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Abstract

Background: Hyperinsulinemia is independently associated with increased risk and mortality of pancreatic cancer.
We recently reported that genetically reduced insulin production resulted in ~ 50% suppression of pancreatic
intraepithelial neoplasia (PanIN) precancerous lesions in mice. However, only female mice remained normoglycemic,
and only the gene dosage of the rodent-specific Ins7 alleles was tested in our previous model. Moreover, we did
not delve into the molecular and cellular mechanisms associated with modulating hyperinsulinemia.

Methods: We studied how reduced Ins2 gene dosage affects PanIN lesion development in both male and female
Ptf1a“"*RKras=>=“1°" mice lacking the rodent-specific Ins1 gene (Ins1”"). We generated control mice having two
alleles of the wild-type Ins2 gene (Ptf1a“"*Kras>"“"?P:ins17":Ins2*"*) and experimental mice having one allele of
Ins2 gene (Ptf1a“ R Kras->="?Piins17Ins2*"). We then performed thorough histopathological analyses and single-
cell transcriptomics for both genotypes and sexes.

Results: High-fat diet-induced hyperinsulinemia was transiently or modestly reduced in female and male mice,
respectively, with only one allele of /ns2. This occurred without dramatically affecting glucose tolerance. Genetic
reduction of insulin production resulted in mice with a tendency for less PanIN and acinar-to-ductal metaplasia
(ADM) lesions. Using single-cell transcriptomics, we found hyperinsulinemia affected multiple cell types in the
pancreas, with the most statistically significant effects on local immune cell types that were highly represented in
our sampled cell population. Specifically, hyperinsulinemia modulated pathways associated with protein translation,
MAPK-ERK signaling, and PI3K-AKT signaling, which were changed in epithelial cells and subsets of immune cells.
Conclusions: These data suggest a potential role for the immune microenvironment in hyperinsulinemia-driven
PanIN development. Together with our previous work, we propose that mild suppression of insulin levels may be
useful in preventing pancreatic cancer by acting on multiple cell types.
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Introduction

Pancreatic cancer, specifically pancreatic ductal adeno-
carcinoma (PDAC), is projected to become the 2nd lead-
ing cause of cancer death in the next decade.
Representing an estimated 2.5% of all new cancer cases,
PDAC has a 5-year survival rate of only 10% [1]. Smok-
ing, pancreatitis, family history, obesity, and type 2 dia-
betes are risk factors for PDAC [2-6]. Obesity is
predicted to overtake smoking and become the leading
preventable cause of cancer [7], so efforts to understand
the roles of diet and lifestyle in cancer risk and preven-
tion strategies are expanding, as are efforts to determine
the underlying pathophysiological mechanisms that me-
diate obesity-driven risk. Obesity and type 2 diabetes are
usually accompanied by metabolic disorders like hyper-
insulinemia, hyperglycemia, increased inflammation, and
dyslipidemia, each of which are candidate factors that
may contribute to the associated increase of cancer mor-
bidity and mortality [8—12].

Hyperinsulinemia can be defined as excess circulating
insulin beyond what is required for maintaining glucose
homeostasis [12]. Excess insulin is associated with an in-
creased risk of cancer death that can be independent of
obesity [13]. Hyperinsulinemia is also associated with in-
creased incidence of PDAC and increased cancer mortal-
ity rate [14—18]. Complementing these epidemiological
studies, our recent in vivo animal study showed that
hyperinsulinemia plays a causal role in PDAC initiation
in the context of a known hyperinsulinemia-promoting
high-fat diet (HFD) [19]. Specifically, we found that
Ptfla““**;Kras">~S'*P female mice, a commonly used
PDAC mouse model, with ~ 50% reduction in fasting in-
sulin (InsI*';Ins2”" compared to InsI*'*;Ins2”'), but no
difference in glucose homeostasis, had a ~ 50% reduc-
tion in PanIN lesions and fibrogenesis. While we were
unable to assess the effects of reduced insulin gene dose
in males using this model, as Ptfla““*®;Kras“S""G1?P;
Ins1*"5Ins2”" males developed hyperglycemia, these
studies were the first to directly demonstrate that en-
dogenous hyperinsulinemia contributes to development
of any cancer [19].

