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General Abstract

Cancer stem cell (CSC) theory posits that a subset of cancer cells has the

indefinite self-renewal ability to initiate and maintain tumor reconstitution. Therefore,

tumors are organized in a hierarchical fashion, equivalent to the normal tissue hierarchy

supported by stem cells. To accurately characterize CSCs, | focused on normal stem cell

related molecules (LGR5: Leucine-rich repeat-containing G-protein-coupled Receptor 5

and Insm1: Insulinoma-associated protein 1) and evaluated the relationship between

CSCs, drug resistance, and metastasis.

In colorectal tumors, LGR5-posotive (LGR5") cells were shown to have CSC

properties. In the presence of anticancer drugs, LGR5* cells were transformed into

LGR5-negative (LGR5") drug-resistant cells. Upon removal of anticancer drugs, LGR5

cells reverted to LGR5* and reconstituted hierarchical tumors in vitro and in vivo. In

addition, I found that HLA-DMA and epiregulin (EREG) can be used as markers of

LGR5" drug-resistant cells. Using these markers, | detected both LGR5* and HLA-

DMA'/EREG" cells in colon patients. For pancreatic neuroendocrine tumors, | used

RIP1-Tag2 (RT2) transgenic mice to establish a functional tumor (RT2 B6) model and a

non-functional stem cell type tumor (RT2 AB6F1) model. The results showed that

1



Insm1 was strongly expressed in RT2 B6, but only slightly expressed in highly
metastatic RT2 AB6F1. Using human cell lines, Insm1 deletion induced a CSC
phenotype and increased cancer invasion in vitro and cancer metastasis rates in vivo.
Thus, LGR5 and Insm1, which play important roles in normal stem cells, were found to
be associated with drug resistance and metastasis in CSCs. The results provide new

biological insights into drug resistance and metastasis of CSCs.



Abbreviations

ALDH

AML

CBC

CHO

CHTN

CMV

CSC

CSCs

DAPI

DNA

DPBS

EREG

ELISA

EMT

FBS

Insm1

aldehyde dehydrogenase

acute myelogenous leukemia

crypt base columnar

Chinese Hamster Ovary

Cooperative Human Tissue Network

Cytomegalovirus

cancer stem cell

cancer stem cells

4' 6-diamidino-2-phenylindole

deoxyribonucleic acid

Dulbecco's Phosphate-Buffered Saline

Epiregulin

Enzyme-Linked ImmunoSorbent Assay

Epithelial-Mesenchymal Transition

Fetal Bovine Serum

Insulinoma-associated protein 1



LGRS

MRL/lIprmice

NOG

NF-PanNETs

PanNETSs

PCR

PE

Q-PCR

RNA

RTPCR

RT2

SshRNA

SiRNA

TIA

TICs

Leucine-rich repeat-containing G-protein-coupled Receptor

MRL/MpJ-Tnfrsf6<lpr>/Crlj

NOD/Shi-scid, IL-2Rynull

nonfunctioning PanNETs

pancreatic neuroendocrine tumors

polymerase chain reaction

R-phycoerythrin

quantitative PCR

ribonucleic acid

reverse transcription polymerase chain reaction

RIP1-Tag2

short hairpin RNA

small interfering RNA

tumor initiating activity

tumor initiating cells



General Introduction

It is widely recognized that cancer is a heterogeneous disease, and it is
increasingly considered that heterogeneity within tumors contributes to treatment
failure, disease progression, recurrence, and metastasis (Hanahan & Weinberg, 2011).
Tumor heterogeneity is formed by extracellular matrix, stromal cells, immune cells, and
other cells, in addition to cancer cells. This complexity of the cancer may increase the
adaptability of the tumor to external stimuli such as drugs and radiation therapy,
ultimately contributing to treatment failure (Junttila and de Sauvage, 2013). Cancer cells
themselves may also alter cancer characteristics such as proliferation, invasion,
apoptosis, and metabolism. However, until recently, the mechanisms driving
heterogeneity within tumors were not known.

Research on how cancer heterogeneity develops is being actively pursued. For
example, advanced genome sequencing has demonstrated that cancers within patients
are a heterogeneous mixture of genetically distinct subclones (Burrell et al., 2013,
Greaves and Maley, 2012). In parallel, strong evidence is emerging that non-genetic
determinants, primarily related to developmental pathways, contribute to functional

heterogeneity (Dick, 2008, Mechaam and Morrison, 2013, Nguyen et al., 2012). These



non-genetic determinants are typically derived from normal stem cells that are capable
of self-renewal, which results in the formation of CSCs. The CSCs form a hierarchically
organized tumor with large populations of cell types, causing cancer heterogeneity. This
CSC model has attracted considerable interest because CSCs appear to have clinically
relevant properties.

The idea that cancer retains normal stem cell properties has a long history, and
many studies suggest that differentiated cells are produced by stem cells in tumors
(Cornheim, 1875, Pierce et al., 1960, Beilin et al., 1978, Bennett et al., 1978, Pierce and
Cox, 1978, Hager et al., 1981, Pierce and Speers, 1988). Based on these studies, the
CSC theory has been proposed. CSC research was accelerated by the development of
flow cytometer technology in the 1990s; in acute myelogenous leukemia (AML),
CD34" CD38 cells isolated by flow cytometers were shown to have a high tumor
initiating activity (Lapidot et al., 1994). Furthermore, CD34*CD38" cells were shown to
form hierarchically organized tumors (Bonnet and Dick, 1997). These studies provided
direct evidence in support of the CSC theory.

CSCs in solid tumors were first identified in human breast cancer (Al-Hajj et al.,
2003). CD447CD24  cancer cells were capable of self-renewal, the tumors derived from

these cells were histologically heterogeneous and similar to the parental tumor. These



results show that the CSC concept can be applied to solid tumors. Since the initial

publication on breast cancer, the CSC principle has been applied to tumors of the brain

(Singh et al., 2004), head and neck (Prince et al., 2007), pancreas (Hermann et al., 2007,

Li et al., 2007), lung (Eramo et al., 2008), prostate (Collins et al., 2005, Patrawala et al.,

2006), colon (O'Brien et al., 2007, Ricci-Vitiani et al., 2007), and sarcomas (Wu et al.,

2007). In addition, CSC markers for each cancer type were identified.

A fundamental property of stem cells, whether normal or malignant, is self-

renewal. Self-renewal is an important biological process in which stem cells produce

asymmetric or symmetric daughter cells while retaining the ability to self-renew during

cell division, and is important for maintaining stem cells. However, several studies have

only addressed tumor-initiating activity, overlooking self-renewal capacity. As a result,

cancer cells without self-renewal ability have also been reported as CSCs. To

distinguish such cells, we call them tumor-initiating cells (TICs). CSCs and TICs have

different characteristics, and a more accurate analysis of CSCs is needed to assess their

intratumoral heterogeneity and their association with drug resistance, metastasis, and

recurrence.

In this study, | analyze the relationship between CSCs, drug resistance and

metastasis using a normal stem cell marker to accurately characterize CSCs. In Chapter



I, I identify colorectal CSCs using the normal intestinal stem cell marker, Leucine rich
repeat containing G protein-coupled Receptor 5 (LGR5). LGR5 is expressed in the CBC
(crypt base columnar) cells of the normal intestine, and LGR5™ cells are known to be
intestinal epithelial stem cells that differentiate into four types of cells (Barker et al.,
2007). In addition, LGR5 activates the WNT signaling pathway by binding to the ligand
R-spondin. The WNT signaling pathway plays a crucial role in embryonic development,
tissue regeneration, and disease pathogenesis (Reya and Clevers, 2005) and is thought
to be essential for stem cell self-renewal and maintenance (de Lau et al., 2011). By
using specific antibodies against LGR5, LGR5" cells were purified and their CSC
properties were evaluated. Purified LGR5" cells, not LGR5" cells, reconstituted the
tumor hierarchy in vivo. With the medium containing R-spondin, LGR5" cells self-
renewed under the adherent condition. In addition, LGR5" cells transitioned to LGR5
cells upon exposure to an anticancer drug, and these LGR5" cells reverted to LGR5*
cells after culturing without an anticancer drug. Thus I find that LGR5" cancer cells
maintain their stemness, convert to LGR5™ drug-resistant cells, and reconstitute the
tumor hierarchy.

In Chapter II, I analyze the function of Insulinoma-associated protein 1 (Insm1)

in pancreatic endocrine tumors. Insm1 is a zinc finger transcription factor that is thought



to be essential for the development of pancreatic beta cells and enteroendocrine cells

(Gierl et al., 2006). During pancreatic development, Insm1 promotes the transition from

ductal progenitor cells to committed endocrine cells by regulating the expression of

gene networks including Neurog3 and Ripply3 (Osipovich et al., 2014). Insm1 is also

frequently expressed in insulinomas and other neuroendocrine tumors (Chen et al.,

2019). Here | show that Insm1 was highly expressed in human insulinomas but

unexpressed in NF-PanNETSs. Insm1-deficient human cell lines expressed stem cell

markers, were invasive in vitro, and metastasized at high rates in vivo. Thus I reveal that

Insm1 can be used to identify whether a PanNET is a insulinoma or a metastatic stem

cell type tumor, the deletion of Insm1 induces a CSC phenotype and increases cancer

metastasis.

By focusing on normal stem cell associated molecules (LGR5 and Insm1), |

show that CSCs retain the properties of normal stem cells, and form cancer

heterogeneity, leading to drug resistance and metastasis. The results of this study

provide new biological insights into drug resistance and metastasis of CSCs.



