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1. INTRODUCTION

This project addresses the FY17 PRCRP Topic Area of “colorectal cancer” and the FY17 PRCRP
Military Relevance Focus Area involving “gaps in cancer prevention, early detection/diagnosis,
prognosis, treatment and/or survivorship that may affect the general population but have a
particularly profound impact on the health and well-being of active duty Service members,
Veterans, and their beneficiaries”. It explores mechanisms in colorectal cancer that can be
leveraged for novel disease prevention strategies. In >90% of colorectal cancers, mutations in APC
drive B-catenin accumulation and nuclear translocation that activate transcriptional programs
driving tumorigenesis. GUCY2C is the intestinal receptor for the hormone guanylin expressed in
the colorectum. In health, the guanylin-GUCY2C axis opposes epithelial cell B-catenin
accumulation. Guanylin is universally lost in APC-B-catenin-driven tumorigenesis, mediated by
mutant APC-B-catenin signaling. Guanylin loss is required for tumorigenesis because GUCY2C
stimulation reciprocally blocks the B-catenin accumulation required for transformation. We have
demonstrated that transgenic guanylin eliminates intestinal tumorigenesis in all mouse models
examined. Moreover, our NCI phase | trial revealed that the oral GUCY2C ligand linaclotide
regulated colorectal cell proliferation in healthy volunteers, suggesting that reconstitution of
normal GUCY2C signaling with oral linaclotide could prevent or inhibit colorectal tumor
progression. The overall objective is to develop a prevention strategy for colorectal cancer by
exploiting the role of GUCY2C signaling in inhibiting colorectal epithelial malignant
transformation. The translational hypothesis suggests that oral linaclotide restores GUCY2C
signaling, repairs epithelial dysfunction, and blocks progression of adenomas or carcinomas in
patients. The linked mechanistic hypothesis suggests that linaclotide prevents tumor progression
by blocking B-catenin accumulation through proteosomal degradation. The specific aims of
proposed studies includes: the Translational Aim, in which we will conduct a “window of
opportunity” trial in patients with either established adenomas or carcinomas that will define the
impact of 7 days of oral linaclotide on epithelial dysfunction and hyperproliferation compared to
placebo; and a Mechanistic Aim, in which we will test the ability of linaclotide to activate
GUCY2C signaling and induce proteosomal degradation of B-catenin, reversing mutant APC
signaling, in organoids derived from human adenomas and carcinomas identified in Aim 1. The
military relevance of this project can best be appreciated by considering that colorectal cancer is
the 4" leading cause of cancer, and the 2" leading cause of cancer mortality, with a ~50% death
rate, in military and civilian populations. In that context, military populations are burdened by the
increasing rate of disease in younger patients (<50 yo) who present with advanced disease which
is more likely to recur. The impact of prevention strategies for colorectal cancer on the military
health system can best be appreciated by considering that in 2015 medical care for new cases of
colorectal cancer will cost the VA Health System ~$400M annually, while the economic impact
of each year of life lost is ~$170M annually.
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3. ACCOMPLISHMENTS

The Pl is reminded that the recipient organization is required to obtain prior written approval from the
awarding agency Grants Officer whenever there are significant changes in the project or its direction.

o What were the major goals of the project?

o Major Task 1. Clinical trial of oral linaclotide in patients with colorectal adenomas and
carcinomas (Months 1-30).

o Major Task 2: Oral linaclotide re-establishes GUCY2C signaling in adenomas and
carcinomas (Months 6-36).

o Major Task 3: Oral linaclotide reconstitutes guanylin expression in adenomas and
carcinomas (Months 6-36).

o Major Task 4: Oral linaclotide will repair mutant APC-B-catenin signaling in adenomas
and carcinomas (Months 6-36).

o Major Task 5: Linaclotide reverses epithelial dysfunction (Months 6-36).

e What was accomplished under these goals?

o Major Activities
o Finalize study protocol;
e Submit finalized protocol to IRB at Thomas Jefferson University for approval for
conduct at Jefferson and Fox Chase Cancer Center;
e  Submit study protocol for approval by HRPO.
e Received IRB approval for study protocol at Thomas Jefferson University for both
Thomas Jefferson University and Fox Chase Cancer Center.
o Received HRPO approval for the study protocol at Thomas Jefferson University.
e Arrange for drug delivery by Ironwood to Thomas Jefferson University and Fox
Chase Cancer Center for mid-April 2019.
o Finalized the Pharmacy Manual for the study.
o Held Site Initiation Visit (SIV) at Thomas Jefferson University for both Thomas
Jefferson University and Fox Chase Cancer Center on Friday, February 22, 2019.
e Study protocol revised according to feedback from SIV (v3.2), submitted and
received IRB approval at Thomas Jefferson University and Fox Chase Cancer Center.
e Fox Chase Cancer Center initial HRPO submission is undergoing review.
e Fox Chase Cancer Center completed the database creation to support data collection
and entry for the three participating sites.
VA Puget Sound received contingent IRB approval for the amended study protocol.
Drug delivery by Ironwood to Thomas Jefferson University and Fox Chase Cancer
Center
Fox Chase Cancer Center and VA Puget Sound submitted to HRPO.
VA Puget Sound received final IRB approval for the amended study protocol.
VA Puget Sound received initial HRPO approval
Received final approval for final data/sample sharing agreements between Thomas
Jefferson University and Fox Chase Cancer Center.
o Received final approvals to initiate patient recruitment at Thomas Jefferson
University and Fox Chase Cancer Center.

o Specific Objectives
e Obtained local and central approval of study protocol to permit study initiation in
first quarter of 2019.



e Obtained local and central approval of study protocol to permit study initiation in
second quarter of 2019.

e Obtain central approval of study protocol and final data/sample sharing agreement to
permit study initiation in third quarter of 2019.

o Received final local approval for final data/sample sharing agreements between
Thomas Jefferson University and Fox Chase Cancer Center that permit initiation of
patient enrollment in October, 2019.

Key Outcomes

e Study protocol was finalized:;

e Study protocol was submitted to Thomas Jefferson University IRB for approval for
conduct at Jefferson and Fox Chase Cancer Center.

e Study protocol was approved by IRB at Thomas Jefferson University for both

Thomas Jefferson University and Fox Chase Cancer Center.

Study protocol was submitted to VA Puget Sound for approval for conduct.

Study protocol was submitted to HRPO for approval at Thomas Jefferson University.

Study protocol was approved by IRB at VA Puget Sound.

Study protocol v3.2 was submitted to HRPO and approved at Thomas Jefferson

University.

e S|V for study initiation at Thomas Jefferson University and Fox Chase Cancer Center
was held.

o All legal agreements (data/sample sharing agreements) between Thomas Jefferson
University and Fox Chase Cancer Center were completed to enable initiating patient
enrollment in October 2019.

e What opportunities for training and professional development has the project provided?

o

Ellen Caparosa, MD, and Alicja Zalewski, MD are surgical residents at Thomas Jefferson
University. As part of their clinical training program, they take 1-2 years off from clinical
activities to engage in research. During those research years, they enrolled in the NIH-
supported T32 Postdoctoral Training Program in Clinical Pharmacology as full-time
postdoctoral fellows. This is a training program that integrates research, experiential
rotations (e.g., FDA) and formal didactic coursework to prepare physicians for academic
careers as clinician investigators. Drs. Caparosa and Zalewski are the primary
investigators spearheading the organization of this trial at Thomas Jefferson University.
They lead the efforts to obtain local regulatory and legal approval for the trial, and they
are leading efforts to recruit patients, enroll them in the trial, place them on study drug,
collect samples and analyze endpoints. As part of their training program, they are
learning about how to organize, initiate, conduct and complete clinical trials, including
regulatory and legal frameworks. They work one-on-one with the Pl of the project for
this training experience. At the completion of the program, they receive certification of
completion, and are eligible to sit for the national certifying exam in Clinical
Pharmacology.

o How were the results disseminated to communities of interest?

o

Nothing to Report.

e What do you plan to do during the next reporting period to accomplish the goals?

o

Complete data/sample sharing agreements to add VA Puget Sound to the existing
agreement between Thomas Jefferson University and Fox Chase Cancer Center to enable
opening enrollment at VA Puget Sound.



Conduct “mini” site initiation visit (“refresher” SIV) for Thomas Jefferson University on
October 17, 2019.
Begin enrolling subjects at Thomas Jefferson University and Fox Chase Cancer Center
immediately after the mini-SIV on October 17, 2019.
Conduct a Site Initiation visit between VA Puget Sound and Thomas Jefferson University
and Fox Chase Cancer Center once data/sample sharing agreements have been
completed.
Begin molecular analyses of samples to establish whether oral linaclotide:

= Restores the GUCY2C signaling axis in tumors;

» Reconstitutes guanylin expression in tumors;

= Repairs mutant APC-beta-catenin signaling in tumors;

= Reverses epithelial dysfunction in tumors.



4. IMPACT

e Describe distinctive contributions, major accomplishments, innovations, successes, or any change
in practice or behavior that has come about as a result of the project relative to:

e What was the impact on the development of the principal discipline(s) of the
project?

o We have spent the last period obtaining local and national regulatory and legal
approvals to conduct this multi-institutional trial. We are positioned now to begin
enrolling patients into the trial and initiating analyses. As such, at this time there
is Nothing to Report."”

e What was the impact on other disciplines?
o Seeabove. There is "Nothing to Report.”

e What was the impact on technology transfer?
o Seeabove. There is "Nothing to Report."

e What was the impact on society beyond science and technology?
o Seeabove. There is "Nothing to Report."



5. CHANGES/PROBLEMS

The Project Director/Principal Investigator (PD/Pl) is reminded that the recipient organization is required
to obtain prior written approval from the awarding agency Grants Officer whenever there are significant
changes in the project or its direction. If not previously reported in writing, provide the following
additional information or state, "Nothing to Report," if applicable:

Changes in approach and reasons for change
o Nothing to report.

e Actual or anticipated problems or delays and actions or plans to resolve them

o We anticipated initiating enrollment by September, 2019. However, there was a
delay in obtaining legal approval for the data/sample sharing agreements across
institutions. Those agreements have been finalized between Thomas Jefferson
University and Fox Chase Cancer Center. We are initiating patient enrollment in
October, 2019. Also, we are working to finalize data/sample sharing agreements
that include VA Puget Sound and we anticipate that they will begin enrollment in
the fourth quarter of 2019.

o Changes that had a significant impact on expenditures
o Nothing to report.