The parental imprinting, gene structure and tissue dis-
tribution of murine Ins2 gene is similar to human INS
gene [20-23]. It is therefore crucial to determine if
PanIN initiation would also be affected by reducing Ins2
gene dosage in Ptfla“"***;Kras*>*S"*P mice. Moreover,
Insl contributes to only ~ 1/3 of secreted insulin; this
means that InsI*';Ins2”" mice have the lowest amount
of insulin compatible with survival, with only female
mice remaining consistently normoglycemic in modern
mouse housing facilities. In the current study, we ad-
dressed the effect of hyperinsulinemia on PDAC devel-
opment in both sexes by generating Ptfla“%,;
Kras®St G120 mice with the Insl”;Ins2"'* or Insl™”;
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Ins2*"~ genotypes. Comparing Insl”Ins2""~ experimental
mice to Insl”Ins2*'* controls allowed us to compare
males and females side-by-side. The current study also
provided an opportunity to examine pancreatic single-
cell transcriptomes and gain insights into the molecular
mechanisms involved in the complex cellular landscape
of PDAC initiation under hyperinsulinemic conditions.

Experimental procedures

Mice

University of British Columbia Animal Care Committee in
accordance with Canadian Council for Animal Care
guidelines approved all animal experiments. Mice were
kept at the University of British Columbia Modified Bar-
rier Facility (MBF) as previously described in detail [19].
Ptf1a“" YT Kras™S-G12PYT L [ps 17, and Ins2”™ mice
have been previously described [19, 22, 24-27]. Ptfla-
CER/WT;Kras“>" S12P™ 1 [ys 177, ns2*/* mice were bred
with  Ptfla™ " ;Ins17Ins2"”  mice to  generate
background-matched ~ control mice  (Ptf1a“"FVVT;
Kras"""S2PY T s 1775 ns2** mice), and experimental
mice (Ptfla“" YT, KrasS-G2PN T [ys 175 Ins2% mice).
The resulting litters were weaned to a high-fat diet with
60% fat (Research Diets D12492; Research Diets). At 4
weeks of age, mice were subcutaneously injected with
tamoxifen (20 mg/mL in corn oil, Sigma- Aldrich) at 5 mg
tamoxifen/40 g body mass for three consecutive days. At
57 weeks of age, mice were euthanized for histopatho-
logical analysis and single-cell transcriptomics analysis.
The Kras"5""S"*PYT mice (C57BL/6), Ptfla“" ™" mice
(C57BL/6), and InsI”™ and Ins2”’ mice (C57BL/6) were
obtained as previously described [19].

Glucose homeostasis and plasma amylase assessment
Mouse body weight, fasting glucose, and fasting insulin
were measured after 4 h of fasting in fresh, clean cages ac-
cording to standard methods described previously [19].
Body weight and fasting glucose were measured every 4
weeks, and fasting insulin was measured every 3 months.
At 52 weeks of age, glucose-stimulated (2 g/kg) insulin se-
cretion, intraperitoneal glucose tolerance test (2 g/kg), and
insulin tolerance test (0.75 U/kg, Eli Lilly, USA) were per-
formed as previously described [22, 24, 25]. At 57 weeks of
age, blood was collected from mice after 4 h of fasting, and
blood samples were centrifuged at 4 °C, at 10,621 relative
centrifugal force (rcf) for 10 min to collect blood serum.
Fasting amylase levels were measured with an amylase ac-
tivity assay (MAKO009-1KT, MilliporeSigma, MA, USA) ac-
cording to the manufacturer's instructions.

Histological, morphological, and immunohistochemical
analysis

At 57 weeks of age, mice were euthanized and extracted
pancreata were fixed in 4% paraformaldehyde for 24 h
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followed by paraffin embedding. Seven-micron paraffin
sections were collected from every embedded mouse
pancreas for a total of 60 sections. Evenly spaced sec-
tions were hematoxylin and eosin (H&E) stained and
scanned as previously described [19, 28]. Histopatho-
logical analysis was conducted by Anni Zhang in a de-
identified manner and verified by Janel Kopp and/or Da-
vid Schaeffer. For each mouse pancreas, the PanIN area,
ADM area, and adipocyte area were analyzed on 3 H&E-
stained sections, which were 140 pm away from each
other. The total pancreatic area, PanIN area, and ADM
area were measured as described [19]. For the adipocyte-
occupied area, the pancreatic adipose tissue was selected
and quantified using the Adobe Photoshop 2020 magic
wand tool and measurement log function. The whole
mouse pancreas area was selected by using the magnetic
lasso and magic wand tools, followed by the measure-
ment log function in Adobe Photoshop 2020. Immuno-
histochemical (IHC) staining was performed and
scanned according to previously published methods [19,
28]. The primary and secondary antibodies used for IHC
staining are listed in Table S1. For Cd20- and Erk-
positive area measurements, Adobe Photoshop 2020
Black & White function was used to filter and highlight
the brown area (blue filter). The percent of Cd20-
positive or Erk-positive area per pancreatic section was
measured as previously described [19]. Macrophage infil-
tration was quantified by using the positive pixel count
tool in Aperio ImageScope software (Leica Biosystems).
In short, mouse formalin fixed paraffin embedded pan-
creatic sections were first stained for F4/80 antigen to
visualize macrophages. Pancreatic pathology areas were
then analyzed in each pancreatic section for ADM,
PanIN, and PDAC. The infiltration density (%) of F4/80"
macrophages in each pathology category was expressed
as the pixel area occupied by the DAB staining (F4/80")
normalized to the pixel area occupied by the DAB stain-
ing plus the hematoxylin staining (all nuclei). The infil-
tration density for each pathology category is expressed
as the average infiltration density of a specific type of
pathology for the entire pancreatic section per mouse.