Chapterl: LGR5-positive colon cancer stem cells interconvert

with drug-resistant LGR5-negative cells

Abstract

The concept of CSCs has been proposed as an attractive theory for explaining
the development of cancer, and the CSCs themselves have been seen as targets for the
development of diagnosis and treatment. However, there remain many unanswered
questions about drug-resistant CSCs. | report here the establishment of colon cancer
CSC cell lines, the interconversion of CSCs between a rapid proliferating and a slow
cycling state, and the reconstitution of the tumor hierarchy. Stable cell lines with CSC
properties were established from human colon cancer following serial passages in
NOD/Shi-scid, IL-2Rynull (NOG) mice and subsequent adherent cell cultures. By
generating specific antibodies against LGR5, | demonstrated that these cells express
LGRS5 and undergo self-renewal within the media containing R-spondin. To evaluate
the drug sensitivity of these cells, LGR5" cells were treated with irinotecan, and resulted
in their transformation into drug-resistant LGR5 cells. Furthermore, LGR5" cells
converted to LGR5" after removal of irinotecan, then re-grew well. Analysis of DNA

microarrays and immunohistochemistry revealed that HLA-DMA was specifically
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expressed in drug-resistant LGR5 cells, and epiregulin was expressed in both LGR5"
and LGR5' cells. In addition, these cells were found in the tumor tissue of colon cancer
patients. These data demonstrate that Lgr5* cancer cells have stemness, convert to

LGR5" drug-resistant cells, and reconstitute the tumor.
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Introduction

In the normal intestine, LGRS is initially identified as a marker of normal stem

cells (Barker et al., 2007), and LGR5 activates the WNT signaling pathway by binding

its ligand, R-spondin. The WNT signaling pathway plays a crucial role in tissue

generation, and the WNT activation is thought to be essential for stem cell proliferation

and maintenance (Reya and Clevers, 2005, de Lau et al., 2011). LGR5* normal stem

cells self-renew upon activation of the WNT signaling. Similar to normal tissues, LGR5

is thought to play an important role in colorectal CSCs (Barker et al., 2009, Vermeulen

et al., 2008, Takahashi et al., 2011, Takeda et al., 2011). For example, LGR5" cells

formed adenomas by excessive activation of the WNT signaling, and LGRS expression

was observed in several colon cancer cell lines (Barker et al., 2009). Although it is clear

that LGR5 is an important molecule for the identification of CSCs in the colon, it has

not been evaluated as a CSC marker due to the lack of specific antibodies to LGRS,

which is essential for the isolation and identification of CSCs.

The difficulties in studying CSCs are due to the heterogeneity of cell types and

the rarity of CSCs in tumor tissues. There have been a lot of attempts to enrich and

isolate CSCs with spheroid cultures in vitro, to sort cells with CSC markers, and to

directly xenotransplant cancer cells in immunodeficient mice (Lapodpt., 1994, Al-Hajj
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et al., 2003, Singh et al., 2004, O'Brien et al., 2007, Ricci-Vitiani et al., 2007). While
these methods enrich CSCs, they produce heterogeneous cell populations and are not
sufficiently effective at isolating and maintaining pure CSC populations (Vermeulen et

al., 2010).

Here | report the identification and the establishment of human colon cancer cell
lines that express LGR5 and possess CSC properties. Cell lines were created using
serial passages of colorectal cancer cells xenotransplanted into NOG mice followed by
an adherent cell culture. For this purpose, | generated antibodies that are specific to
LGR5. Obtained LGR5" cells self-renewed under the culture condition with the medium
containing R-spondin. In addition, LGR5" cells transitioned to LGR5" cells upon
exposure to an anticancer drug, and these LGR5" cells reverted to LGR5" cells after
culturing without an anticancer drug. Through gene expression profiling, | demonstrated
that HLA-DMA, which belongs to the HLA class Il alpha chain paralogues, is
expressed in drug-resistant LGR5" cells and epiregulin (EREG), a member of the
epidermal growth factor family, is expressed in both proliferating LGR5* and drug
resistant LGR5™ cells. By using antibodies against LGR5, HLA-DMA and EREG, |
demonstrate the existence of LGR5" and LGR5" cells in tumor xenografts and in the

tissues in colorectal cancer patients. This is the first stable cell line with CSC properties
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and the ability to transition between a rapid proliferating and a slow cycling state. Thus,
LGR5" colon CSCs interconvert with drug-resistant LGR5" cells and are capable of
tumor reconstitution. This suggests the physiological importance of CSCs in tumor

recurrence after drug treatment.
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Materials and Methods
Preparation of monoclonal antibodies against LGR5

Anti-LGR5monoclonal antibodies, 2L36 and 2U2E-2, were obtained by DNA
immunization and protein immunization, respectively. For DNA immunization, plasmid
DNA encoding LGR5 was transferred once a week 6 times to the abdominal skin of 6-
week-old female MRL/lIpr mice (MRL/MpJ-Tnfrsf6<lpr>/Crlj) (Charles River Japan)
using a Helicos Gene Gun (BioRad) at a pressure of 200 to 300 psi. At the final
immunization, 1x10%cells of CHO DG44 (Life technologies) expressing LGR5 were
intravenously injected. The splenocytes were resected 3 days after the final
immunization and fused with P3-X63-Ag8U1 mouse myeloma cells (ATCC). 2L.36 was
obtained by screening the culture supernatants of hybridoma by flow cytometry
(Kremer et al., 2004).

The N-terminal region of LGR5 (amino acid 1-555) was expressed as a fusion
protein with the Fc region of mouse 1gG2a in CHO DG44 cells. The LGR5-Fc protein
secreted in the culture medium was purified with HiTrap Protein A FF column (GE
Healthcare), and then 6-week-old female Balb/c mice (Charles River Japan) were
immunized subcutaneously with 50ug of the LGR5-Fc protein emulsified in Freund’s

Complete Adjuvant (Difco). Immunization was repeated once a week for two weeks
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with the same amount of the LGR5-Fc protein in Freund’s Incomplete Adjuvant
(Difco). Three days before cell fusion, mice were injected intravenously with 25ug of
the LGR5-Fc protein. Hybridomas were generated as described above, and the antibody
2U2E-2 was selected by ELISA with the LGR5-Fc protein.
Establishment of human colon cancer patient derived xenografts

Colon cancer specimens were obtained from consenting patients, as approved by
the ethical committee at Pharmalogicals Research and Parkway Laboratory Services in
Singapore. Pieces of tumors were minced with scissors and implanted into the flank of
NOG mice (Central Institute for Experimental Animals). The human colon patient
derived xenografts were maintained by passages in NOG mice. All studies and
procedures involving animal subjects were approved by the Animal Care and Use
Committee at PharmalLogicals Research and the Institutional Animal Care and Use
Committee at Chugai Pharmaceutical Co., Ltd.
Establishment of colon cancer cell lines with cancer stem cell properties

Single cell suspension of cancer cells from the xenografts was prepared by
mincing the tissues with scissors, incubated in DPBS containing collagenase/dispase
(Roche) and DNase | (Roche) at 37°C for 3 hr followed by filtration with a 40 pm cell

strainer (BD Biosciences) and suspending in red blood cells lysing buffer (BD

16



Biosciences). The cells were cultured in a stem cell medium [ DMEM/F12 medium
(Life technologies) supplemented with N-2 supplement (Life technologies), 20 ng/mL
human EGF (Life technologies), 10 ng/mL human basic fibroblast growth factor
(Sigma), 4 pg/mL heparin (Sigma), 4 mg/mL BSA (Life technologies), 20 pg/mL
human insulin, zinc solution (Life technologies), and 2.9 mg/mL glucose (Sigma) ] at
37°C under 5% CO2 (Todaro et al., 2007). Drug resistant LGR5" cells were obtained by
treating the adherent LGR5" cells with 10 pg/mL of irinotecan (Hospira) for 3 days.
Sorting of the LGR5* and LGR5" cells

The primary cells from xenografts were incubated with the anti-LGR5 antibody
(2L36, 2 pg/mL) and then PE-labeled anti-mouse IgG2a (Life technologies, 1/200
dilution). Mouse cells were discriminated from the human colon cancer cells by staining
with anti-mouse MHC class | antibody (Abcam, ERMP42, 0.1 pug/mL) and APC-labeled
anti-rat 1gG (BioLegend, 1/100 dilution). Dead cells were removed by 7-AAD Viability
Dye (Beckman Coulter). Flow cytometry analysis and cell sorting were performed using
a MoFlo XDP (Beckman Coulter) cell sorter.
Flow cytometry analysis

The cells were incubated with the labeled antibodies. Antibodies used were PE-

labeled anti-CD133 antibody (Miltenyi Biotec, 1/11 dilution), PE-labeled anti-CD44

17



antibody (BD Bioscience, 1/11 dilution), FITC-labeled anti-EpCAM antibody (Miltenyi

Biotec, 1/11 dilution), PE-labeled anti-CD166 antibody (R&D Systems, 1/25 dilution),

PE-labeled anti-CD24 antibody (BD Bioscience, 1/11 dilution), PE-labeled anti-CD26

antibody (BD Bioscience, 1/11 dilution) and PE-labeled anti-CD29 antibody (BD

Bioscience, 1/11 dilution). Activity of ALDH was analyzed using the AldeFluor Kit

(StemCell Technologies) according to the manufacturer’s instructions. Mouse cells

were discriminated from the human colon cancer cells by staining with anti-mouse

MHC class I antibody (Abcam, 0.1 ug/mL) and PE- or APC-labeled anti-rat 1gG

(BioLegend, 1/100 dilution). Dead cells were removed by 7-AAD Viability Dye

(Beckman Coulter). Flow cytometry analysis was performed using an EPICS ALTRA

(Beckman Coulter).

Tumor initiating activity (TI1A) assay

Cells suspended in Hank’s balanced salt solution (Life technologies) with 50%

matrigel were subcutaneously inoculated into the flanks of NOG mice. For single cell

inoculation, cells were stained with FITC-labeled anti-EpCAM antibody

(MiltenyiBiotec, 130-080-301) and seeded in Terasaki plates (Thermo Fisher

Scientific). Single-cell observation can be accurately performed on the Terasaki plate.

After the presence of a single cell in each well was confirmed under a fluorescence

18



microscope, the single cell in 50uL of 50% matrigel was inoculated into the flank of

mice.

Histological examination

Small pieces of surgical specimens of human tissues and of the xenograft tumor

tissues were fixed with 4% paraformaldehyde at 4°C for 16 to 24 hr and embedded in

paraffin by the AMeX method (Sato et al., 1986, Suzuki et al., 2002). After washing the

in vitro cultured cells with PBS-EDTA, the cells were fixed with 4% paraformaldehyde

at 4°C for 2 hr, suspended in 0.5 mL agarose, and embedded in paraffin with the AMeX

method. Thin sections were subjected to hematoxylin & eosin staining and to

immunohistochemistry.