« Significant changes in use or care of human subjects, vertebrate animals,
biohazards, and/or select agents

o Significant changes in use or care of human subjects
= As above, we anticipated initiating enrollment by September, 2019.

However, there was a delay in obtaining legal approval for the data/sample
sharing agreements across institutions. Those agreements have been
finalized between Thomas Jefferson University and Fox Chase Cancer
Center. We are initiating patient enrollment in October, 2019. Also, we
are working to finalize data/sample sharing agreements that include VA
Puget Sound and we anticipate that they will begin enrollment in the
fourth quarter of 2019.

« Significant changes in use or care of vertebrate animals.
= Nothing to report.

« Significant changes in use of biohazards and/or select agents
= Nothing to report.



6. PRODUCTS, INVENTIONS, PATENT APPLICATIONS, AND/OR LICENSES

e List any products resulting from the project during the reporting period. If there is nothing to
report under a particular item, state "Nothing to Report."

o Publications, conference papers, and presentations
Report only the major publication(s) resulting from the work under this award.
o Journal publications.

= Caparosa, E.M., Stem, J., Snook, A.E., and Waldman, S.A. (2019) Biomarker
targeting of colorectal cancer stem cells. Biomarkers in Medicine. 13:891-894.
Acknowledges federal support.

= Blomain, E.S, Rappaport, J., Pattison, A.M., Bashir, B., Snook, A.E., and
Waldman, S.A. (2019) APC-B-catenin silences the intestinal guanylin-GUCY2C
tumor suppressor axis. (Submitted). Acknowledges federal support.
o Books or other non-periodical, one-time publications.

= None
o Other publications, conference papers, and presentations.
= None
o Website(s) or other Internet site(s)
= None

e Technologies or techniques
= None

e Inventions, patent applications, and/or licenses
= None

e Other Products
= None



7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

IName:

||Scott Waldman |

Project Role:

||Principa| Investigator |

Researcher Identifier (e.g. ORCID
ID):

NA

INearest person month worked:

o |

Contribution to Project:

Dr. Waldman is the Principal Investigator of this
project

|Funding Support:

INA |

|Name:

|\Angela Pallotto |

Project Role:

||Coordinator CRU |

Researcher Identifier (e.g. ORCID
ID):

NA

INearest person month worked:

2 |

Contribution to Project:

Angela Pallotto has performed work in the area of
implementation of the clinical trial, including obtaining
institutional approvals and communicating with
participating sites.

IFunding Support:

INA

IName:

| Elinor Leong |

Project Role:

|Research Assistant |

Researcher Identifier (e.g. ORCID
ID):

NA

|Nearest person month worked:

5 |

Contribution to Project:

Elinor Leong has performed work in the area of
sample analysis, setting up lab, ordering and tracking
supplies needed for this study.

IFunding Support:

INA |




o Has there been a change in the active other support of the PD/PI(s) or senior/key
personnel since the last reporting period?

Waldman, Scott
Active Other support:

Below Active Other Support end date has been updated:

Waldman, (PI)
Title: Novel gene delivery systems for colorectal cancer
Funding Agency: Targeted Diagnostics and Therapeutics, Inc.

Goals of Project: The major goal of this project is to define the utility of ST and GCC for delivering
gene replacement candidates to treat colorectal tumors.

Specific aims/tasks: see above

Estimated start and end date: 11/1/94-6/30/20

Level of Funding: $16,025 (current directs)

Level (%) of effort in the project: 0.12 calendar/1% effort
Point of Contact at the funding agency: Harry Arena
OVERLAP

None

Below Active Other Support end date and current directs has been updated:
Waldman (PI)

Title: Novel gene delivery systems for colorectal cancer

Funding Agency: Targeted Diagnostics and Therapeutics, Inc.

Goals of Project: This project will cover various clinical trials and is a supplement to the above
award listed.

Specific aims/tasks: see above

Supplement Project 1 (A14703)

Estimated start and end date: 01/01/17-12/30/19

Level of Funding: $576,923 (current period Directs)
Level (%) of effort in the project: .6 calendar/5% effort
Point of Contact at the funding agency: Harry Arena

The below Active Support is new support.

Waldman (PI)

Title: Novel gene delivery systems for colorectal cancer/Targeting colorectal tumor with heat-stable
exterotoxin

Funding Agency: Targeted Diagnostics and Therapeutics, Inc.

Total Costs: $975,000* currently advanced account/budget in review.

Goals of Project: This project will cover various clinical trials and is a supplement to the above award
listed.



Specific aims/tasks: The specific aim of this project is to further define the utility of guanylyl cyclase C as
a novel vaccine target to prevent disease recurrence in Gl cancers in a Phase I/11 clinical trials.

Project #2 (A14704)

Estimated start and end date: 07/01/19-12/31/19* currently advanced account

Level (%) of effort in the project: .6 calendar/5% effort

Point of Contact at the funding agency: Harry A. Arena, CEO

OVERLAP

None

Below Active Other Support end date and current directs have been updated:
Knudsen (PI)

Title: Translational research in cancer

Funding Agency: NIH/NCI 5 P30 CA56036

Goals of Project: Institutional Cancer Center Core Grant.

This is the Kimmel Cancer Center Core Grant.

Specific aims/tasks: see above

Estimated start and end date: 6/1/10-5/31/19

Level of Funding: $23,691 (current period Directs/Salary and Fringe only)

Level (%) of effort in the project: 1.2 calendar/10% effort

Point of Contact at the funding agency: Barbara A. Fisher, Grants Management Officer
OVERLAP

None

Below Active Other Support current directs have been updated:
Waldman (PI)

Title: (PQ1) GUCY2C hormone loss translates APC-Beta-catenin mutations into epithelial
transformation

Funding Agency: NIH/NCI 1R01CA206026-02

Goals of Project: This study explores a new mechanism required for the transformation of normal
intestinal cells into premalignant intestinal cells.

Specific aims/tasks:
Aim 1. Guanylin loss drives formation of the pre-malignant field (Pathophysiological Aim).

Aim 2. Regulation of guanylin-GUCY2C signaling by APC-B-catenin is central to formation of
the pre-malignant field (Mechanistic Aim).

Aim 3. Guanylin replacement eliminates transformation (Chemoprevention Aim).
Estimated start and end date: 05/09/16-04/30/21

Level of Funding: $221,887 (current period Directs)

Level (%) of effort in the project: 2.4 calendar/20% effort

Point of Contact at the funding agency: Joy Kearse, Grants Management Specialist
OVERLAP

None



Below Active Other Support has ended:

Waldman (PI)

Title: Plecanatide and tumorigenesis in obese mice

Funding Agency: Synergy

Goals of Project: This project specific aim is to establish that plecanatide can prevent colorectal
tumorigenesis in obesity.

Specific aims/tasks: See above goal

Estimated start and end date: 07/07/16-06/01/19

Level (%) of effort in the project: .6 calendar/5% effort

Point of Contact at the funding agency: Gary S. Jacob 212-297-2127
OVERLAP

None

Below Active Other Support current directs have been updated:
Waldman (PI)

Title: Guanylin-GUCY2C axis in colorectal cancer initiation
Funding Agency: NIH/NCI 5 R0O1 CA204481-03

Total Cost

Goals of Project: The overall goal of this proposal is to test the hypothesis that mutations in the
APC-B-catenin axis initiate colorectal cancer by inhibiting the expression of the intestinal hormone
guanylin, reversibly silencing the GUCY2C tumor suppressor.

Specific aims/tasks:

Aim 1. Mutant APC signaling blocks guanylin transcription as an obligatory step in tumor
initiation (Pathophysiological Aim).

Aim 2. The guanylin-GUCY2C axis reciprocally suppresses mutant APC signaling (Mechanistic
Aim).

Aim 3. Colorectal cancer is a disease of hormone loss that can be prevented by hormone
replacement (Prevention Aim).

Estimated start and end date: 01/01/17-12/31/21

Level of Funding: $235,135 (current period Directs)

Level (%) of effort in the project: 2.4 calendar/20% effort

Point of Contact at the funding agency: Aida Vasquez, Grants Management Specialist
OVERLAP

None



e What other organizations were involved as partners?

Nothing to Report



8. SPECIAL REPORTING REQUIREMENTS

e COLLABORATIVE AWARDS:
o Not applicable

e QUAD CHARTS:
o Not applicable



9. APPENDICES

Attach all appendices that contain information that supplements, clarifies or supports the text. Examples
include original copies of journal articles, reprints of manuscripts and abstracts, a curriculum vitae,
patent applications, study questionnaires, and surveys, etc. Reminder: Pages shall be consecutively
numbered throughout the report. DO NOT RENUMBER PAGES IN THE APPENDICES.

1. Caparosa, E.M., Stem, J., Snook, A.E., and Waldman, S.A. (2019) Biomarker targeting of
colorectal cancer stem cells. Biomarkers in Medicine. 13:891-894. Acknowledges federal support.

2. Blomain, E.S, Rappaport, J., Pattison, A.M., Bashir, B., Snook, A.E., and Waldman, S.A. (2019)
APC-B-catenin silences the intestinal guanylin-GUCY2C tumor suppressor axis. (Submitted).
Acknowledges federal support.
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¢CRC continues to be a major public health burden. Given this, new therapeutic approaches must
be developed that aim to eliminate the origin of tumorigenesis, target recurrence and drug
resistance, and combat metastases. Therapy directed against CSCs would not only address this
goal, but also would allow more targeted therapy with less systemic toxicity”’

First draft submitted: 28 May 2019; Accepted for publication: 3 June 2019; Published online:
6 August 2019

Keywords: biomarkers e cancer stem cells e colorectal cancer e immunotherapy

Colorectal cancer (CRC) is a significant public health burden. It is the third most commonly diagnosed cancer,
and the second highest cause of cancer related deaths when men and women are combined in USA. Overall, the
lifetime risk of developing CRC is approximately 1 in 22 for men and 1 in 24 for women, and it is expected that
over 51,000 deaths will occur due to CRC in USA in 2019. Metastatic disease remains the principle cause of death,
with patient survival rates significantly declining with both local and distant metastases [1].