Tissue dissociation and single-cell sorting

Six Ptfla“" ", Kras"""S"?P;Ins1”/~;Ins2*'* mice pancreata
and six Ptfla“"“*®;Kras">"5"*P;Ins1”/";Ins2*" mice pan-
creata, evenly divided by sex, were dissociated for single-
cell RNA sequencing (scRNAseq) . Briefly, freshly dis-
sected pancreata were washed with HBSS (Corning, 21-
021-CV) and minced into ~ 1 mm pieces using sharp
dissection scissors. Pieces were transferred into 15 ml
conical tubes and centrifuged at 720 rcf for 2 min. The
supernatant was discarded, and tissue was resuspended
in 5 ml of ice-cold HBSS containing 0.4 mg/ml collage-
nase P (Roche, #11213857001) and 10 mg/ml DNase I
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(Roche, #11284932001). Tissue samples were incubated
in a 37 °C water bath for 10-18 min, and tubes were
gently shaken with marbles. After the dissociation, 10 ml
HBSS with 5% FBS (ThermoFisher Scientific,
#A3160701) was added to samples, and samples were
centrifuged at 720g¢ for 2 min. Supernatants were dis-
carded, and samples were washed 3 times with 10 ml
HBSS with 5% FBS. Samples were filtered through a
100-uM cell strainer then washed with HBSS with 5%
FBS into a 50 ml conical tube. Strainers were washed
with 10 ml HBSS with 5% FBS to collect the cells that
remained on the strainer. Samples were centrifuged at
180g for 2 min to collect the dissociated cells. The resus-
pended samples were stained with 0.05 pg/ml Hoechst
33342 (Invitrogen, #H3570) and 0.5 pg/ml propidium
iodide (Sigma, #P4864) and were sorted for live cells
using BD LSR II Flow Cytometer.

Single-cell transcriptomic data processing, quality control,
and analysis

The single cell libraries were prepared with Chromium
Single Cell 3’ Reagent Kits V3 (10X genomics, Pleasanton,
CS, USA) according to the manufacturer instructions, and
the libraries were sequenced on a Nextseq500 (Illumina).
The Cell Ranger pipeline (10X genomics, CS, USA) was
used for demultiplexing (cellranger mbkfastq) and align-
ment (cellranger count). Ambient RNA contamination ar-
tifacts were resolved using the R package SoupX (https://
github.com/constantAmateur/SoupX). Cleaned gene-cell
matrices were loaded into the R package Seurat 3.0 and
filtered to remove cells with unique feature counts over
6000 or less than 200. Cells that had > 20% mitochondrial
gene counts or genes that were expressed by fewer than 3
cells were also removed. Using Seurat 3.2.1 [29, 30], the
filtered gene—cell matrices from each mouse were inte-
grated and clustered in uniform manifold approximation
and projection (UMAP) space using default settings with
resolution of 0.1. The typical marker genes (like Prss2,
Krt19, Collal, and Ms4al) that are commonly used in
single-cell transcriptomic analysis of the pancreas were
used for identifying clusters [31-33]. When the cluster
identity could not be determined, Seurat 3.2.1 FindCon-
servedMarkers function was used to find the top 50 genes
that are conserved markers irrespective of the genotype.
This gene list was then uploaded to Enrichr (https://
maayanlab.cloud/Enrichr/), and we used similarities to the
enriched gene expression profiles of different cell types
identified by Enrichr to determine the cellular identities
for the latter clusters [34].