Immunohistochemistry

Thin sections from the above mentioned paraffin blocks were incubated with

anti-LGR5 antibody (2U2E-2, 1ug/mL), anti-EREG antibody (10ug/mL), anti-E-

cadherin antibody (Abcam, 2.5ug/mL), anti-HLA-DMA antibody (Sigma, 2.5ug/mL) or

FITC-labeled anti-Ki67 antibody (Abcam, 2.5 ug/mL). After the incubation with the

primary antibodies, the sections were incubated with a secondary antibody conjugated

with polymer-HRP (DAKO or Vector Laboratories) or biotin, and the proteins were

visualized by AlexaFluor 488-labeled tyramide (Life technologies, 1/100 dilution),
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AlexaFluor 568-labeled tyramide (Life technologies, 1/100 dilution), or AlexaFluor
568-labeled streptavidin (Life technologies, 2ug/mL). For immunofluorescent
cytochemistry, cells were fixed with 4% paraformaldehyde and permeabilized with
0.1% Triton-X 100 (Sigma), and incubated with anti-LGR5 antibody (2L36, 2 pug/mL).
After the incubation with the primary antibodies, the cells were incubated with
AlexaFluor 488-labeled anti-mouse IgG (Life technologies, 1/100 dilution). Those
specimens and cells were also stained with DAPI (Life technologies).
Induction of the transition between LGR5* and LGRS states in single cell culture
LGR5" cells were sorted with an anti-LGRS5 antibody, and single LGR5" cells
were cultured in 96-well microplates. To obtain drug resistant LGR5 cells, LGR5" cells
were treated with 10 pug/mL of irinotecan for 3 days. Single LGR5" cells were cultured
in 96-well microplates for 4 days. The medium used for the single cell culture contained
10% conditioned medium of the in vitro cultured LGR5" cells under an adherent
condition. LGR5" and LGR5' states of the cells were confirmed by
immunocytochemical analysis with anti-LGR5 antibody.
Statistical analysis
The Mann-Whitney U test was applied to determine the statistical significance

of the differences in the numbers of tumor nodules in a metastatic tumor model. The

20



statistical analysis was carried out with an SAS preclinical package (SAS Institute,

Inc.). P values smaller than 0.05 were considered significant.
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Results

Generation and characterization of specific antibodies against LGR5

An antibody specific to LGRS is essential for the isolation and characterization

of CSCs in the colon, but such antibody has not been yet available. Therefore, | aimed

to generate anti-LGR5 antibodies which allow me to isolate and analyze cells with CSC

properties of the colon. Two monoclonal antibodies, 2L36 and 2U2E-2, specific to

LGRS5 were obtained. The regions of the LGR5 protein that contain epitopes of these

antibodies are shown in Fig. 1A. Both antibodies were tested by immunohistochemistry

and flow cytometry using the CHO cells expressing LGR5 or highly related proteins

LGR4, or LGR6.When used for immunostaining, both 2L.36 and 2U2E-2 recognized

CHO cells expressing LGR5 but not those expressing LGR4 or LGR6 (Fig. 1B). In flow

cytometry analysis, only 2L.36 had a strong reaction with CHO cells expressing LGR5

(Fig. 1C). Furthermore, the 2U2E-2 antibody reacted specifically with crypt base

columnar cells in the normal human intestine (Fig. 1D).

Human colon patient derived xenografts with cancer stem cell properties

Previously, 11 human colon patient derived xenografts using NOG mice were

established (Fujii et al., 2008). | used two moderately differentiated colon cancer

xenografs, PLR59 and PLR123. These xenografts were chosen because they grew more
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rapidly while maintaining the ability to reconstitute tumors with epithelial ducts and
small budding clusters even after ten passes in NOG mice (Fig. 2A). In the epithelial
ducts of the tumors, differentiated cancer cells that showed a goblet cell-like phenotype
were also observed in the xenotransplanted tumor tissues (Fig.2A inset). To confirm the
presence of CSCs in xenotransplanted tumor tissues, | used immunohistochemical
staining for the LGR5 protein that marks the CSCs of the colon. A small number of
LGR5" cells were detected in the original tumor tissues and the passaged xenografts of

PLR59 and PLR123 (Fig.2B).

Tumorigenicity of the sorted LGR5* and LGR5 cells

In order to examine the ability of LGR5" and LGRS cells to form tumors in
vivo, I sorted the LGR5" and LGRS populations from the primary cells of patient-
derived xenografts. Anti-LGRS antibody 21.36 was used for the cell sorting. About 93%
of the cells in the LGR5" fraction were LGR5", and more than 99% of the cells in the
LGRS fraction were LGRS (Fig. 3A). When 1,000 cells were subcutaneously injected
into NOG mice, the sorted LGR5" cells formed large visible tumors by day 34 after the
inoculation, but the LGRS cells gave rise to only very tiny tumors by day 34 (Fig. 3B).

Cancer stem cell properties of the established colon cancer cell lines
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The main properties of CSCs are self-renewal, TIA and the reconstitution of a
tumor tissue hierarchy of differentiated cells. In an attempt to establish cell lines with
CSC properties, I used adhering cultures of cells derived from PLR59 and PLR123
xenografts in which the existence of LGR5" cells was confirmed (Fig. 4A). When the
cells derived from PLR59 and PLR123 were cultured in an adherent condition with the
medium containing R-spondin, the cells grew fast with a doubling time of
approximately 2.5 days and showed epithelial morphology (Figs.4B, 4E).

In the TIA assay using NOG mice, the subcutaneous injection of 10 cells from
primary tumors did not reconstitute the tumors, while 10 cells from adhering cultures
formed tumors in all six injection sites, and even one single cell injection of an adhering
cell reconstituted the tumors. The adherent culture has been effectively enriched with
TI1A-bearing cells. The histological morphology of the tumors from the adherent cells
was almost identical to that of the original tumors (Fig.4C). Moreover, the TIA of the
adhering cells was maintained even after the cells were cultured for more than a month.

Surface markers for PLR59 and PLR123 adherent cells were examined and
found to be clearly positive for all previously reported known colon CSC markers:
LGR5*, ALDH", CD133", CD44", EpCAM™, CD166", CD24", CD26" and CD29"

(Fig.4D). Additionally, expression of the cell surface markers remained unchanged even
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after one month of cell culture. One of the characteristics of CSCs is the symmetric cell
division for self-renewal. The LGR5" adherent cells divided symmetrically in the
adherent culture conditions with the medium containing R-spondin (Fig.4E). R-spondin
induced self-renewal of CSCs. In the presence of matrigel and FBS, however, LGR5*
cells underwent asymmetric cell divisions, as demonstrated by the segregation of LGR5
protein into one of two daughter cells (Fig.4F), generating two different daughter cells.
Interconversion between LGR5* proliferating and LGR5" drug-resistant states

I next asked whether the LGR5™ cells exhibited a drug-resistant state, which is
considered to be a typical feature of CSCs. I treated CSC cell lines (PLR59 and
PLR123) and commercially available colon cancer cell lines (HCT116, HT-29 and
LOVO) with irinotecan for 3 days. In CSC cell lines, about 80% of the cells were
resistant to irinotecan. In addition, CSC cell lines regrew well after removal of
irinotecan. On the other hand, only 30% of HCT116 cells were resistant to irinotecan
and no regrowth was observed. None of the HT-29 and LOVO cells survived with
irinotecan treatment (Figs. 5A, 5B).

Following treatment of the CSCs with irinotecan for 3 days, the surviving cells
became LGRS, although they retained other colon CSC markers (Figs. 6A, 6B). After

removal of irinotecan, LGR5™ drug-resistant cells became positive for LGR5 and
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resumed proliferation after re-culture (Figs.6A, 6B). In order to exclude the possibility
of cell contamination, the transition from the LGR5" state to an LGR5" state and vice
versa was also confirmed by observation of single cells in culture. When single LGR5*
cells were cultured in multiwell plates, the cells transitioned to an LGR5" state within 3
days after irinotecan treatment. When single LGR5" cells treated with irinotecan were
cultured in multiwell plates without irinotecan, 19 to 43% of the cells converted to the
LGR5" state within 4 days (Fig. 6C). It was confirmed that the contaminated LGR5*
cells did not survive. In order to confirm the proliferation of the LGR5" cells and drug-
resistant LGR5™ cells, | also double stained LGR5 and Ki67 with the in vitro cultures of
the LGR5" and the LGR5" cells. The expression of LGR5 correlated well with Ki67
staining: LGR5" cells were positive for Ki67, and LGR5" drug-resistant cells were
negative for Ki67 (Fig. 6D).
Identification of specific marker for LGR5" cells

To detect drug-resistant LGR5" cells, | attempted to identify the genes that are
upregulated in the drug-resistant LGR5" cells by comparing the gene expression profiles
of the drug-resistant LGR5" cells, the LGR5" cells, and the primary cells from the
xenografts. From gene expression analyses of DNA microarray, the first 20 genes

encoding membrane proteins with the biggest change are shown in heatmap (Fig. 7A).
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Genes that have increased mRNA expression in drug-resistant LGR5™ cells include

MHC class Il related genes (HLA-DMA, HLA-DMB), adhesion molecule related genes

(AMIGO2, FLRT3, GJB5, CLDN1), G-protein coupled receptor protein signaling

pathway related genes (GPR87, GPR110, GPR172B, GNAI1, ABCAL1) and immune

signaling related genes (TNFSF15, BLNK, FAS, TMEM173).

Immunohistochemical staining of cells cultured in vitro with antibodies

confirmed that HLA-DMA was quite specifically expressed in the drug-resistant LGR5

cells (Fig. 7B). HLA-DMA was located in intracellular vesicles, and therefore could not

be used for cell sorting. Nevertheless, HLA-DMA can be a useful molecule for the

identification of the LGR5" cells in xenografts as well as in clinical specimens. | also

looked for genes that were expressed in both LGR5" and drug-resistant LGR5" cells and

identified EREG (Fig.7A). Immunohistochemical staining with a monoclonal antibody

to EREG confirmed the expression of EREG in LGR5" and LGR5™ cells (Fig.7B). By

combining these markers, LGR5" cells can be detected as HLA-DMA and EREG double

positive cells.