Stem cells are characterized by their capacity for self-renewal and the ability to give rise to diverse, specialized
cell types. Cancer stem cells (CSCs) are a subpopulation of stem-like cells within a heterogeneous tumor that also
exhibit capacity for self-renewal and differentiation. There is mounting evidence that CSCs can be considered the
origin of tumorigenesis, metastases, drug resistance and relapse [2].

CSCs were first described in 1994 in human acute myeloid leukemia. An acute myeloid leukemia-initiating
cell population enriched with cells expressing the cell surface marker CD34, but not the surface marker CD38
(CD34%/CD38"), was transplanted into severe combined immune-deficient mice and found to induce leukemia in
contrast to nonenriched tumor cells (3]. In the early 2000s, CSCs were identified in solid tumors. Selective targeting
of biomarkers either enriched in, or specific to, CSCs will allow for the administration of highly-potent cytotoxic
agents with limited systemic toxicity, in contrast to conventional chemotherapeutics that target all rapidly-dividing
cells.

Current recommendations for adjuvant treatment of Stage III and select patients with Stage II colon cancer
includes adjuvant chemotherapy. Combined radiation and chemotherapy also are recommended for patients with
stage IT and IIT rectal cancer [4]. These existing therapeutic approaches treat tumors as if all of their heterogeneous
cancer cells have unlimited proliferative potential and can acquire the ability to metastasize. Unfortunately, disease
recurrence and progression occur despite these treatments. CSCs may be responsible for this treatment evasion,
with increased ability to survive due to increased DNA repair, redox capacity, drug efflux and maintenance of
dormancy. Molecules involved in these mechanisms are provocative targets for development of new therapies.

CSCs have increased capacity for DNA repair via multiple mechanisms. Cells incur DNA damage from radiation
when reactive oxygen species (ROS) exceed the antioxidant capacity of the cell. Compared with other cells, CSCs
highly express ROS scavengers, such as glutathione (GSH). This confers resistance to ROS-mediated DNA damage,
and studies have shown that pharmacologic reduction of GSH results in greater radio-sensitivity in CSCs. CD44
has been widely used as a gastrointestinal (GI) CSC marker. Its variant isoforms (CD44v) also are highly expressed
in GI cancers, and are involved in regulating GSH. Specifically, a recent study demonstrated that CD44v stabilizes a

glutamine-cysteine transporter, xCT, to control the intracellular level of GSH in CRC cells. Additionally, they have Future =
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increased resistance to multiple chemotherapeutic agents such as cisplatin and docetaxel [5]. Thus, one therapeutic

10.2217/bmm-2019-0227 © 2019 Future Medicine Ltd Biomark. Med. (2019) 13(11), 891-894 ISSN 1752-0363 891



Commentary

Caparosa, Stem, Snook & Waldman

approach to disarm CSC resistance mechanisms is through increasing susceptibility to oxidative stress. GSH and
CD44yv are clear potential targets. These studies demonstrate that targeting cellular defense against ROS can impact
cell viability.

Another major factor in CSC resistance to standard therapy includes superior drug eflux mechanisms. Cell
membrane transport proteins, such as the ATP-binding cassette (ABC) transporters, drive the export of toxic
chemicals and drugs. Hydrophobic chemotherapeutic drugs are eliminated from the cytosol into the extracellular
space via these transport proteins. In colorectal CSCs, there is increased expression of the MDRI transport protein,
which is a member of the ABC transporter family. This increase confers resistance in these cells to treatment with
multiple drugs (6]. Several mechanisms can be utilized to disrupt these transporters in order to sensitize CSCs to
chemotherapy. ABC transporter allosteric inhibitors have shown promise as potential therapy against multidrug
resistance. Another approach targets the transcriptional regulation of ABC transporters, though this requires further
development [7].

Differentiation of CSCs results in a loss of self-renewal capabilities, and also moves the cells out of a relatively
senescent state. Both of these characteristics confer resistance to standard therapies. One of the best known examples
of induced CSC differentiation is the use of all-trans retinoic acid, a retinoid and chemopreventative agent that was
first used in the treatment of acute promyelocytic leukemia [8]. All-trans retinoic acid also induces differentiation
in colon cancer cell lines [9]. Similarly, PPAR-y agonists induce stem cell differentiation. Studies show that there is
increased PPAR-y expression in colonic adenocarcinoma, and that the PPAR-y agonist troglitazone induces colon
cancer cell differentiation [10].

Beyond therapies that induce differentiation, CSCs can be targeted specifically for elimination. CSCs have unique
cell surface antigens that distinguish them from differentiated cells. These surface markers used for identification
and isolation of CSCs are important targets for therapy. Well known colorectal CSC surface antigens include
CD24, CD44, CD133, CD166 and aldehyde dehydrogenase [11].

Cancer immunotherapy is a treatment approach that utilizes the body’s immune system to induce antitumor
response. Immune cells exert cytotoxic effects on target cells in an antigen-specific manner, which allows specific
targeting of cells of interest and can confer long-term memory responses, which may be of benefit in cancer relapse.
Additionally, the toxicity of conventional treatments such as chemotherapy and radiation is partly dependent on
cell cycle phase. In comparison to non-CSCs, CSCs are relatively quiescent [12]. Since immunotherapies target
CSCs independent of proliferative status, this bypasses an important mechanism of CSC resilience.

T cells can be engineered to target tumors through expression of a CAR. Briefly, CAR T cells are engineered to
express an artificial receptor composed of a targeting domain derived from an antibody connected to intracellular T-
cell receptor signaling domains. CAR T cells have been remarkably successful in treating hematologic malignancies.
In light of their success and the recent US FDA approval of tisagenlecleucel and axicabtagene, there is increased
impetus to expand CAR T-cell therapy to the field of solid organ tumors. A recent Phase I clinical trial in patients
with hepatocellular, pancreatic and CRC demonstrated safety and efficacy of treatment with CAR T cells directed
against CD133, which is a surface marker expressed by various CSCs of epithelial origin [13]. Another Phase I
clinical trial tested CAR T cells directed against carcinoembryonic antigen in ten patients with metastatic CRC. Of
ten patients, seven with progressive disease stablized after CAR T-cell therapy, with two patients exhibiting tumor
shrinkage by positon emission tomography [14]. Additional clinical trials testing CAR T cells engineered against
other biomarkers in colon cancer are underway (NCT03013712, NCT03851146).

Cancer vaccines can treat existing cancer, or prevent their development. Several studies have assessed anti-CSC
vaccines. An important proof of concept study demonstrated that CSC-enriched populations, identified by high
expression of aldehyde dehydrogenade (ALDH8"), generated CSC-specific antibody and T-cell responses #72 vivo.
In this study, dendritic cells pulsed with CSC-lysate were more effective in inducing antitumor immunity, and
ultimately resulted in slower tumor growth and decreased metastases compared with dendritic cells pulsed with
whole cell lysate [15]. This suggests that that autologous tumor cell vaccines targeting CSCs may yield greater
anticumor effects. Phase I/1I clinical trials administering CSC vaccines are being conducted in patients with liver
(NCT02089919), colorectal (NCT02176746) or pancreatic (NCT02074046) cancers.

CSCs also can be targeted via innate immunity. For example, CSCs have significantly increased susceptibility
to natural killer (NK) cells when compared with non-CSCs in colorectal tumors. This increased susceptibility
was associated with increased expression of NK activating ligands NKp30 and NKp44, in addition to decreased
expression of inhibitory ligands such as MHC class I on CSC surfaces. Y8 T cells also exhibit anti-CSC activity in
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CRC, in addition to other malignancies [16]. Ultimately, NK and y8 T cells may be of significant clinical benefit in
the treatment of colon cancer.

Targeting cell surface markers to deliver cytotoxic agents represents another class of potential interventions.
Aptamers are single stranded oligonucleotide or peptide molecules that are nearly 20-times smaller than antibodies.
Due to their small size, they have excellent tissue penetration and thus an advantage over antibody therapy. Aptamers
bind with high affinity to a specific target and are internalized by cells [17]. Aptamers directed against CSCs were
first engineered against epithelial cell adhesion molecule, a membrane protein that is overexpressed in most solid
cancers and also has been identified as a CSC marker. This epithelial cell adhesion molecule aptamer bound to
multiple cancer cell lines, including the colon adenocarcinoma cell lines HT-29 and SW480, and was internalized
by these cell lines [18]. An RNA aptamer targeting CD133 also was internalized by several GI cancer cell lines,
including HT-29 cells. Further, the CD133 aptamer displayed superior tumor penetration when compared with a
traditional CD133 antibody [19].

Antibody—drug conjugates (ADCs) are comprised of a monoclonal antibody that is linked to a small, cytotoxic
agent, which creates a selective and cytotoxic therapeutic agent. ADCs are internalized by cells, and subsequently
undergo lysosomal processing and cleavage in order to activate the cytotoxic agent. Thus, the therapy is delivered
only to cells that display the antigen. An ADC was recently developed against the adult stem call marker LGR5,
which is a leucine-rich repeat-containing G protein coupled receptor that is highly expressed in GI cancers, including
colon cancers. Mice were subcutaneously inoculated with a human colon metastases cell line (LoVo). Once tumors
reached a standard size, mice were treated with either phosphate-buffered saline vehicle, an unconjugated anti-
LGR5 monoclonal antibody, or the LGR5 ADC. All mice treated with the LGR5 ADC had ecither a significant
reduction in tumor size or a complete response without a detectable tumor [20].

Conclusion

CRC continues to be a major public health burden. Given this, new therapeutic approaches must be developed
that aim to eliminate the origin of tumorigenesis, target recurrence and drug resistance, and combat metastases.
Therapy directed against CSCs would not only address this goal, but also would allow more targeted therapy with
less systemic toxicity.

