defined, there are clear
mechanistic insights into the differential loss of GUCY2C ex-
pression in tumors arising through the serrated, but not con-
ventional or MSI, pathway. In that context, loss of CDX2
expression through hypermethylation is a key step in provid-
ing the context for mutations in BRAF to drive tumorigenesis
[9,33]. Indeed, here, CDX2 expression was eliminated in tu-
mors arising through the serrated, but not the conventional or
MSI, pathway. Previous studies have demonstrated that
intestine-specific expression of GUCY2C is driven by the ca-
nonical transcriptional activity of the CDX2 homeobox pro-
tein in mice and humans [39]. Furthermore, colorectal
tumors which are deficient in CDX2 also lose GUCY2C ex-
pression [37]. Additionally, transcriptomic analyses revealed
a direct relationship between CDX2 and GUCY2C expression
(Supplementary Fig. 4). Finally, although isolated mutations
in Braf had no effect, elimination of CDX2 expression alone
reduced expression of GUCY2C in mouse colonic mucosa
(Fig. 3). Taken together, these observations support the role
of CDX2 in driving intestine-specific expression of GUCY2C
and its loss in tumors arising through the serrated, but not con-
ventional or MSI, pathway.

These studies establish loss of GUCA2A and silencing of
GUCY2C as universal features of intestinal tumorigenesis pro-
duced by conventional, serrated, and MSI pathways [17-19].
They reinforce the utility of hormone loss as an actionable
mechanism to develop strategies using oral GUCY2C ligand
replacement to prevent the development of tumors arising
through the conventional pathway [17,19]. In the context of

the preservation of GUCY2C expression, these observations
also suggest that oral hormone replacement might be a useful
strategy to prevent tumors arising through the MSI pathway.
This possibility is underscored by the role of the GUCY2C-
cGMP signaling axis in amplifying DNA repair mechanisms
and preventing injury and transformation by DNA-damaging
agents [16,17,28,40]. The immediate translational application
of these observations can be appreciated by considering that
the oral GUCY2C ligands linaclotide (Linzess) and plecana-
tide (Trulance) are approved to treat chronic constipation syn-
dromes. Importantly, these studies reveal that GUCY2C
expression is preserved in tumors arising through conventional
and MSI, but not serrated, pathways. In turn, they suggest the
utility of GUCY2C-tageted therapies, including antibody-drug
conjugates, adoptive cell therapies, and cancer vaccines, to
prevent or treat metastatic disease originating from tumors
arising through conventional and MSI, but not serrated, path-
ways [21,35,36].

Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.humpath.2018.11.032.
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