Reconstitution of the epithelial cell type tumor hierarchy from LGR5" cells

I next examined the possibility of converting LGR5™ cells into drug-resistant

cells in vivo. NOG mice with LGR5* cell-derived tumors were administered
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intraperitoneally with 120 mg/kg of irinotecan. Tumor growth was almost completely
inhibited (Fig.8A) and ductal structures were mostly destroyed (Fig.8B). In these
conditions, the LGR5™ cells were markedly decreased (Fig.8B). There was a significant
increase in HLA-DMA-positive cells, which are LGRS, after irinotecan treatment. In
contrast, about one-third of the cancer cells were LGR5" in the vehicle-treated control
mice. Both LGR5" cells and HLA-DMA*/LGR5' cells were positive for EREG
(Fig.8B). The LGR5" cells reappeared after stopping irinotecan treatment (Fig.8B). As a
result, tumor reconstitution occurred through the LGR5" cells.
The existence of both LGR5* and LGR5- cells in human colon cancers

I questioned whether LGR5" and LGR5 cells could be detected in tissue
samples of clinical colon cancers. While rare, the LGR5" cells and the LGR5" cells that
were HLA-DMA*/EREG™" were present in patients’ primary colon cancer tissues
(Fig.9A). Of the 12 cancer tissues in the human colon, both LGR5* and LGR5" cells
were detected in 8 cases, and either LGR5* or LGR5" cells were found in the other 4
cases. The percentages of the LGR5" and LGR5" cells in those cases ranged between
0.003-1.864% for the LGR5" and 0.001-0.243% for the LGR5" cells. Both LGR5" and

LGR5™ cells were detected in ducts and budding areas (Fig.9A). Furthermore, in clinical
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specimens, LGR5" cells were positive for Ki67, and LGR5/HLA-DMA" cells were

negative for Ki67 (Fig. 9B).
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DISCUSSION

Stem cell markers such as CD133, CD44, CD166, and ALDH have been used to
identify and isolate colon CSCs (O'Brien et al., 2007, Ricci-Vitiani et al., 2007). Colon
CSCs have been found in cell subpopulations positive for these markers; however, none
is a definitive marker for colon CSCs. There is evidence that LGR5 marks normal
intestine stem cells (Barker et al., 2007, Barker et al., 2009). In spite of this evidence,
LGRS5 remains unexplored in human CSCs due to a lack of specific antibodies (Barker
et al., 2010). In this study, I have successfully generated monoclonal antibodies that are
highly specific to LGRS that can be applied to immunostaining, flow cytometry, and
cell isolation. With the help of these unique LGR5 antibodies, | was able to define
LGR5" cells as proliferating colon CSCs. In the development of pure CSC cell lines, |
examined whether spheroid or adherent cultures would be useful for the enrichment of
CSCs. Many attempts have been made to isolate and enrich CSCs in vitro using
spheroid cultures (Vermeulen et al., 2008, Vermeulen et al., 2010). Findings from this
study showed that in spheroid cultures LGR5" cells self-renewed and differentiated in
vitro, resulting in a heterogeneous cell population as reported in other studies
(Vermeulen al., 2008, Emmink et al., 2010). By contrast, adherent cultures with the

medium containing R-spondin maintained only self-renewed LGR5" cells and prevented
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their differentiation. Thus, adherent LGR5" cell lines are a highly homogeneous cell
population with CSC characteristics and strong TIA. Only a few reports on the
utilization of adherent culture for CSCs have been published on gliomas and breast
cancer (Pollard et al., 2009, Scheel et al., 2011). In this study, | found a new potential

for adherent cultures in isolating stable cell lines with CSC characteristics.

Based on established LGR5* cell lines, definitive evidence was obtained for
LGR5 subpopulations resistant to anticancer drugs such as irinotecan. LGR5" cells
exhibited a number of CSC features such as symmetric and asymmetric cell division,
TIA, and the ability to produce a tumor hierarchy of different cell types. Furthermore,
these cell lines interconverted between two separate states, a LGR5" proliferation state
and a LGR5" slow cycling drug resistance state. While the formation of tumors from
drug-resistant LGR5™ cells in NOG mice was observed, the TIA of drug-resistant LGR5"
cells was slightly lower than that of LGR5*. Drug-resistant LGR5™ cells were initially
converted into LGR5" cells when tumor hierarchy was established in vivo. In vivo
irinotecan treatment results suggest that anticancer drugs induce the transition of LGR5*
cells into LGR5" drug-resistant cells, and these drug-resistant cells revert into LGR5"
cells after the drug treatment has been discontinued. | was able to detect LGR5" and

LGR5 cells in the tissues of colorectal cancer patients. These findings may explain why
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some rare populations of CSCs survive drug therapy and result in tumor recurrence. If

this hypothesis is correct, the CSC cell line provides a new way to test drugs that kill all

the cancer cells in a tumor.

CSCs self-renew and produce differentiated cancer cells. In fact, LGR5" cells

exhibited the ability to undergo asymmetric cell division, generating two different

daughter cells in vitro and reconstituting tumor hierarchy in vivo. However, it is still

unknown whether there is a transition from differentiated cancer cells to CSCs. Gupta et

al. proposed a stochastic state transition of cancer cells (Gupta et al., 2011). Using

breast cancer cell lines, they demonstrated that differentiated cancer cells possessed

plasticity and changed to CSCs to maintain phenotypic proportions within tumors,

although the frequency was very low (between 0.01% and 0.1%). In this study, tumor

formation was detected in the 99.2% pure LGR5™ population, which is considered to be

differentiated tumor cells. Therefore, the potential for differential cell reversion to CSCs

cannot be excluded.

I have established human colon cancer cell lines that express LGR5 and possess

CSC properties. After treatment of the proliferating LGR5" cells with an anticancer

agent, the LGR5" cells changed to a drug-resistant LGR5™ state. In addition, the LGR5™

cells converted to an LGR5" state in the absence of the drug, suggesting the presence of
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CSCs capable of interconverting between the two different states to adapt to the external

environment. Using antibodies against LGR5, HLA-DMA, and EREG, | show the

existence of LGR5" and LGR5™ cells in xenotransplanted tumor tissues and in human

colon cancer tissues from patients. This suggests the clinical importance of CSCs in

drug resistance and tumor recurrence.
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Figure. 1: Antigen-specific binding of anti-LGRS5 antibodies.

(A): Regions of the LGR5 protein that contain epitopes of the anti-human LGR5

monoclonal antibodies, 2L.36 and 2U2E-2. The monoclonal antibodies, 2L.36 and 2U2E-

2, were obtained by immunizing the LGR5 cDNA and N-terminal region of the protein,

respectively. Green bars correspond to the regions containing epitopes. (B, C): Specific

binding of the anti-LGRS5 antibodies to the antigen. (B): Immunocytochemistry of CHO

DG44 cells transfected with the LGR4, LGR5, or LGR6 cDNA. 2L36 and 2U2E-2

recognized the cells expressing LGR5 but not those expressing LGR4 or LGR6. (C):

Flow cytometry analysis of CHO DG44 cells transfected with the LGR4, LGRS5, or

LGR6 cDNA. 2L.36 reacted with the cells expressing LGRS but not those expressing

LGR4 or LGR6. (D): Staining of the crypt base cells in normal human intestine. The
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thin sections of the normal human intestine were stained with 2U2E-2. Specific

fluorescence was observed in the crypt base columnar cells (arrows).
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Figure. 2: Characteristics of human colon patient derived xenografts, PLR59 and

PLR123

(A): Histology of surgically resected tumors of PLR59 and PLR123 and xenograft
tumor tissues. Tumors derived from PLR59 and PLR123 had tubular structures
containing goblet cells (inserts) and budding cluster (arrows). Bar = 50 pm. (B):

Immunostaining of LGRS in the surgically resected tumors (PLR123) and xenografts
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derived from PLR123. Sections were stained with the anti-LGR5 antibody. Bar = 25

um. Original, surgically resected tumors from patients.
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Cell sorting using anti-LGRS antibody

Before sorting LGR5™ fraction LGRS fraction
(92.56%) (99.22%)
- 2 2
= 2 2

‘ - -

Control mouse MHC mouse MHC

800 LGR5™ fraction

200 LGR5" fraction

Tumor volume (mm?)
D
o
o

1% 20 26 30 35
Days after inoculation of sorted cells

Figure 3. Tumorigenicity of the sorted LGR5* and the LGR5" cells.

(A): Flow cytometry analysis of the sorted LGR5" and LGR5" populations from the
primary cells of PLR123 xenografts. Percentages indicate the purity of the sorted cell
population. (B): Tumor formation by the sorted LGR5" and the LGR5" cells. One

thousand cells of the sorted LGR5" and the LGR5 populations suspended in Matrigel
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were subcutaneously inoculated into NOG mice, and tumor volume was measured.

Mean + SD of six tumors is shown.
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Figure 4. Characteristics of colon cancer cell lines with cancer stem cell properties.
(A): Schematic representation of the process of establishing colon cancer cell lines. (B):
Phase contrast microscopy of the cells in the LGR5 cell lines. Cells were collected
from xenografts of PLR59 and PLR123 after more than 10 passages in NOD/Shi-scid,
IL-2R vy null (NOG) mice and cultured under an adherent culture condition. Bar = 20
um. (C): Histology of the tumors derived from the LGR5" cells from PLR59 and
PLR123 xenografts. Ten or single LGR5* cells from the adherent cultures of the cells
derived from PLR59 and PLR123 xenografts were subcutaneously injected into NOG
mice. Bar = 50 um. (D): Expression of CSC markers. The primary cells from xenografts
of PLR59 and PLR123 after more than 10 passages in NOG mice (upper) and the
LGR5" cells cultured under an adherent culture condition (lower) were analyzed by
flow cytometry. Shadow, Fluorescent intensities after staining with the indicated
antibodies or ALDH activity; Open, Fluorescent intensities after staining with control
isotype antibody or ALDH activity with an ALDH inhibitor. (E): Symmetric division of
the LGR5" cells. The LGR5* cells stained with PKH67 dye were cultured for 72 hours
and examined by fluorescent microscopy. Bar = 20 um. (F): Symmetrical (upper) and
asymmetrical (lower) divisions of the LGR5" cells in the presence or absence of

Matrigel and fetal bovine serum. Photographs of the cells were taken after single
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division (left) and after two or three divisions (right). The LGR5" cells were cultured for

48-72 hours and stained with the anti-LGR5 antibody. Bar = 20 um.
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Figure 5. Effect of irinotecan on survival and re-growth of LGR5* cells.