Despite promising laboratory advances in CSC targeted therapy, there are still major barriers. For example,
some of the therapies directed at differentiation biomarkers are inherent to stem cells in general, and not just
CSCs. Specifically targeting cell surface biomarkers is a unique opportunity to directly address the CSC population.
Thus, drug carrier systems, vaccines, and CAR T-cell therapies have promising potential. However, this is not
without barriers; CSC surface markers may vary across different patients, some surface markers also are expressed
on noncancerous stem cells, and it is possible that subsets of CSCs do not express known markers. Despite
this, biomarker targeting of CRC stem cells remains a promising field with the potential to revolutionize cancer
treatments.
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ABSTRACT

Sporadic colorectal cancer initiates with mutations in APC or its degradation target B-catenin,
producing TCF-dependent nuclear transcription driving tumorigenesis. The intestinal epithelial
receptor, GUCY2C, with its canonical paracrine hormone guanylin, regulates homeostatic
signaling along the crypt-surface axis opposing tumorigenesis. Here, we reveal that expression of
the guanylin hormone, but not the GUCY2C receptor, is lost at the earliest stages of
transformation in APC-dependent tumors in humans and mice. Hormone loss, which silences
GUCY2C signaling, reflects transcriptional repression mediated by mutant APC-B-catenin-TCF
programs in the nucleus. These studies support a pathophysiological model of intestinal
tumorigenesis in which mutant APC-B-catenin-TCF transcriptional regulation eliminates guanylin
expression at tumor initiation, silencing GUCY2C signaling which, in turn, dysregulates intestinal
homeostatic mechanisms contributing to tumor progression. They expand the mechanistic
paradigm for colorectal cancer from a disease of irreversible mutations in APC and B-catenin to
one of guanylin hormone loss whose replacement, and reconstitution of GUCY2C signaling, could

prevent tumorigenesis.
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INTRODUCTION

There is a well-established relationship between mutations in the APC tumor suppressor and
colorectal cancer!®, the 4" most common cancer, and the 2" leading cause of cancer death.®
The current paradigm suggests that monoallelic inactivation creates APC heterozygosity and a
potential vulnerability for tumorigenesis.> 7. This potential is realized by a second event
resulting in functional loss of heterozygosity (LOH), eliminating APC from a destruction complex
which targets B-catenin for ubiquitination and proteasomal degradation.’> 7 As a consequence,
cytosolic B-catenin accumulates and translocates to the nucleus, and with its binding partner TCF,
re-programs transcription to drive transformation.®!! Indeed, >90% of sporadic colorectal
cancers initiate with inactivating mutations in APC (~85%) or mutations in B-catenin that block
degradation (¥5%).1”> However, specific molecular mechanisms coupling these mutations to

tumorigenesis continue to be refined.

GUCY2C is the membrane-bound receptor guanylate cyclase expressed by intestinal epithelial
cells.*?> 13 Canonical GUCY2C ligands include uroguanylin produced in small intestine, guanylin
produced in colorectum, and bacterial heat-stable enterotoxins (STs), all of which increase
epithelial cell cyclic guanosine monophosate (cGMP).*% 13 The GUCY2C-cGMP signaling axis
modulates intestinal secretion, one mechanism by which bacteria induce diarrhea.'4®
Linaclotide (Linzess™) and plecanatide (Trulance™) are orally available GUCY2C ligands that are
congeners of ST and uroguanylin, respectively. These peptides increase intestinal secretion and

are FDA-approved to treat chronic constipation syndromes.'3 17

The architecture of the intestinal epithelium is maintained by continuous regenerative cycles of

proliferation, migration, differentiation, and apoptosis.’®23 In turn, these are the processes that
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are canonically disrupted in cancer.?* Beyond secretion, the paracrine hormone-GUCY2C
signaling axis regulates these normal homeostatic processes.'®23 In that context, silencing
GUCY2C produces crypt hyperplasia, increasing proliferating progenitor cells and accelerating
their cell cycle.'® 19 21-23 Conversely, GUCY2C signaling inhibits proliferation by decreasing B-
catenin and its transcriptional targets cyclin D and Myc.'® 1% 21 22 Also, there is a metabolic
gradient along the crypt-surface axis, where proliferating crypt cells depend on glycolysis, while
differentiated surface cells depend on oxidative phosphorylation.?® Silencing GUCY2C imposes an
aberrant phenotype along that axis, characterized by reduced mitochondria, increased glycolysis,
and decreased oxygen consumption, recapitulating the Warburg metabolic phenotype in
tumors.'® Moreover, silencing GUCY2C increases DNA oxidation and double strand breaks,

mutagenesis induced by alkylating agents, and chromosomal instability!® °

Guanylin is reduced 2>28, while GUCY2C is conserved %°-31, in colorectal adenomas and carcinomas
in humans and mice. In that context, GUCY2C agonists reduce epithelial transformation in
genetic, carcinogen, and inflammatory mouse models of intestinal tumorigenesis.?® 323> These
observations suggest a pathophysiological model in which transformation reduces guanylin
expression, driving tumorigenesis by suppressing GUCY2C-cGMP signaling. Here, we reveal that
guanylin hormone expression is eliminated, and GUCY2C-cGMP signaling is silenced, as an
immediate downstream consequence of mutant APC-B-catenin-TCF nuclear transcriptional re-

programming.

RESULTS

GUANYLIN HORMONE, BUT NOT THE GUCY2C RECEPTOR, IS LOST IN HUMAN COLORECTAL TUMORIGENESIS
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Guanylin protein (Figure 1A-C) and mRNA (Figure 1D) are eliminated in human colorectal
adenocarcinomas compared to normal mucosa. These results are consistent with those obtained
with samples from the TCGA3®, which revealed a median reduction of ~250-fold in GUCA2A mRNA
in 339 tumors with mutations in the APC-B-catenin signaling pathway compared to 51 normal
tissues (Figure 1E). Loss of hormone expression is an early event in transformation, and guanylin
protein (Figure 1A-C) and mRNA (Figure 1F) are absent in tubular adenomas, which arise primarily
from mutations in APC-B-catenin-TCF signaling> 737, compared to normal tissue in patients.
Similar results were obtained with tissues in a GEO dataset (accession number GSE8671)3%-49,
which revealed a median reduction of ~250-fold in GUCA2A mRNA in 32 adenomas with
mutations in the APC-B-catenin signaling pathway compared to matched normal adjacent tissues
(Figure 1G). Further, guanylin hormone expression is absent in tumors from patients with familial
adenomatous polyposis (FAP), a hereditary colorectal cancer syndrome in which patients are
heterozygous for one mutant allele of APC (Figure 1A-B, H; Supplementary Figure 1). Hormone
loss associated with reductions in mRNA in transformed tissue does not reflect gene mutations
or changes in chromosomal structure and there were only 2 tumors with missense mutations in
the GUCA2A gene from a total of 1378 colorectal adenocarcinomas with mutations in APC or

CTNNB1 (B-catenin) in the cBioPortal database.*% 42

In contrast to the hormone guanylin, expression of GUCY2C protein and mRNA are maintained in
adenocarcinomas (Figure 2A-D) and tubular adenomas (Figure 2A-E; see Figure 1A for H&E
micrographs). These results agree with those obtained with samples from the TCGA3®, in which
expression of GUCY2C mRNA was preserved in 339 tumors with mutations in the APC-B-catenin

signaling pathway, compared to 51 normal tissues (Figure 2F). Similarly, they agree with results
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obtained with samples from a GEO dataset (accession number GSE8671)384C, in which expression
of GUCY2C mRNA was preserved in 32 adenomas with mutations in the APC-B-catenin signaling
pathway, compared to matched normal adjacent tissues (Figure 2G). Further, GUCY2C protein
(Figure 2A-B) and mRNA (Figure 2H) expression was maintained in adenomas from patients with
FAP (see Figure 1A for H&E micrographs). Moreover, the GUCY2C gene is a “cold spot” and there
were 14 tumors with missense mutations in, and 1 tumor with a deletion of, the GUCY2C gene
from a total of 1378 colorectal adenocarcinomas with mutations in APC or CTNNB1 in the
cBioPortal database.*™ 4> Taken together, these observations reveal that guanylin hormone
mRNA and protein expression is lost, but expression of the GUCY2C receptor is maintained, in

the earliest stages of APC-driven transformation in patients.
MUTATIONS IN APC DRIVE THE LOSS OF GUANYLIN, BUT NOT GUCY2C, IN MICE

Loss of guanylin at the earliest stages of tumorigenesis in patients supports a mechanism in which
mutations in APC signaling disrupt hormone expression. In that context, Apc%/k0 mice in which
biallelic Apc loss can be conditionally induced in a temporal- and tissue-specific fashion,
recapitulating the initiating event in intestinal tumorigenesis'™ 737, provide a unique opportunity
to test this hypothesis. Tamoxifen-induced biallelic loss of Apc in intestinal epithelial cells of vil-
Cre-ER™-ApcK9/K0 myjce activated canonical Wnt signaling, with accumulation of B-catenin and
its downstream transcriptional targets c-Myc and Axin2 (Figure 3A-B). This dysregulated Wnt
signaling disrupted normal epithelia architecture, with attenuation of villus structures, crypt
hyperplasia, and extension of PCNA* proliferating cells, normally confined to the crypt base, along
the crypt-surface axis (Figure 3C). Biallelic Apc loss eliminated guanylin, but not GUCY2C, protein
and mRNA expression (Figure 3D-F). Loss of guanylin hormone silenced the retained GUCY2C
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receptor (Figure 3D, F), reducing phosphorylation of vasodilator-stimulated phosphoprotein
(VASP), an immediate downstream target of cGMP signaling in intestinal epithelial cells (Figure