(A): Percentage of viable cells after treatment of irinotecan. After treatment of the CSC
cell lines (PLR59 and PLR123), HCT116, HT-29 and LOVO cells with 10 pg/mL
irinotecan for 3 days, percentage of viable cells was calculated. The results are the mean
of three independent experiments. Bars on each column indicate standard deviations.
(B): Growth of drug resistant cells from PLR59, PLR123, and HCT116. 3x10*cells
were cultured for 7 days under an adherent condition, and number of viable cells were
counted. Black column: number of viable cells when seeded, Gray column: number of

viable cells after culturing the cells for 7 days.
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Figure 6. Transition of the colon cancer stem cells between LGR5* and LGR5"

states in vitro.

(A): Immunostaining of LGRS after treatment of the LGR5" cells with irinotecan. The

adherent LGR5" cells from PLR123 xenografts cultured in the presence of irinotecan
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became LGR5". The drug-resistant LGR5- cells were re-seeded and further cultured in

the absence of irinotecan for the indicated days. The LGR5" cells appeared 4 days after

the reseeding and increased by 8 days. Bar = 50 um. (B): Expression of CSC markers.

The LGR5" cells from the adherent cultures from PLR123 xenografts before (top) and

after treatment with irinotecan (middle) were analyzed by flow cytometry. Cells

reseeded after irinotecan treatment (bottom) were also analyzed. Shadow, Fluorescent

intensities after staining with the indicated antibodies or ALDH activity; Open,

Fluorescent intensities after staining with control isotype antibody or ALDH activity

with an ALDH inhibitor. (C): Interconversion of the LGR5* and LGR5" states in vitro.

LGR5" cells collected by flow cytometry were seeded by limiting dilutions and cultured

under an adherent culture condition in the presence of irinotecan for 3 days. Drug-

resistant LGR5 cells that had been treated with irinotecan were seeded by limiting

dilutions and cultured under an adherent culture condition for 4 days. The cells were

stained with anti-LGR5 antibody to confirm the expression of LGR5. LGR5 was

visualized by R-phycoerythrin (PE) -labeled anti-mouse 1gG (red) or by AlexaFluor

488-labeled anti-mouse 1gG (green). (D): Ki67 staining of the LGR5" and drug-resistant

LGRS cells. In vitro cultures of the LGR5" cells and the drug-resistant LGR5" cells
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obtained by the treatment of the adherent LGR5™ cells with irinotecan were double

stained with the anti-LGR5 antibody and an anti-Ki67 antibody. Bar = 50 um.
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Figure 7. Identification of specific marker for drug resistant LGR5" cells

(A): DNA microarray. RNA prepared from the primary cells from xenografts, LGR5*
cells, and drug-resistant LGR5" cells derived from PLR59 and PLR123 were analyzed
by Affymetrix U133. Heat map of 20 genes whose expression was markedly
upregulated in the drug-resistant LGR5" cells as compared to the LGR5" cells (left), and
that of 20 genes whose expression was increased in both LGR5" and drug-resistant
LGR5" cells as compared to the primary cells from the xenografts (right) are shown.
Blue colour represents low expressed genes and red colour represents highly expressed
genes. (B): Expression of HLA-DMA and EREG in LGR5" and drug-resistant LGR5

cells. The LGR5* (left) and drug-resistant LGR5" cells (right) derived from PLR123
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xenografts were stained with anti-LGR5 antibody (top), anti-HLA-DMA antibody

(middle), and anti-EREG antibody (bottom). Bar = 10 um.
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Figure 8. Identification of drug-resistant LGR5" cells and transition of the colon

cancer stem cells between LGR5" and LGR5- states in vivo.

(A): Tumor volume of the xenografts. The LGR5" cells of PLR123 were

subcutaneously injected into NOG mice, and the mice were administered irinotecan

(120 mg/kg per day) 12, 15, and 18 days after the inoculation of the tumor cells. The

tumor volume of the control mice (black line) and that of the mice which received

irinotecan (red line) are shown. Each value represents mean = SD (n =5). (B):

Histology and immunostaining for LGR5, HLA-DMA, and EREG of the tumors after

treatment of irinotecan. Sections of the xenografts in (A) were excised from the mice at

the indicated days after the inoculation of the LGR5" cells and stained with H&E, anti-

LGRS antibody, anti-HLA-DMA antibody, or anti-EREG antibody. Bar = 25 um.
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Figure 9. Presence of LGR5" and LGR5" cells in colon cancer and liver metastatic

colon cancer from patients.
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(A): The same section of the primary colon cancer tissues from patients was stained
with H&E or antibodies against LGR5, HLA-DMA, and EREG. LGR5" and
EREG*/HLA-DMA" cells are detected in both ductal structures and budding areas of
the primary and liver metastatic tumors. LGR5" cells present as single cells are also
found in the interstitium. Similar staining patterns were observed in several tumor
tissues from different patients. Arrows indicate typical LGR5" cells, and arrow heads
indicate typical LGR5/EREG*/HLA-DMA" cells. Bar = 10 pm. (B): Ki67 staining of
the LGR5" and the HLA-DMA cells in colon cancer tissues from patients. The sections
of the primary colon cancer tissues from patients in (A) were double stained with an
anti-Ki67 antibody and anti-LGR5 antibody or anti-HLA-DMA antibody. Arrows:

LGR5*/Ki67* cells, Arrow head: HLA-DMA*/Ki67" cells. Bar = 10 pm.
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Chapter 2: Alleles of Insm1 determine whether RIP1-Tag?2
mice produce insulinomas or nonfunctioning pancreatic

neuroendocrine tumors

Abstract

The two most common types of pancreatic neuroendocrine tumors (PanNETS)
are insulinomas and nonfunctioning PanNETs (NF-PanNETS). Insulinomas are small,
rarely metastatic tumors that secrete high amounts of insulin, and nonfunctioning
PanNETSs are larger tumors that are frequently metastatic but which do not secrete
hormones. Insulinomas are modeled by the highly studied RIP1-Tag2 (RT2) transgenic
mice when bred into a C57BI/6 (B6) genetic background (also known as RT2 B6 mice).
But there has been a need for an animal model of nonfunctioning PanNETS, which in
the clinic are a more common and severe disease. Here | show that when bred into a
hybrid AB6F1 genetic background, RT2 mice make nonfunctioning stem cell type
PanNETs. Compared to insulinomas produced by RT2 B6 mice, the tumors produced
by RT2 AB6F1 mice were larger and more metastatic, and the animals did not suffer
from hypoglycemia or hyperinsulinemia. Insm1, a beta cell transcription factor, was

highly expressed in human insulinomas but unexpressed in other types of PanNETSs due

52



to promoter hypermethylation. Insm1-deficient human cell lines expressed stem cell
markers, were more invasive in vitro, and metastasized at higher rates in vivo when
compared to isogenic Insml1-expressing cell lines. These data demonstrate that
expression of Insm1 can be used to identify whether a PanNET is a localized insulinoma

or a metastatic stem cell type tumor.
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Introduction

Neuroendocrine cells function by secreting hormones as a reaction to

neurological or metabolic stimuli. Insulin-producing beta cells in the pancreas are the

best known example of neuroendocrine cells, as beta cell abnormalities can cause

diabetes. Neuroendocrine cells are also found in many other places in the body,

including the pituitary gland, thyroid, parathyroid, small intestine and large intestine. In

order to maintain the right hormonal balance, neuroendocrine cells are subjected to

strict growth regulation. However, neuroendocrine cells can transform into

neuroendocrine tumors. The transformation of pancreatic beta cells results in PanNETSs.

PanNETS are the second most common tumors in the pancreas, with an incidence of 1

in 200,000, and the incidence of PanNETS increased (Kuo and Salem, 2013). PanNETs

often metastasize to the liver.

For such a rare disease, PanNETs have been a surprisingly popular field of

research for tumor biologists. This is explained in part by the fact that PanNETS are

produced by the tumor model RIP1-Tag2 (RT2), which was one of the very first

transgenic mouse models for cancer (Hanahan, 1985). PanNETSs occur in RT2 mice due

to the expression of the SV40 T-antigen oncoprotein (Tag) from a rat insulin promoter

(RIP). Tumor formation in RT2 mice is rapid and highly reproducible, which facilitates
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the testing of both potential therapeutics and potential tumor genes. RT2 is also a rare

example of a mouse model that has been validated pharmacologically. Sunitinib and

rapamycin have been shown to block tumor growth in RT2 mice (Chiu et al., 2010,

Olson et al., 2011) and have subsequently been tested in clinical trials (Yao et al., 2011,

Raymond et al., 2011) and were approved by the FDA for use in patients.

Liver metastasis found in patients with PanNETSs can also be detected in RT2

mice, although the frequency of metastasis is generally low. Researchers have published

many reports on genes that can increase the rate of metastasis in this mouse, including

Igflr, Alk, Rhamm, Met, Bclx, and C5 (Sennino et al., 2011, Raymond et al., 2011, Yao

etal., 2011, Contractor et al., 2016, Chun et al., 2010, Choi et al., 2011, Lopez and

Hanahan, 2002, Du et al., 2011). Also, Csfl has been shown to be a metastasis

suppressor in RT2 mice (Pyonteck et al., 2012).

Clinically, metastasis is correlated with whether PanNET produces insulin.

PanNETSs producing insulin are called insulinomas and these tumors are rarely

malignant or metastatic; conversely, non-insulin-producing PanNETS are often highly

malignant and metastatic (Anderson and Bennett, 2016). Most of the non-insulin-

producing PanNETs are “nonfunctioning” PanNETs, so-named because they do not

overproduce any of the major pancreatic endocrine hormones (Anderson and Bennett,
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2016). It has been estimated that about 85% of PanNETSs are nonfunctioning, 10% are

insulinomas, and the remaining tumors express other hormones such as gastrin or

glucagon. Patients with nonfunctioning PanNETSs have a 5-year survival rate of only

33% (Franko et al., 2010), whereas patients with insulinomas rarely die of their disease.

Nonfunctioning tumors are also larger in size than insulinomas.

Here | demonstrate that the RT2 mouse model is capable of modeling both

insulinomas and NF-PanNETSs, with the specific disease depending on the genetic

background of the animal. In a hybrid AB6F1 genetic background, low expression

levels of a beta cell transcription factor, Insm1, favors the development of

nonfunctioning stem cell type tumors, whereas in a C57BI/6 genetic background, higher

expression of Insm1 favors the development of insulinomas. The amount of Insm1 are

correlated with insulin production and with lack of metastasis, in both mice and

patients.
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Materials and Methods
Human and mouse experiments

Human pancreatic neuroendocrine tumors were provided by the Cooperative
Human Tissue Network (CHTN), which obtained informed consent from patients.
Human experiments were approved by the Institutional Review Board of CHTN. Mouse
experiments were approved by the Institutional Animal Care and Use Committee of
Rutgers University. RT2 B6 mice were obtained from the National Cancer Institute
(Frederick, MD) and bred to C57BI6/J (Jackson laboratories) for more than 10
generations. A/J mice were purchased from Jackson Laboratories. Mouse husbandry,
euthanasia, and autopsy protocols have been previously described (Contractor et al.,
2016). Insm1 genotypes were not assayed until long after the mice had been euthanized
and the metastasis and tumor size data were collected. An ELISA kit for mouse insulin
was purchased from RayBiotech and used as recommended by the manufacturer. Serum
glucose was measured using a ReliOn Confirm glucose meter and ReliOn Micro Plus
test strips.
Cell lines

The QGP1 cell line was purchased from the Japan Health Sciences Foundation.

The CM cell line was a gift from the lab of Paolo Pozzilli. CM and QGP1 were grown
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in RPMI media (Thermofisher) supplemented with 10% fetal bovine serum (Sigma-
Aldrich) at 37 °C under 5% CO>. To decrease heterogeneity, the cell lines were cloned
from single colonies before use.

CM cells were engineered to express human Insm1 by using lipofectamine 2000
(Thermofisher) to transfect a plasmid expressing the human gene under control of the
CMV promoter (Origene); Insm1-expressing cells were cloned from single
transfectants. QGP1 was engineered to express luciferase, and then Insm1 was knocked
out by CRISPR, using an EDIT-R lentivirus purchased from Dharmacon (source clone
identification number VSGHSM_26789438). Potential low expressers were cloned, and
characterized by RTPCR and by western blotting, using an Insm1 antibody that was a
generous gift from Mark Magnuson. Antisera against 3-actin (part number A2228) were
purchased from Sigma. Genomic DNA from low Insm1-expressing clones was
subjected to PCR using primers 5° -CAGGTGTTCCCCTGCAAGTA and 5" -
CCCAGACAACAGTTCAAGGC; the PCR products were cloned using the TOPO TA
system (Thermofisher), and 12 of the PCR clones were sequenced to confirm the
presence of frameshift mutations within the Insm1 sequence targeted by the EDIT-R
lentivirus. QGP1 clone H10 showed two new alleles of Insm1, each of which had

frameshifting mutations: loss of two nucleotides, CCCGGCctTACGCG, or loss of a
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single nucleotide, CCCGGCcTTACGCG. Insm1 siRNAs si-5, si-6, and si-7 were

purchased from Dharmacon, and catalog numbers were J-006535-05-002, J-006535-06-

002, and J-006535-07-002, respectively.

Invasion assay

A matrigel-coated invasion chamber with 8 um pore size (Corning 354480) was

used for invasion assays; 20% fetal bovine serum in the upper chamber was used as a

chemo-attractant.

Three-dimensional cell culture

Three-dimensional growth of cell lines was performed by mixing 1000 cells

with 50 pl of matrigel (Corning 354234), and seeding 5 pl of this mixture into 96-well

plates. After 5 min, 200 pl of RPMI/10% FBS media were added and the cells were

cultured under CO> at 37 °C for 2 weeks.

Metastasis assay

QGP1 cell line expressing luciferase were injected into the left ventricles of

nude mice, as previously described (Choi et al., 2016). The day after surgery, and

weekly thereafter, mice were sedated with isofluorane, injected with luciferin, and

imaged using an IVIS machine. Three weeks after injection, the mice were euthanized

by CO; asphyxiation and cervical dislocation, and autopsied for metastatic lesions.
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Organs were examined visually for metastatic lesions. Three organs (liver, pancreas,

and both lungs) were also removed, treated with luciferin, and imaged using an IVIS

machine. To assay serum insulin and serum glucose, mice were moved to fresh cages

with water bottles but no food for 8 h.

Flow cytometry analysis and cell sorting

Cells were incubated with PE-labeled CD44 antibody (Biolegend, IM7) and 7-

AAD Viability Dye (Beckman Coulter). Activity of aldehyde dehydrogenase was

determined with AldeFluor Kit (Stem cell Technologies). Flow cytometry analysis and

cell sorting were performed using a Cytomics FC500 Flow Cytometer (Beckman

Coulter) or a BD Influx High Speed Cell Sorter (BD Biosciences). The purity of sorted

cells was >95%.

Analysis of RNA and protein

Fresh-frozen tumor tissues from male mice were minced in Trizol

(Thermofisher) and homogenized using a Polytron 1200E. Chloroform was then added

and the upper aqueous phase was removed after microcentrifugation at 14,000 r.p.m.

RNA was then isolated using an RNAeasy column (Qiagen) as recommended by the

manufacturer. RNA was converted to cDNA using reverse transcription reagents

(Thermofisher). Real-time RTPCR was then performed, using a Prism 7500 (Applied
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Biosystems). Most of the RNAs were measured using pre-designed Tagman assays,
which were purchased from Thermofisher. The primers were designed with Primer3
(http://bioinfo.ut.ee/primer3/) and run with SYBR green reagents (Thermofisher):
mouse Slc24a3 (5° -CCCTCTGGCAAACTGGAAAC and 5" -
GGGATCCCTAGTGTGTAGCC); mouse Cfap6l (5" -
AATCACTACCCTCAGCTGCA and 5" -GCCAAAGAAGCATGACCCAT); mouse
Rin2 (5" -AACTCCTGGACCCATCATG and 5" -CATCCGCTGTTGACCTCTTG);
mouse X2 (5" -GAGGTCAAGCTCAGATCCCAAA and 5" -
GTTCCATGGCAGTAGAGGTTCA); mouse Crnkl1 (5’
AGAGAAGAAAGGTCCAGGCC and 5 -GCTTGAGGTTAGGCTGGTTG); mouse
Naa20 (5" -AGGGAAGAATGGCATGGACA and 5’ -
GCTTGTACATGTTGACGGCA); mouse Nkx2-4 (5" -
GCCCCATGAACCTGGAGATT and 5° -CACCTACCACATGCCTCCC); human
Rin2 (5" -TCCGCACCATCTCCTGTTTCand5" -
GTCTGGACAAGCGAGGAAGT); mouse Sox9 (5" -
TATCTTCAAGGCGCTGCAAG and 5’ -CCCCTCTCGCTTCAGATCAA); mouse
EHF (5° -GCCCGGCAGAAAGTCTTACT and5’ -

TTCCAGTCCGCACACAATGT); mouse FoxJ1 (5" -
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CACTCTCATCTGCATGGCCA and 5" -AGGTTGTGGCGGATGGAATT); mouse
Katl4 (5° -ACGAGAGGCTGAAACTGACA and 5" -
ACGTCCACTTCCTTCCAGAG); mouse Zfp120 (5" -
AAGCCCAGAAGTTCCGACAT and 5" -AGCAGCGAGATTCCTGTAGG); mouse
GZF1 (5’ -CTCAGCGCAATTCCCTGTACand5" -
GTGAACTGCTTCCCACACTG); and human GZF1 (5" -
TCACTCAGAACCACATGCTG and 5’ -AATTCCGCTGGGCAAAAGTC,
Immunohistochemistry

For antigen retrieval, slides were boiled for 16 min in 0.93% (v/v) Antigen
Unmasking Solution H3301 (Vector Labs), and then slowly cooled to room temperature
for 30 min. Primary antibody was guinea pig anti-insulin from Dako (A0564), which
was diluted 2000-fold in 10% goat serum/1% BSA. Slides were treated with primary
antibody overnight at 4 °C. Secondary antibody was affinity-purified, biotinylated anti-
guinea pig 1gG from Vector Labs (BA-7000), which was diluted 500-fold in 10% goat
serum and 1% BSA. Slides were then treated with Vectastain Elite ABC peroxidase kit
(Vector Labs) for 30 min, and with ImmPact DAB peroxidase substrate (Vector Labs
SK-4105) for 1 min. The slides were counterstained with hematoxylin (Vector Labs).

Statistical analysis
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Graphpad Prism 7.04 software was used for statistical analysis. Two-tailed t-test

was used to compare RNA expression levels from sets of mouse and human tumors.

Fisher’s exact test was used to compare metastasis frequencies. Pearson correlation

analysis was used to compare Insm1 and Ins1 expression in human tumors.

Nonparametric Mann—-Whitney analysis was used to evaluate tumor volumes. Outliers

were identified by Rout analysis (q=1%).
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Results

RT2 B6 and RT2 AB6F1 mice show profound phenotypic differences

RT2 AB6F1 mice were produced by mating females from the inbred A/J genetic
background to male RT2 B6 mice, which have an inbred C57BI/6 J genetic background
(Contractor et al., 2016). For both genetic origins, pancreatic tumors were produced
which were confirmed to be neuroendocrine tumors upon pathologic examination,
although less well differentiated than the PanNETSs found in most patients. There was a
difference in the frequency of hepatic metastases in the two genetic backgrounds,
metastases being much more frequent in RT2 AB6F1 mice than in RT2 B6 mice (Fig.
10A). Other genetic backgrounds have also been identified to influence the frequency of
metastases of RT2 mice (Chun et al., 2010). Primary tumors were larger in RT2 AB6F1
age-paired mice compared with RT2 B6 (Fig. 10B). Remarkably, even with larger
metastatic tumors, RT2 AB6F1 mice lived longer than RT2 B6 mice (Fig. 10C). Eighty-
five percent of RT2 AB6F1 mice, but only 33% of RT2 B6 mice lived to be 16 weeks
old. Early mortality may be associated with hypoglycaemia, which can only be
observed in RT2 B6 mice and not in RT2 AB6F1 mice (Fig. 10D). Hypoglycemia was
previously reported in RT2 mice, so it was a surprise to discover that RT2 AB6F1 was

not hypoglycemic. As a result of their hypoglycaemia, RT2 B6 mice were also very
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hyperinsulinemic, with an average nine-fold increase in serum insulin compared to

wild-type B6 mice (Fig. 10E). In contrast, despite their larger PanNETs, RT2 AB6F1

expressed only twice as much serum insulin as wild-type AB6F1 mice.