3D)34

APC-B-CATENIN-TCF SIGNALING SUPPRESSES GUANYLIN EXPRESSION IN HUMAN COLORECTAL CANCER CELLS

The foregoing suggests that oncogenic signaling produced by mutations in APC that drive
intestinal tumorigenesis silence the expression of the hormone guanylin. Loss-of-function
mutations in APC, or gain-of-function mutations in B-catenin, produce accumulation and nuclear
translocation of B-catenin, where it binds to the TCF4 transcription factor to re-program gene
expression driving transformation.®! In that context, we directly tested the individual roles of
APC, B-catenin, and TCF4 in the regulation of guanylin expression. HT29 human colon cancer cells
express mutant APC and are devoid of guanylin mRNA and protein expression (Figure 4A).43
Induced expression of a wild type APC transgene in these cells restores normal Wnt signaling
(Figure 4B, Supplementary Figure 2) and interrupts expression of P-catenin downstream
transcriptional targets (Figure 4C).*3 Further, restoring the expression of wild type APC
reconstitutes the expression of guanylin mRNA (Figure 4D) and protein (Figure 4E). Similarly,
LS174T human colon cancer cells express mutant B-catenin, and also are devoid of guanylin
mRNA and protein expression (Figure 4F).1% 4 Induced suppression of mutant B-catenin
expression with siRNA in these cells (Figure 4G) interrupts the expression of its downstream
transcriptional targets (Figure 4H). Suppression of mutant B-catenin in these cells re-establishes
the expression of guanylin mRNA and protein (Figure 41-J). Finally, DLD1 human colon cancer cells
express mutant APC and wild type B-catenin and are devoid of guanylin mRNA and protein
expression (Figure 4K).2%4* Induced expression of a dominant negative form of TCF4 in these cells
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(Figure 4K-L) interrupts the expression of its downstream transcriptional targets (Figure 4M).
Moreover, the dominant negative form of TCF4 restores the expression of guanylin mRNA and
protein in these cells (Figure 4N-O). Dominant negative TCF similarly reconstituted guanylin
MRNA and protein expression in LS174T cells (Supplementary Figure 3). Moreover, hormone
expression is temporally linked to alterations in APC-B-catenin signaling, and guanylin mRNA
recovers within hours of DNTCF protein expression (Supplementary Figure 4). Taken together,
these observations demonstrate that guanylin mRNA and protein expression is suppressed by

APC-B-catenin-TCF signaling.

APC-B-CATENIN-TCF SIGNALING REGULATES GUANYLIN NUCLEAR TRANSCRIPTION

Loss of guanylin in adenomas and tumors is associated with reduced expression of the mRNA for
the hormone. Also, guanylin loss in epithelial cells following dysregulation of APC-B-catenin-TCF
signaling is associated with loss of the transcript for the hormone. Moreover, APC-B-catenin-TCF
signaling, which regulates guanylin expression, induces re-programming of nuclear transcription
circuits which drives transformation.®'! Here, we explored the contribution of nuclear
transcription of new mRNA to the regulation of guanylin expression by APC-B-catenin-TCF
signaling. Nascent guanylin mRNA was labeled with ethynyl-uridine and biotin-azide click-
chemistry, followed by affinity purification and quantification by qRT-PCR analysis (Figure 5A).*>
46 In HT29 human colorectal cancer cells, induction of transgenic wild type APC (Figure 5B-C)
reconstitutes the generation of nascent guanylin mRNA (Figure 5D). Similarly, in LS174T human
colorectal cancer cells, suppression of mutant B-catenin with siRNA (Figure 5E-F) restores
guanylin mRNA synthesis (Figure 5G). Finally, in DLD1 human colorectal cancer cells, induced
expression of DNTCF (Figure 5H-1) re-establishes nascent guanylin mRNA synthesis (Figure 5J).
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These observations demonstrate that dysregulated APC-B-catenin-TCF signaling mediates

guanylin hormone loss as part of its canonical re-programming of nuclear transcription.®!

DIscuUsSION

Mutations in APC that constitutively activate Wnt signaling initiate more than 80% of sporadic,
and 100% of FAP-associated, colorectal tumors.™ 737 Mutations in APC typically result in loss of
function, inactivating the multimeric protein complex targeting B-catenin for proteasomal
degradation.> 2% 7 8 |n turn, B-catenin accumulates in the cytosol, translocates to the nucleus
and binds to TCF, re-programming transcription that drives transformation.® ® While a role for
APC in intestinal tumorigenesis is well established, mechanistic steps leading from dysregulated
Whnt signaling to transformation continue to be defined. Here, we reveal that loss of the hormone
guanylin, which silences the GUCY2C receptor, is mediated by mutant APC-B-catenin signaling. In
that context, guanylin loss, and GUCY2C silencing, is universal in tubular adenomas and
adenocarcinomas initiated by mutations in APC signaling in patients. It is one of the earliest
events in tumorigenesis and is tightly linked temporally with mutant APC-B-catenin signaling.
Guanylin loss is highly conserved across species in which APC mutations drive tumorigenesis,
including mice and humans. Moreover, loss-of-function mutations in APC, or gain-of-function
mutations in B-catenin, produce a TCF-dependent block of nuclear guanylin mRNA transcription
that eliminates hormone production in mouse intestine in vivo and in human colorectal cancer
cells in vitro. Together, these observations demonstrate that transcriptional repression of
guanylin hormone production which silences the GUCY2C receptor is an immediate downstream
consequence of dysregulated APC-B-catenin signaling that canonically drives intestinal
transformation.
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APC-B-catenin-TCF signaling regulates guanylin hormone production by eliminating the
expression of newly synthesized transcripts. In that context, the precise mechanisms by which
APC-B-catenin-TCF signaling regulates guanylin transcription remain to be defined. While APC
and B-catenin signal through transcriptional regulation of gene expression® 1°, chromatin
immunoprecipitation and mRNA sequencing (ChIP-seq) analysis reveals that they do not bind
directly to the guanylin promoter in murine intestinal crypt cells and human colorectal cancer
cell lines in which guanylin expression is suppressed (Supplementary Figure 5). In that context,
guanylin expression in intestinal cells requires association of the hepatocyte nuclear factor-1a
(HNF-1a) transcription factor to a consensus nucleotide binding site located in the immediate 5’-
flanking region of the promoter.*” However, the expression of HNF-1a is not reduced in tumors
nor regulated by APC-B-catenin-TCF signaling (Supplementary Figure 6).}! Beyond HNF-1q,
transcription factors regulating the expression of guanylin remain undefined. In silico mapping of
the guanylin promoter (Encode: UCSC Genome Browser database)*® reveals consensus binding
sequences for transcription factors, including those regulated by APC-B-catenin-TCF signaling.
These observations are consistent with a hypothesis, currently being explored, in which APC-B-
catenin-TCF signaling regulates the expression of the guanylin gene through its downstream

canonical transcriptional regulatory network that drives oncogenesis.*!

Early universal loss of guanylin, silencing GUCY2C, in a mechanism conserved across species,
suggests that the paracrine hormone-GUCY2C-cGMP axis opposes intestinal transformation
induced by mutant APC-B-catenin signaling. Indeed, silencing GUCY2C amplifies intestinal
tumorigenesis produced by mutations in Apc or by the carcinogen azoxymethane (AOM) in

mice.'® 1334 Conversely, luminal replacement of GUCY2C agonists reduces the number and size

Page | 11



O©CO~NOOOTA~AWNPE

of tumors driven by Apc mutations in mice.?® 323335 These observations support the hypothesis
that guanylin loss and silencing of the GUCY2C axis is one molecular mechanism contributing to

the progression of tumorigenesis initiated by mutant APC-B-catenin-TCF signaling.

The precise mechanisms by which guanylin-GUCY2C-cGMP signaling opposes intestinal
tumorigenesis remain to be defined. For example, GUCY2C signaling activates p53, reduces DNA
damage, and amplifies DNA damage repair opposing spontaneous and carcinogen-induced
mutational events, which could block Apc LOH in cells heterozygous for this tumor suppressor.'®
20,43 Alternatively, GUCY2C inhibition of cell cycle drivers, like cyclin D, and activation of cell cycle
inhibitors, like p21, which restricts proliferation and the size of the crypt compartment could
prevent tumor progression.® 13 21, 22,34, 35, 50 Beyond these canonical homeostatic mechanisms
that are essential in organizing the crypt-surface axis, and are disrupted in tumorigenesis,
GUCY2C might directly oppose APC-B-catenin signaling. The guanylin-GUCY2C-cGMP axis
regulates intracellular concentrations of B-catenin, and its downstream transcriptional targets
like c-Myc and axin, in intestinal cells.'® 1% 3% 50 This regulation may involve suppression of B-
catenin mRNA transcription through a mechanism mediated by cGMP-dependent protein
kinase.”> >2 In that context, it is tempting to speculate that there may be a reciprocal negative
feedback loop between guanylin-GUCY2C and APC-B-catenin signaling systems organizing the
crypt-surface axis.'® 193451 52 |n this paradigm, Wnt signaling at the base of the crypt suppresses
the guanylin-GUCY2C-cGMP axis, favoring regeneration and proliferation. Conversely, guanylin-
GUCY2C signaling at the surface suppresses APC-B-catenin signaling, favoring cellular

differentiation and maturation. Tumorigenesis co-opts this regulatory mechanism, and mutant
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Whnt signaling suppresses guanylin expression because cGMP signaling blocks nuclear B-catenin

accumulation required for transformation.