Tumors from RT2 AB6F1 mice profile as stem cell type pancreatic neuroendocrine

tumors.

Primary pancreatic tumors from RT2 B6 and RT2 AB6F1 mice were collected

and RT2 AB6F1 tumors showed lower levels of mRNAs for insulin, consistent with

their low serum insulin levels (Fig. 11A). RT2 AB6F1 mouse tumors also transcribed

fewer mRNAs for other beta markers such as Nkx6-1, Maf4 and PdxI (Fig. 11A). It is

interesting to note that the transcription of the SV40 T-antigen gene did not differ

between RT2 AB6F1 and RT2 B6 mouse tumors (Fig. 11B), even when the expression

of insulin was significantly different between the two mice. This may reflect the

leakiness of the activation of insulin promoter that controls expression of SV40 T-

antigen; this transgene has also been shown to express in other insulin-negative

neuroendocrine cells from small intestine and pituitary tissue (Biondi et al., 2004, Grant

etal., 1991).

With their smaller tumors, low metastasis, hypoglycemia, and hyperinsulinemia,

RT2 B6 mice display all the clinical characteristics of human insulinomas. In contrast,
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RT2 AB6F1 mice developed another type of PanNET that does not express insulin. In

RT2 AB6F1 tumors, glucagon and vasoactive intestinal peptide transcription was not

elevated, and PPY and gastrin transcription was reduced, but somatostatin transcription

was increased (Fig. 11C). Although elevated, the levels of somatostatin transcription

were still low. Patients with somatostatinomas suffer from weight loss and diarrhea,

whereas RT2 AB6F1 were slightly overweight and had firm stools. For further

characterization, I evaluated the expression of pancreatic stem cell markers such as

Lgr5, Sox9, FoxJI1, and EHF (Dorrell et al., 2014), and detected high levels of these

stem cell markers in tumors of RT2 AB6F1 mice (Fig. 11D). Based on these

experiments, I conclude that the tumors produced by RT2 AB6F1 mice are stem cell

type PanNETs.

Insm1 regulates tumor differentiation as well as normal pancreas

Of the many genes known to be important for the differentiation of beta cells,

Insm1 can lead to the trans-differentiation of pancreatic ductal cells into endocrine cells

(Zhang et al., 2010). Insm1-knockout mice have also been reported to make beta cells

that are deficient in insulin expression (Gierl et al., 2006), which is perhaps similar to

the deficient insulin expression in mouse RT2 AB6F1 tumors. Notably, /nsm1 was first

isolated as a very highly expressed RNA in insulinomas (Goto et al., 1992). As shown in
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Fig. 12A, expression of /nsmI mRNA was higher in the insulinomas from RT2 B6 and

lower in stem cell type tumors from RT2 AB6F1 mice. Insm1 protein levels were also

higher in RT2 B6 tumors, as shown by western blot (Fig. 12B). The expression of Insm 1

was characterized in a number of samples taken from patients. As shown in Fig. 12C,

the mRNA level of Insm1 is strongly correlated with the mRNA level of insulin. These

experiments suggest that Insm1 might be relevant to the insulinomas.

Loss of Insm1 expression promotes an invasive stem cell phenotype in human

pancreatic neuroendocrine tumor cell line QGP1.

In order to evaluate the function of Insm1 in PanNETs, I confirmed that QGP1

was an Insm1 positive cell line. In Fig. 13A and 13B, the effect of transient knockdown

of Insm1 expression using three different shRNAs was tested in the QGP1 cell line.

Insm1 knockdown increased expression of the so-called Yamanaka factors (Takahashi

and Yamanaka, 2006), which are known to increase pluripotency of differentiated cells.

Next, CRISPR-Cas9 technology was used to stably knock out /nsm/ from QGP1-TGL

cells, a version of QGP1 engineered to express firefly luciferase (Fig. 13C). The Insm!

knockout increased the number of cells expressing CD44, which is a marker of stem

cells (Fig. 13D). The cell lines expressing Insm1 and Insm1-null were then tested for in

vitro invasiveness using a transwell assay. Invasiveness is a common property of
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metastatic cells. For the QGP1 cell line, invasiveness was higher when expression of

Insml was absent, indicating that Insm1 is a repressor of invasion (Fig. 13E). In order to

test the effect of Insm1 on tumor metastasis, /nsmI-expressing, or InsmI-null QGP1-

TGL cells were injected into the left ventricles of immune compromised mice. Images

of mice were taken each week for luciferase bioluminescence to evaluate the spread of

metastasis. Within two weeks, strong luciferase signals were detected in the torso,

which were especially intense in animals injected with /nsmI-null QGP1. In animal

dissection, metastatic lesions were found to be more prominent in the lungs, liver, and

pancreas. Overall, there was a 3.3-fold increase in the presence of metastatic tumors in

animals injected with /nsmI-null QGP1-TGL cells (Fig. 13F, 13G). These data indicate

that loss of Insm1 can produce more invasive, stem-like cells.

Insm1 expression decreases invasiveness of human pancreatic neuroendocrine

tumor cell line CM.

The CM cell line is an Insm1 negative cell line and particularly invasive (Fig.

14A, 14B). The effects of Insm1 on this cell line could be seen in a transwell assay.

Although wild type CM cells invaded the surrounding matrix, the CM cells expressing

Insm1 only formed less invasive spheroids (Fig. 14C). In addition, the Insm1 expression

attenuated the signal of the CD44 stem cell marker (Fig. 14D). These data indicate that
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gain of Insm1 can induce the differentiation of PanNETSs and decrease their
invasiveness.

Together, these cell line experiments show that Insm1 depletion can lead to stem
cell formation, increase invasion, and cause metastasis. Furthermore, these data suggest
that the difference between the less metastatic, more differentiated insulinomas of RT2
B6 mice and the stem cell type PanNETs of RT2 AB6F1 mice may be due to
differences in Insm1 expression. Data from cell lines strongly suggest that allelic
differences in Insm1 between A/J and B6 mouse lines lead to different types of

neuroendocrine tumors in RT2 mice.
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Discussion

Insm1 is a transcription factor that promotes beta cell differentiation (Osipovich
et al., 2014), and other tissue-specific differentiation factors have also been shown to
suppress metastasis, such as GATA3 in breast tumors (Kouros-Mehr et al., 2008) and
NKX2-1 in lung tumors (Winslow et al., 2011). It is widely believed that the loss of
these differentiating factors leads to metastasis by causing dedifferentiation to stem
cells, and that stem cells increase metastases because they are more invasive and less
prone to anoikis (Lawson et al., 2015, Mani et al., 2008, Hermann et al., 2007). In the
present study, expression of the stem cell marker was increased in RT2 AB6F1 mice
with low Insm1 expression. In addition, removal of Insm1 from the QGP1 cell line
resulted in increased stem cell markers, increased invasiveness, and increased
metastasis. These results indicate that deletion of Insm1 transforms the cancer cells into
a stem cell type with high metastatic potential.

The sub-types of PanNETSs that may occur in patients exhibit significant clinical
differences, as non-functional stem cell type PanNETSs are more common and result in
worse outcomes than insulinomas (Franko et al., 2010). The understanding of how
different subtypes of tumors occur has been an active field of research. In animal

models for breast and brain tumors, it has been shown that some oncogenic mutations or
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tumor suppressors may promote development of one subtype of tumor over another

(Jacques et al., 2010, Liu et al., 2014). In recently published work, mutations in Men1,

Daxx, and Atrx have been less common in human insulinomas than in human non-

functional stem cell type tumors, suggesting that these types of PanNETS are affected

by the presence of these driver mutations (Chan et al., 2018). However, this work also

shows that mutations in the tumor suppressor gene are not enough to explain why

different tumor subtypes can occur. Using mice that share a common driver oncogene, |

have shown that tumor subtypes in the form of different alleles of the Insm1 gene are

also affected by spontaneous genetic diversity. It would be interesting to know if the

expression of Insm1 can be directly influenced by mutations in Menl1, Daxx, and Atrx

that encode chromatin-remodeling proteins. However, it is also important to point out

that mouse models do not always reflect how tumors develop in patients. Indeed, it is

not clear if a low expression of Insm1 is a direct cause of stem cell type PanNETS in

patients, or a by-product of the cell type from which these tumors originate (Falchetti,

2017).

In patients, PanNET tumors with stem cell properties are characterized by a high

rate of metastasis, which is a major clinical problem. RT2 B6 mice have been used in

metastasis studies, but their low metastatic capacity and early death due to
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hypoglycemia have been problematic. RT2 AB6F1 mice overcome these problems
because they are not hypoglycemic, and metastases are seen earlier and more frequently.
The development of the RT2 AB6F1 model is expected to improve our ability to test
drugs that can prevent the metastases of PanNET.

Although many drugs have shown anti-metastatic activity in mouse models,
there have been no clinical trials designed to test drugs that can reduce the risk of
metastasis. This is despite the fact that metastasis is believed to be the cause of nearly
all cancer deaths. There are several practical reasons for the lack of metastasis trials,
including the fact that most clinical trials are conducted on patients in the late stages of
their disease after metastasis. However, another problem may be that spontaneous
synchronous mouse models of metastasis are rare. For this reason, the RT2 AB6F1
mouse model may be of great value. Cancer in patients with PanNET is often detected
before their tumors metastasize, but cancer in patients with non-functional stem cell
type diseases develop metastases much earlier. RT2 AB6F1 mice could prove to be an
attractive preclinical model for developing and testing clinically relevant anti-metastatic

agents.
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Figure 10. RT2 B6 and RT2 AB6F1 mice show profound phenotypic differences.

(A): Percentage of 15-week-old RT2 mice with liver metastasis, by genetic background.

All mice were males, and 18 mice from each lineage were analyzed. Statistical

significance was determined using Fisher’s exact test. B6 mice have the C57Bl/6

genetic background, and AB6F1 mice are hybrids resulting from mating female A/J

mice to male C57BI/6 mice. (B): Volume of primary pancreatic tumors according to the

genetic background. All mice were 17-week-old males; 24 RT2 B6 mice and 138 RT2
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ABG6F1 mice were analyzed. Statistical significance was determined using Mann-—

Whitney test. (C): Kaplan—Meier survival curves for RT2 mice between 6 and 16 weeks

of age according to the genetic background. (D): Eight hours after removal of food,

serum glucose was measured in RT2 mice of different genetic backgrounds. All mice

were males and 12-13 weeks old. Fifteen RT2 AB6F1 and 12 RT2 B6 were analyzed.