The present observations demonstrate that guanylin expression is transcriptionally repressed by
APC-B-catenin-TCF signaling in intestinal epithelial cells. In turn, suppression of guanylin
expression, which silences the GUCY2C signaling axis, appears to contribute to APC-B-catenin-
driven colorectal tumorigenesis. These studies reveal for the first time a novel molecular step
leading from mutations in APC that constitutively activate Wnt signaling to transformation of
intestinal epithelial cells. Surprisingly, silencing of the GUCY2C tumor suppressor occurs through
a previously unanticipated mechanism of hormone loss, rather than through genetic inactivation
of the receptor by a mutational event. In turn, loss of guanylin hormone, but retention of the
GUCY2C receptor, expands the prevailing paradigm for colorectal tumorigenesis from an
irreversible oncogenomic disease of mutational APC inactivation to a reversible functional
disease of hormone insufficiency. Indeed, guanylin loss induced by mutant APC-B-catenin
signaling creates a unique disease-specific vulnerability that can be leveraged to eliminate tumor
initiation by oral GUCY2C hormone replacement.3! The potential for immediate translation of
these observations is underscored by the availability of the oral GUCY2C agonists linaclotide

(Linzess™) and plecanatide (Trulance™) to treat chronic constipation syndromes.3 17:31

MATERIALS AND METHODS

HUMAN SAMPLES

The study was approved by the local Institutional Review Board (control #14D.376). For these
studies, specimens were provided in a de-identified fashion by the Department of Pathology at
Thomas Jefferson University Hospital and Cooperative Human Tissue Network (CHTN:
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https://www.chtneast.org). All tumors underwent routine clinical profiling in the Department of

Pathology to ensure that they originated through the conventional pathway (Apc-B-catenin) by
demonstrating that they were wild type with respect to BRAF (eliminating tumors arising from
the serrated pathway) and mismatch repair proficient, with intact MLH1, MSH2, PMS2, and MSH6
(eliminating tumors arising from the microsattelite instability pathway).>3

ANIMAL MODELS

All animal protocols were approved by the Thomas Jefferson University Institutional Animal Care
and Use Committee. 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 (NCl Mouse Repository, #01XAA).>* Apc“© mice were crossed with our previously
characterized vil-Cre-ER™ mice to induce biallelic APC inactivation in intestinal epithelial cells (vil-
Cre-ER™-ApcK0/ck0) 20 \Mice were bred onto the ROSA™/ME background, a fluorescent Cre-
reporter model that expresses membrane-targeted green fluorescent protein in recombined
cells.> Breeding strategies used to generate the appropriate models have been described.?°
Conditional mouse models were induced with intraperitoneal administration of tamoxifen.2® All
mice were genotyped by sequencing DNA from tail-clips.

CELL CULTURE REAGENTS

McCoy's 5A and Dulbecco’s Modified Eagle Medium-F12 (DMEM-F12) were obtained from
Thermo Fisher Scientific (Waltham, MA). Hygromycin B, zeocin, blasticidin hydrochloride, and
doxycycline hydrochloride also were from Thermo Fisher Scientific. HyClone fetal bovine serum
was obtained from GE Healthcare Life Sciences (Pittsburgh, PA). Zinc chloride was obtained from

Sigma (St. Louis, MO).
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CELLS

LS174T and DLD1 cells containing either the Tet-inducible siRNA to B-catenin or dominant-
negative TCF4 (DNTCF4) were obtained from Dr. H. Clevers in November 2013.1% 44 |S174T and
DLD1 cells were cultured in DMEM-F12 containing 10% FBS, Zeocin (500 pg/mL), and blasticidin
(10 pg/mL). Conditional cell lines were induced with 1 pg/mL doxycycline. HT29 cells containing
the zinc-inducible APC construct were received from Dr. B. Vogelstein in September 2013.#3 HT29
cells were cultured in McCoy’s 5A containing 10% FBS and Hygromycin (600 pg/mL), and were
induced with 300 uM zinc chloride. Conditional cell lines were authenticated at each use by
testing their genetic inducibility. Cell lines were confirmed to be free of mycoplasma
semiannually.

IMMUNOFLUORESCENCE

Tissues were fixed in 4% paraformaldehyde, processed and embedded in paraffin. Antigens were
retrieved (Dako target retrieval buffer pH 9.0 or sodium citrate buffer pH 6.0 depending on
application) and stained. Antibody to B-catenin was from Santa Cruz Biotechnology (Dallas, TX),
Anti-PCNA (#29, 1:1000) was from Abcam (Cambridge, MA), and anti-GUCA2A for human
guanylin (#HPA018215, 1:500) was from Sigma. Guanylin antisera (#2538, 1:100) used for mouse
tissue staining was a gift from Dr. M. Goy.>® Monoclonal antibodies to GUCY2C (1:2,000) were
previously validated.3* Background autofluorescence was reduced with sudan black (0.5%
solution in 70% ethanol). Secondary antibodies were from Thermo Fisher Scientific. GUCY2C and
GUCA2A were detected using tyramide signal amplification.3® Fluorescence images were
captured with an EVOS FL auto cell imaging system (Thermo Fischer Scientific). To quantify

GUCA2A and GUCY2C protein expression, a single in-focus plane was acquired. Using Image)
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software, quantification in defined regions of interest (ROls) 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 ROI.

IMMUNOBLOTS

Protein was extracted from intestinal mucosa dissected from mouse intestine (20-50 ug protein
per lane) or total lysates from cells (10%/well, 6-well plates) from in vitro experiments. Tissue or
cell lysates were extracted in T-Per or M-Per (Thermo Fisher Scientific), respectively,
supplemented with protease and phosphatase inhibitors (Roche, St. Louis, MO). Protein was
guantified by immunoblot analysis employing antibodies to: GFP (cat. #13970, 1:1000), Axin2
(cat. #32197, 1:1000), c-Myc (cat. #32072, 1:1000) from Abcam; GAPDH (cat. #2118, 1:5000), B-
catenin (cat. #8480, 1:1000), human APC (cat. #2504, 1:1000), TCF4 (cat. #2569, 1:1000), B-Actin
(cat. #4967, 1:3000), phosphorylated VASP-ser239 (cat. #3114, 1:1000) from Cell Signaling
Technology (Danvers, MA); mouse APC (cat. #896, 1:1000) from Santa Cruz Biotechnology (Dallas,
TX); GUCA2A (cat. # HPA018215, 1:100) from Sigma or guanylin antisera (#2538, 1:100)°%; and
GUCY2C (1:500)34. Immunoblot images were captured on the BioRad ChemiDoc MP imaging
station and bands were quantified by densitometry normalized to that of GAPDH or B-actin using
Imagel. Average relative intensity reflects at least two independent experiments each with at
least three biological replicates.

MESSENGER RNA ANALYSIS

Tissue samples were flash frozen in liquid nitrogen and stored at -80°C until use; cell samples

were lysed directly and used fresh. RNA was extracted and purified using the RNeasy kit (Qiagen,
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Germantown, MD). Following isolation, RNA concentration and purity were measured using the
Nanodrop 1000 (Thermo Fisher Scientific) and two-step quantitative (q)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
guantified by PCR (Applied Biosystems, Foster City, CA) using Tagman primer probes (Life
Technologies).

NEw RNA SYNTHESIS

Newly synthesized RNA was prepared using ethynyl-uridine (EU) “click” chemistry, with the Click-
iT nascent RNA capture kit (cat. #C10365, Thermo Fisher Scientific). Briefly, inducible cancer cell
lines were cultured for two to three days in the presence of inducing agent (doxycycline or zinc),
followed by EU (500 nM) for three hours, which is incorporated into newly synthesized RNA. Total
cell RNA was extracted as above using the Qiagen RNeasy kit and stored at -80°C until further
use. EU-RNA was isolated from total RNA by a copper-catalyzed “click” reaction between the
reactive alkyne moiety and biotin azide, followed by capture with magnetic streptavidin-coated
beads. Captured EU-RNA was immediately reverse transcribed to produce complementary DNA
and quantified by PCR, as above.

STATISTICAL ANALYSES

Statistical significance was determined by either one-way ANOVA or two-tailed Student's t test,
where appropriate, for analyses of immunoblot and immunoflouresence intensity, mRNA fold
change determinations, and biochemical assays. 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.
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Operators were blinded to sample identities for analyses. Comparisons between two groups at
single time points were analyzed by Student’s t test, or by the Mann-Whitney test for measures
not satisfying normality assumptions. All statistical tests were calculated using GraphPad Prism
(La Jolla, CA). Analyses represent mean + SEM of n=3, unless otherwise indicated, and * p<0.05,

** p<0.01, *** p<0.001, ****, p<0.0001.

CONFLICTS OF INTEREST

SAW is a member of the Board and Chair of the Scientific Advisory Board of, and AES is a
consultant for, Targeted Diagnostics & Therapeutics, Inc. which provided research funding that,

in part, supported this work and has a license to commercialize inventions related to this work.

ACKNOWLEDGEMENTS

S.A.W. is the Samuel MV Hamilton Professor at Thomas Jefferson University. Results are, in part,

based upon data generated by the TCGA Research Network: http://cancergenome.nih.gov/.

Page | 18


https://cancergenome.nih.gov/

O©CO~NOOOTA~AWNPE

REFERENCES

1. Fodde R, Smits R, Clevers H. APC, signal transduction and genetic instability in colorectal
cancer. Nat Rev Cancer 2001, 1:55-67.

2. Powell SM, Zilz N, Beazer-Barclay Y, Bryan TM, Hamilton SR, Thibodeau SN, et al. APC
mutations occur early during colorectal tumorigenesis. Nature 1992; 359:235-7.

3. Rowan AJ, Lamlum H, llyas M, Wheeler J, Straub J, Papadopoulou A, et al. APC mutations
in sporadic colorectal tumors: A mutational "hotspot" and interdependence of the "two hits".
Proc Natl Acad Sci U S A 2000; 97:3352-7.

4, Sparks AB, Morin PJ, Vogelstein B, Kinzler KW. Mutational analysis of the APC/beta-
catenin/Tcf pathway in colorectal cancer. Cancer Res 1998; 58:1130-4.

5. Wood LD, Parsons DW, Jones S, Lin J, Sjoblom T, Leary RJ, et al. The genomic landscapes

of human breast and colorectal cancers. Science 2007; 318:1108-13.

6. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin 2019; 69:7-34.

7. Kinzler KW, Vogelstein B. Lessons from hereditary colorectal cancer. Cell 1996; 87:159-
70.

8. Clevers H, Nusse R. Wnt/beta-catenin signaling and disease. Cell 2012; 149:1192-205.
9. Korinek V, Barker N, Morin PJ, van Wichen D, de Weger R, Kinzler KW, et al. Constitutive

transcriptional activation by a beta-catenin-Tcf complex in APC-/- colon carcinoma. Science
1997; 275:1784-7.

10. van de Wetering M, Sancho E, Verweij C, de Lau W, Oving |, Hurlstone A, et al. The beta-
catenin/TCF-4 complex imposes a crypt progenitor phenotype on colorectal cancer cells. Cell

2002; 111:241-50.

Page | 19



O©CO~NOOOTA~AWNPE

11. Van der Flier LG, Sabates-Bellver J, Oving |, Haegebarth A, De Palo M, Anti M, et al. The
Intestinal Wnt/TCF Signature. Gastroenterology 2007; 132:628-32.

12. Kuhn M. Molecular physiology of membrane guanylyl cyclase receptors. Physiol Rev
2016; 96:751-804.

13. Waldman SA, Camilleri M. Guanylate cyclase-C as a therapeutic target in gastrointestinal
disorders. Gut 2018; 11:81-92.

14. DuPont HL. Clinical practice. Bacterial diarrhea. N Engl J Med 2009; 361:1560-9.

15. Forte LR, Jr. Uroguanylin and guanylin peptides: pharmacology and experimental
therapeutics. Pharmacol Ther 2004; 104:137-62.

16. Lucas KA, Pitari GM, Kazerounian S, Ruiz-Stewart |, Park J, Schulz S, et al. Guanylyl
cyclases and signaling by cyclic GMP. Pharmacol Rev 2000; 52:375-414.

17. Camilleri M. Guanylate cyclase C agonists: emerging gastrointestinal therapies and
actions. Gastroenterology 2015; 148:483-7.

18. Li P, Schulz S, Bombonati A, Palazzo JP, Hyslop TM, Xu Y, et al. Guanylyl cyclase C
suppresses intestinal tumorigenesis by restricting proliferation and maintaining genomic
integrity. Gastroenterology 2007; 133:599-607.

19. Lin JE, Li P, Snook AE, Schulz S, Dasgupta A, Hyslop TM, et al. The hormone receptor
GUCY2C suppresses intestinal tumor formation by inhibiting AKT signaling. Gastroenterology
2010; 138:241-54.

20. Lin JE, Snook AE, Li P, Stoecker BA, Kim GW, Magee MS, et al. GUCY2C opposes systemic
genotoxic tumorigenesis by regulating AKT-dependent intestinal barrier integrity. PLoS One

2012; 7:e31686.

Page | 20



O©CO~NOOOTA~AWNPE

21. Pitari GM, Di Guglielmo MD, Park J, Schulz S, Waldman SA. Guanylyl cyclase C agonists
regulate progression through the cell cycle of human colon carcinoma cells. Proc Natl Acad Sci
U S A2001; 98:7846-51.

22. Pitari GM, Zingman LV, Hodgson DM, Alekseev AE, Kazerounian S, Bienengraeber M, et
al. Bacterial enterotoxins are associated with resistance to colon cancer. Proc Natl Acad Sci U S
A 2003; 100:2695-9.

23. Steinbrecher KA, Wowk SA, Rudolph JA, Witte DP, Cohen MB. Targeted inactivation of
the mouse guanylin gene results in altered dynamics of colonic epithelial proliferation. Am J
Pathol 2002; 161:2169-78.

24. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011; 144:646-
74.

25. Notterman DA, Alon U, Sierk AJ, Levine AJ. Transcriptional gene expression profiles of
colorectal adenoma, adenocarcinoma, and normal tissue examined by oligonucleotide arrays.
Cancer Res 2001; 61:3124-30.

26. Shailubhai K, Yu HH, Karunanandaa K, Wang JY, Eber SL, Wang Y, et al. Uroguanylin
treatment suppresses polyp formation in the Apc(Min/+) mouse and induces apoptosis in
human colon adenocarcinoma cells via cyclic GMP. Cancer Res 2000; 60:5151-7.

27. Steinbrecher KA, Tuohy TM, Heppner Goss K, Scott MC, Witte DP, Groden J, et al.
Expression of guanylin is downregulated in mouse and human intestinal adenomas. Biochemical

& Biophysical Research Communications 2000; 273:225-30.

Page | 21



O©CO~NOOOTA~AWNPE

28. Wilson C, Lin JE, Li P, Snook AE, Gong JP, Sato T, et al. The paracrine hormone for
GUCY2C tumor suppressor, guanylin, is universally lost in colorectal cancer. Cancer
Epidemiology, Biomarkers and Prevention 2014; 23:2328-37.

29. Carrithers SL, Barber MT, Biswas S, Parkinson SJ, Park PK, Goldstein SD, et al. Guanylyl
cyclase Cis a selective marker for metastatic colorectal tumors in human extraintestinal tissues.
Proc Natl Acad Sci U S A 1996; 93:14827-32.

30. Waldman SA, Hyslop T, Schulz S, Barkun A, Nielsen K, Haaf J, et al. Association of
GUCY2C expression in lymph nodes with time to recurrence and disease-free survival in pNO
colorectal cancer. JAMA 2009; 301:745-52.

31. Weinberg DS, Lin JE, Foster NR, Della'Zanna G, Umar A, Seisler D, et al. Bioactivity of oral
linaclotide in human colorectum for cancer chemoprevention. Cancer Prev Res (Phila) 2017;
10:345-54.

32. Chang WL, Masih S, Thadi A, Patwa V, Joshi A, Cooper HS, et al. Plecanatide-mediated
activation of guanylate cyclase-C suppresses inflammation-induced colorectal carcinogenesis in
Apc(+/Min-FCCC) mice. World J Gastrointest Pharmacol Ther 2017; 8:47-59.

33. Li P, Lin JE, Snook AE, Waldman SA. ST-producing E. coli oppose carcinogen-induced
colorectal tumorigenesis in mice. Toxins (Basel) 2017; 9:pii: E279.

34. Lin JE, Colon-Gonzalez F, Blomain E, Kim GW, Aing A, Stoecker B, et al. Obesity-induced
colorectal cancer is driven by caloric silencing of the guanylin-GUCY2C paracrine signaling axis.

Cancer Res 2016; 76:339-46.

Page | 22



O©CO~NOOOTA~AWNPE

35. Sharman SK, Islam BN, Hou Y, Singh N, Berger FG, Sridhar S, et al. Cyclic-GMP elevating
agents suppress polyposis in Apc min mice by targeting the preneoplastic epithelium. Cancer
Prev Res (Phila) 2018; 11:81-92.

36. Cancer Genome Atlas N. Comprehensive molecular characterization of human colon and
rectal cancer. Nature 2012; 487:330-7.

37. Miyoshi Y, Nagase H, Ando H, Horii A, Ichii S, Nakatsuru S, et al. Somatic mutations of
the APC gene in colorectal tumors: mutation cluster region in the APC gene. Hum Mol Genet
1992; 1:229-33.

38. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M, et al. NCBI GEO:
archive for functional genomics data sets--update. Nucleic acids research 2013; 41:D991-5.
39. Edgar R, Domrachev M, Lash AE. Gene Expression Omnibus: NCBI gene expression and
hybridization array data repository. Nucleic acids research 2002; 30:207-10.

40. Sabates-Bellver J, Van der Flier LG, de Palo M, Cattaneo E, Maake C, Rehrauer H, et al.
Transcriptome profile of human colorectal adenomas. Mol Cancer Res 2007; 5:1263-75.

41. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio cancer
genomics portal: an open platform for exploring multidimensional cancer genomics data.
Cancer Discov 2012; 2:401-4.

42. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Integrative analysis
of complex cancer genomics and clinical profiles using the cBioPortal. Sci Signal 2013; 6:pl1.
43, He TC, Sparks AB, Rago C, Hermeking H, Zawel L, da Costa LT, et al. Identification of c-

MYC as a target of the APC pathway. Science 1998; 281:1509-12.

Page | 23



O©CO~NOOOTA~AWNPE

44, Mokry M, Hatzis P, Schuijers J, Lansu N, Ruzius FP, Clevers H, et al. Integrated genome-
wide analysis of transcription factor occupancy, RNA polymerase Il binding and steady-state
RNA levels identify differentially regulated functional gene classes. Nucleic acids research 2012;
40:148-58.

45, Akbalik G, Langebeck-Jensen K, Tushev G, Sambandan S, Rinne J, Epstein |, et al.
Visualization of newly synthesized neuronal RNA in vitro and in vivo using click-chemistry. RNA
Biol 2017; 14:20-8.

46. Jao CY, Salic A. Exploring RNA transcription and turnover in vivo by using click chemistry.
Proc Natl Acad Sci U S A 2008; 105:15779-84.

47. Hochman JA, Sciaky D, Whitaker TL, Hawkins JA, Cohen MB. Hepatocyte nuclear factor-
lalpha regulates transcription of the guanylin gene. Am J Physiol 1997; 273:G833-41.

48. Speir ML, Zweig AS, Rosenbloom KR, Raney BJ, Paten B, Nejad P, et al. The UCSC
Genome Browser database: 2016 update. Nucleic acids research 2016; 44:D717-25.

49, Li P, Wuthrick E, Rappaport JA, Kraft C, Lin JE, Marszalowicz G, et al. GUCY2C signaling
opposes the acute radiation-induced Gl syndrome. Cancer Res 2017; 77:5095-106.

50. Li P, Lin JE, Chervoneva |, Schulz S, Waldman SA, Pitari GM. Homeostatic control of the
crypt-villus axis by the bacterial enterotoxin receptor guanylyl cyclase C restricts the
proliferating compartment in intestine. Am J Pathol 2007; 171:1847-58.

51. Li N, Lee K, Xi Y, Zhu B, Gary BD, Ramirez-Alcantara V, et al. Phosphodiesterase 10A: a
novel target for selective inhibition of colon tumor cell growth and beta-catenin-dependent TCF

transcriptional activity. Oncogene 2015; 34:1499-509.

Page | 24



O©CO~NOOOTA~AWNPE

52. Whitt JD, Li N, Tinsley HN, Chen X, Zhang W, Li Y, et al. A novel sulindac derivative that
potently suppresses colon tumor cell growth by inhibiting cGMP phosphodiesterase and beta-
catenin transcriptional activity. Cancer Prev Res (Phila) 2012; 5:822-33.

53. East JE, Atkin WS, Bateman AC, Clark SK, Dolwani S, Ket SN, et al. British Society of
Gastroenterology position statement on serrated polyps in the colon and rectum. Gut 2017;
66:1181-96.

54. Kuraguchi M, Wang XP, Bronson RT, Rothenberg R, Ohene-Baah NY, Lund JJ, et al.
Adenomatous polyposis coli (APC) is required for normal development of skin and thymus. PLoS
Genet 2006; 2:el146.