Statistical significance was determined using two-tailed t-test. (E): RT2 mice or

wildtype littermates were held without food for 8 h, then serum insulin was measured

and compared to that of littermates (B6 or AB6F1) lacking the SVV40 T-antigen

transgene. Mice were males and 13 weeks old. Nine and 11 RT2 B6 and RT2 AB6F1

mice were measured, respectively. Statistical significance was determined using two-

tailed t-test.
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Figure 11. Tumors from RT2 AB6F1 mice profile as nonfunctioning pancreatic

neuroendocrine tumors.

In each figure, Q-PCR was used to measure gene expression using cONA prepared from
primary tumors isolated from 17 male RT2 B6 mice and from 25 male RT2 AB6F1
mice. All statistical analysis was performed using two-tailed t-test. (A): Beta cell
markers insulin-1 (Ins1), Nkx6-1, MafA, and Pdx1. (B): SV40 T-antigen, which is the
oncogene that drives tumorigenesis in RT2 mice. (C): Pancreatic neuroendocrine

hormones gastrin (Gast), glucagon (Gcg), pancreatic polypeptide (Ppy), somatostatin
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(Sst), and vasoactive intestinal peptide (Vip). (D): Pancreatic stem cell markers Lgr5,

Sox9, FoxJ1, and EHF.
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Figure 12. Insulinomas from humans and mice express high levels of transcription

factor Insmi1.

(A): Q-PCR analysis of Insm1 expression from primary tumors isolated from 17 male
RT2 B6 mice or from 25 male RT2 AB6F1 mice. Statistical significance was
determined using two-tailed t-test. (B): Western blot analyses of Insm1 and B-actin
expression from pancreatic neuroendocrine tumors of RT2 B6 or RT2 AB6F1 mice.
(C): mRNA and cDNA were prepared from 39 human pancreatic neuroendocrine
tumors, and transcription of beta cell markers Insl and Insm1 was assayed by Q-PCR.
Most of the tumors occupy the (0,0) point of the graph. Statistical analysis was

performed by Pearson correlation.
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Figure 13. Loss of Insm1 expression promotes an invasive stem cell phenotype in

human pancreatic neuroendocrine tumor cell line QGP1.
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(A), (B): The QGP1 cell line was transfected with three different siRNAs directed
against Insm1 (si-5, si-6, or si-7) or with control si-RNA (C, or cont). Eighty-four hours
later, transcription of reprogramming genes Myc, Oct4, and Sox2 (A) or Klf4 (B) was
measured by Q-PCR. (C): Western blot results using an antibody against Insm1 to
measure expression in the QGP1-TGL cell line and in an isogenic version of QGP1-
TGL in which the Insm1 genes were knocked out using CRISPR-Cas9. Sequencing
results for the knockout cell line are shown in the Materials and Methods section. (D):
The QGP1-TGL cell line expressing Insm1, as well as QGP1-TGL stably knocked out
for the Insm1 gene, were tested for expression of stem cell markers CD44. (E):
Transwell assays were used to measure the ability of QGP1 cells to migrate toward 20%
serum across a membrane with 8 um pores, and then to invade matrigel. (F):
Quantitation of metastases from lung, pancreas, and liver, which were isolated from 14
mice treated with luciferase-expressing QGP-TGL cells that either express or cannot
express Insm1. Metastasis was arbitrarily defined as individual organs giving radiance
readings above 10° photons/s/cm2/steradian following luciferin treatment. Statistical
significance was determined using Fisher’s exact test. (G): Representative image of
Figure (F). Two mice on the left were injected with cells that express Insm1 (+), and the

other animals were injected with cells unable to express Insm1 (null).
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Figure 14. Insm1 expression decreases invasiveness of human pancreatic

neuroendocrine tumor cell line CM.
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(A): Western blot analysis using antisera against Insm1 or B-actin to analyze protein
extracts from isogenic pairs of CM cells. CM cells do not normally express Insml, so a
plasmid expressing Insm1 under control of the CMV promoter was introduced and a
clone physiologically expressing Insm1 was isolated. (B): Transwell assays were used
to measure the ability of CM cells to migrate toward 20% serum across a membrane
with 8 um pores, and then to invade matrigel. (C): Single cells of the highly invasive
CM cell line were grown into three-dimensional colonies for 2 weeks in matrigel. The
presence of Insm1 changes the morphology of the colonies, decreasing their
invasiveness and turning them spheroid. (D): The CM wild type cell line as well as CM

cell line expressing Insm1 were tested for expression of stem cell markers CD44.
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General discussion

In this study, | have shown that LGR5 and Insm1, which function in normal
stem cells, maintain their functions in cancer and regulate stemness. In colorectal
cancer, LGR5" cells self-renewed and actively proliferated. In addition, LGR5" cells
had a strong ability to form tumors that maintained a hierarchical structure. This is the
first report showing that LGR5 can be used as a CSC marker. In normal cells, the LGR5
ligand R-spondin activates the WNT pathway for self-renewal by binding to LGR5, and
similarly, established LGR5* cell lines were also found to self-renew by adherent
culture with R-spondin. These results indicate that stemness is maintained in cancer
cells by a mechanism similar to that in normal cells. Furthermore, it was found that
LGR5" cells changed to LGR5 cells upon anticancer drug treatment and ceased to self-
renew. In drug-resistant cells, the expression of LGR5 and the proliferation marker
Ki67 was down-regulated, suggesting that CSCs in the drug environment inactivate the
WNT pathway and become non-proliferative. Interestingly, in situations where drugs
were excluded, LGR5" cells were found to re-express LGR5 and proliferate again. In
contrast, no such changes were observed in commercially available cell lines other than

the CSC cell line. The mechanism of drug resistance regulating the expression of LGR5
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was found to be CSC specific. A variety of drugs targeting the WNT pathway are
currently under development (Jung and Park, 2020, Zhong and Virshup, 2020). This
study shows that these drugs can be developed to mitigate drug resistance and

recurrence of colorectal CSCs and can potentially improve cancer treatment.

LGR5" cells were found to have the important function of drug resistance, but
their molecular mechanism remains unclear. Recently, it has been reported that LGR5
expression is inhibited by p53 (Ma et al., 2019, Pak et al., 2020), and indeed, in this
study, | found an increase of p53 in LGR5" cells. p53 has been identified as a tumor
suppressor gene and its mutation is known to be strongly involved in cancer
development. It has also been reported that stressors may control the gain of function of
p53 and that mutant p53-depedent signaling determines the fate of cells (Amelio and
Melino, 2020). In CSCs, external stresses such as anticancer drug treatment may
activate p53, which suppresses LGR5 expression and inactivates the WNT pathway,

inducing the cancer to become drug resistant.

The intestinal epithelium has the ability to regenerate rapidly to survive acute
injury and regain function. In models of radiation injury, LGR5" stem cells and damage-
resistant spare stem cells have been shown to be present (Barker, 2014). Under stress

conditions such as radiation, LGR5" cells disappear and LGR5" cells survive. Once the
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stress is removed, extracellular niche stimulation produces LGR5" cells from LGR5"

cells. In normal cells, it has been discussed as a cellular plasticity. This phenomenon

also explains the drug resistance mechanism of CSCs found in this study. In CSC

plasticity, differentiated cells reportedly transform into CSCs via epithelial-

mesenchymal transition (EMT). EMT is a highly conserved cellular process that

transforms epithelial cells into mesenchymal cells and is known to be associated with

cancer progression, metastasis, and drug resistance (Gupta et al., 2011). In this study, I

identified EREG as a factor present in both LGR5" and LGR5" cells. EREG is one of the

members of the EGF family and activates the EGFR signal and EMT (Wang et al.,

2019). EREG may have an important function in colon cancer plasticity.

In addition to drug resistance, metastasis is also an important clinical problem in

cancer treatment. In this study, PanNETS that do not express Insm1 were shown to be

stem cell type cancers and to have a high metastatic potential. In normal tissues, Insm1

is known to be involved in the trans-differentiation of aciner cells to beta cells (Zhang et

al., 2012) and the trans-differentiation of outer hair cells to inner hair cells (Wiwatpanit

et al., 2018) by regulating downstream gene expression. Furthermore, in the absence of

Insm1, pancreatic endocrine cells have many characteristics of progenitor cells and

highly express EMT markers, Notch, Tgf, Bmp, and Wnt genes (Osipovich et al., 2014).
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In pancreatic cancer, the present study shows that reduction of Insm1 causes cancer
cells to acquire CSC properties and increases their invasion and metastatic capacity.
This change is also indicative of cancer plasticity. As in normal cells, Insm1 depletion
may activate EMT and induce the transformation of endocrine cancer cells into CSCs.
In clinical cancers, the prognosis of non-functional stem cell cancers is poor, and
detailed analysis of this Insm1 repression mechanism and cancer plasticity may enable

the development of drugs to prevent the malignant transformation of cancer.

In this study, | present new biological insights into drug resistance and
metastasis in cancer by focusing on functions that are also present in normal stem cells.
The heterogeneity and stem cell involvement in cancer have long been the focus of
attention, and recent technological advances in flow cytometry and the use of transgenic
mice have led to a dramatic increase in CSC research. However, at the same time that
the CSC field is becoming more active, many papers that do not precisely understand
the definition of stem cell nature have been recognized. The need for an accurate
discussion of stem cell nature is therefore being debated (Kreso and Dick, 2014). By
focusing on normal stem cells, Fumagalli and his colleagues recently found that many
of the metastases of colorectal cancer are seeded by Lgr5™ cells, which have the inherent

ability to become Lgr5" CSCs and form an epithelial hierarchy of metastatic tumors
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(Fumagalli et al., 2020). Their work and this study reveal that LGR5" cells exhibit
important functions with respect to drug resistance as well as metastasis, suggesting that
focusing on molecules associated with normal stem cells is very important for
understanding the mechanisms of drug resistance, recurrence, and metastasis in cancer.
Cancer is the leading cause of mortality, but we have yet to develop a cure. The findings
of this research could provide new insights into drug resistance and metastasis and

contribute to the development of more effective drugs.
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