55. Muzumdar MD, Luo L, Zong H. Modeling sporadic loss of heterozygosity in mice by using
mosaic analysis with double markers (MADM). Proc Natl Acad Sci U S A 2007; 104:4495-500.
56. Qian X, Prabhakar S, Nandi A, Visweswariah SS, Goy MF. Expression of GC-C, a receptor-
guanylate cyclase, and its endogenous ligands uroguanylin and guanylin along the rostrocaudal

axis of the intestine. Endocrinology 2000; 141:3210-24.

Page | 25



O©CO~NOOOTA~AWNPE

FIGURE LEGENDS

Figure 1. Loss of GUCA2A expression in tumors in human colorectum. (A-C) GUCA2A protein
guantified by (A-B) immunofluorescence or (B) immunoblot in adenocarcinomas (sporadic and
FAP) and adenomas and normal mucosa. Where appropriate, matched normal adjacent tissues
(NAT) and tumors from the same patient are highlighted with a connecting line. Corresponding
H&E images (A) highlight histological changes associated with transformation. (D) GUCA2A mRNA
quantified by RT-PCR in adenocarcinomas and matched normal mucosa (n=17). (E) GUCA2A
mMRNA expression quantified by RNASeq in adenocarcinomas (n=339) and normal mucosa (n=51)
from human colorectum from the TCGA database.3® (F) GUCA2A mRNA quantified by RT-PCR in
tubular adenomas (9) and normal mucosa (n=8). (G) GUCA2A mRNA expression quantified by
RNASeq in adenomas and matched normal mucosa (n=32) from the human colorectum from a
GEO dataset (accession number GSE8671).384° (H) GUCA2A mRNA quantified by RT-PCR analysis
in FAP adenomas (n=5) and normal mucosa (n=6). Green, GUCA2A; blue, DAPI. *, p<0.05; **,

p<0.01; ***, p<0.001, ****, p<0.0001. Scale bar=100 um.

Figure 2. Retention of GUCY2C expression in tumors in human colorectum. (A-C) GUCY2C
protein quantified by (A-B) immunofluorescence or (C) immunoblot (canonical doublet at 140-
160 kDa) in adenocarcinomas (sporadic and FAP) and adenomas and normal mucosa. Where
appropriate, matched normal adjacent tissues (NAT) and tumors from the same patient are
highlighted with a connecting line. (D) GUCY2C mRNA quantified by RT-PCR in adenocarcinomas
and matched normal mucosa (n=17). (E) GUCY2C mRNA quantified by RT-PCR analysis in tubular
adenomas (n=8) and normal mucosa (n=9). (F) GUCY2C mRNA expression quantified by RNASeq
in carcinomas (n=339) and normal mucosa (n=51) from human colorectum from the TCGA
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database.3® (G) GUCY2C mRNA expression quantified by RNASeq in adenomas and matched
normal mucosa (n=32) from the human colorectum from a GEO dataset (accession number
GSE8671).3840 (H) GUCY2C mRNA quantified by RT-PCR analysis in FAP adenomas (n=5) and

normal mucosa (n=6). Red, GUCY2C; blue, DAPI. ns, not significant. Scale bar=100 um.

Figure 3. GUCA2A and GUCY2C in colonocytes following biallelic Apc in-activation in mice.
Wildtype (WT) and vil-Cre-ER™-Apck9/cK0 (CKO) mice received 100 mg/kg tamoxifen IP and
colons with crypts were harvested 5 days later. (A) Immunblot analysis of APC, B-catenin and its
downstream transcriptional targets. (B) Quantification of c-MYC and Axin2 mRNA by RT-PCR. (C)
H&E and PCNA* cell staining of colons from WT and CKO mice. (D) Immunoblot analysis of
GUCA2A, GUCY2C, and their downstream signaling target, phosphorylated (P-)VASP. (E)
Quantification of GUCA2A and GUCY2C mRNA by RT-PCR. (F) Immunofluorescence of GUCY2C
(magenta), GUCA2A (green) and DAPI (blue) in colons from WT and CKO mice. ns, not significant;

*, p<0.05; **** p<0.0001. Scale bar= 100 um.

Figure 4. Regulation of GUCA2A expression by APC-B-catenin-TCF signaling in human colon
cancer cells. (A-B) HT29 cells carrying a transgene containing wildtype APC under a zinc-inducible
promoter®® and treated with 300 uM zinc express wild type APC, with an associated loss of B-
catenin, in a time-dependent fashion. (C) Induction of wildtype APC reduced (red) downstream
transcriptional targets upregulated by B-catenin-TCF signaling and increased (green)
transcriptional targets downregulated by B-catenin-TCF signaling. (D-E) Wildtype APC induced
expression of GUCA2A (D) mRNA and (E) protein. (F-G) A transgene containing an siRNA to B-
catenin under the control of a doxycycline-inducible promoter in LS174T cells'® %4 suppressed the

accumulation of B-catenin when treated with 1 pg/mL doxycycline. (H) Suppression of B-catenin
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reduced (red) downstream transcriptional targets upregulated by B-catenin-TCF signaling and
increased (green) transcriptional targets downregulated by B-catenin-TCF signaling. (I-J)
Suppression of B-catenin induced expression of GUCA2A (I) mRNA and (J) protein. (K-L) A
transgene containing DNTCF under the control of a doxycycline-inducible promoter in DLD1
cells'® 44 inhibited TCF activity when treated with 1 ug/mL doxycycline. (M) Induction of DNTCF
reduced (red) downstream transcriptional targets upregulated by B-catenin-TCF signaling and
increased (green) transcriptional targets downregulated by B-catenin-TCF signaling. (N-O) DNTCF
induced expression of GUCA2A (N) mRNA and (O) protein. (C, H, M) Gene expression normalized
to non-induced cells and transformed to a logs scale. *, p<0.05; **, p<0.01; ***, p<0.001; ****,

p<0.0001.

Figure 5. APC-B-catenin-TCF signaling suppresses the expression of new guanylin mRNA
transcripts. (A) Schematic shows EU-incorporation into newly synthesized RNA, biotinylation by
click-chemistry, and isolation with magnetic streptavidin beads. (B-D) Treatment with 300 uM
zinc of HT29 cells carrying a transgene containing wild type APC under a zinc-inducible promoter*?
induced the accumulation of nascent guanylin mRNA transcripts labeled with EU. (E-G) Treatment
with 1 pug/mL doxycycline of LS174T cells carrying a transgene containing an siRNA to B-catenin
under the control of a doxycycline-inducible promoter!® 44 induced the accumulation of nascent
guanylin mRNA transcripts labeled with EU. (H-I) Treatment with 1 pg/mL doxycycline of DLD1
cells carrying a transgene containing DNTCF under the control of a doxycycline-inducible
promoter'® 4 induced the accumulation of nascent guanylin mRNA transcripts labeled with EU.

** n<0.01; ***, p<0.001; ****, p<0.0001.
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Supplementary Figures, Legends, and References

Supplementary Figures Legends

Supplementary Figure 1. GUCA2A expression in FAP patients. GUCA2A protein quantified by

immunohistochemistry in FAP adenomas and matched normal adjacent mucosa (n=6).

Supplementary Figure 2. Time course of B-catenin degradation induced by wild type APC in
HT29 cells. Treatment with 300 uM zinc of HT29 cells carrying a transgene containing wild type
APC under the control of a zinc-inducible promoter induced degradation of B-catenin. **, p<0.01;

kA% P<0.0001.

Supplementary Figure 3. Regulation of guanylin expression by DNTCF signaling in LS174T cells.
(A-B) A transgene containing DNTCF under the control of a doxycycline-inducible promoter in
LS174T cells'? suppressed the accumulation of B-catenin when treated with 1 ug/mL doxycycline.
(C) Induction of DNTCF reduced (red) downstream transcriptional targets upregulated by B-
catenin-TCF signaling and increased (green) transcriptional targets downregulated by B-catenin-
TCF signaling. Gene expression is normalized to non-induced cells and transformed to a log; scale.
(D-E) DNTCF induced expression of GUCA2A (D) mRNA and (E) protein. **, p<0.01; ***, p<0.001;

*xkx, P<0.0001.

Supplementary Figure 4. Time course of guanylin expression induced by DNTCF signaling in
LS174T cells. Treatment with 1 ug/mL doxycycline of LS174T cells carrying a transgene containing
DNTCF under the control of a doxycycline-inducible promoter’? induced expression of DNTCF

which preceded induction of GUCA2A mRNA expression. **, p<0.01; **** P<0.0001.

Supplementary Figure 5. TCF4 and B-catenin binding is absent in the GUCA2A locus. (A) UCSC

genome browser plots of SP5 (a canonical B-catenin/TCF4 target gene) and GUCA2A reveal



enrichment of B-catenin and TCF4 by ChIP-seq at the proximal promoter of SP5, and not GUCA2A,
in wild type mouse intestinal crypts, similar to tissues explored herein (see Figure 3). Genome
build mm9; GEO dataset GSE31939.34 (B) In human colorectal cell lines, ChIP-seq of B-catenin in
SW480 cells and TCF4 in HCT-116 cells reveals enrichment in the SP5, but not the GUCA2A, locus.
Genome build hgl9; GEO dataset GSE53927 (SW480 cells) and ENCODE transcription factor
binding track (HCT-116 cells).>® (C) Similarly, in LS180 human colon cancer cells, B-catenin and
TCF4 are enriched at the SP5, but not the GUCA2A, locus. Genome build hgl8; GEO dataset

GSE31939.78

Supplementary Figure 6. B-catenin-TCF-dependent transformation is associated with loss of
guanylin, but not the transcription factor HNFla. (A) HNF1oo mRNA expression quantified by
RNASeq in adenocarcinomas (n=212) and normal mucosa (n=40) from human colorectum from
the TCGA database. (B-C) Treatment with 1 ug/mL doxycycline of LS174T cells carrying a
transgene containing an siRNA to B-catenin or DNTCF under the control of a doxycycline-
inducible promoter induced the accumulation of guanylin protein, but did not affect levels of

HNFlo. **** P<0.0001.
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Supplementary Figure 2
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Supplementary Figure 3
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Supplementary Figure 4
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Supplementary Figure 5
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Supplementary Figure 6
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