Differential gene expression analysis, pathway
enrichment analysis, and visualization

A differential gene expression was analyzed between two
mouse genotypes (Ptfla“"*®®; Kras">"C"*P;Ins17";Ins2*""
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vs Ptfla“"**®;Kras">""S"*P;Ins17Ins2*'*) to identify up-
regulated and downregulated genes in each cell type
using Seurat 3.2.1 FindMarkers function with default
settings [29, 30]]. For the differentially expressed gene
lists, pathway enrichment analyses were performed by g:
profiler (https://biit.cs.ut.ee/gprofiler/) using the Reac-
tome database (http://www.reactome.org) based on the
Reimand et al. published protocol [35]. Enriched path-
ways were visualized using the R package pheatmap
1.0.12. The single-cell expression of some immune
checkpoint receptors and ligand genes in each cell type
was presented using Seurat 3.2.1 DoHeatmap function
[29, 30]. Violin plots were used to visualize single-cell
expression distributions for markers of macrophage sub-
types and fibroblast subtypes.

Statistical analysis

Statistical parameters including the sample size # (num-
ber of animals), mean * standard error of the mean
(SEM), and statistical significance are reported in the fig-
ure legends and figures. GraphPad Prism 9.0.0 was used
for statistical analysis. Mixed-effects analysis was per-
formed for glucose homeostasis assessments (Fig. 1).
When the samples passed a normality test, the two-
tailed student’s t test was used; while nonparametric sta-
tistics (Mann—Whitney test) was used for data of non-
normal distribution (Shapiro-Wilk test). GraphPad Prism
9.0.0 was used to generate and assess the linear regres-
sions. Pearson correlation coefficients were computed
for normally distributed data, and nonparametric Spear-
man correlation was used for non-normally distributed
data. Nonparametric Wilcoxon rank sum test was used
for differential gene expression analysis. p < 0.05 was
considered significant, and asterisks denote statistical
significance level (*p < 0.05; **p < 0.01; ***p < 0.001;
*#2p < 0.0001).

Results

Effects of reduced Ins2 gene dosage on hyperinsulinemia,
obesity, and glucose homeostasis

We examined the effects of reduced Ins2 gene dosage on
PDAC  development by crossing Ptfla""®¥T;
Kras“S= S22 fys 175 ns2* " mice with Ptfia™""™T;
Ins1”;Ins2""" mice to activate mutant Kras expression in
adult acinar cells and modulate insulin dosage [28, 36].
By this breeding scheme, we generated both Ptfla“ X,
Kras"S¥ S0 1ns 175 Ins2**  (PK-Insl”;Ins2*'*)  control
mice and Ptfla“"*Kras">"" i Ins17;Ins2"-  (PK-
Ins1”5Ins2"") experimental mice (Fig. 1A). Recombin-
ation and expression of the Kras"**"'?P allele was in-
duced by injecting mice with tamoxifen at 4 weeks of
age. To promote elevated insulin production and secre-
tion (i.e. hyperinsulinemia), mice were fed a high-fat diet
(HFD) after weaning (Fig. 1B).
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In contrast to our previous study, which had more
limited physiological data [19], body weight and fasting
glucose levels were monitored every 4 weeks, and fasting
insulin levels were measured every 3 months until eu-
thanasia in both male and female mice (Fig. 1B). As ex-
pected from our previous studies using mice with
reduced insulin gene dosage [24, 25, 37, 38], PK-InsI™;
Ins2*"" mice had lower fasting insulin levels than PK-
Ins1”";Ins2*'* mice (Fig. 1C-D). This effect was observed
continuously after 12 weeks of age for male mice (Fig.
1C) and was transiently present between 12 and 50
weeks of age for females (Fig. 1D), as previously reported
[25]. Mice with reduced fasting insulin levels exhibited
reduced weight gain in the context of HFD, without con-
sistently affecting glucose homeostasis (Fig. 1IE-H), con-
sistent with our previous reports [22, 24, 25, 38]. When
mice were 52 weeks old, glucose-stimulated insulin se-
cretion tests, insulin tolerance tests, and glucose toler-
ance tests were conducted to examine glucose
homeostasis more closely (Fig. 1I-N). At this age, PK-
InsI”5Ins2""* and PK-Ins1”";Ins2*~ male mice secreted
similar levels of insulin in response to intraperitoneal de-
livery of glucose; in females, we noted a clear trend in
PK-Ins1”Ins2"~  mice towards reduced glucose-
stimulated insulin secretion (Fig. 1I-J). There were no
significant differences in insulin sensitivity between the
PK-Ins1”Ins2™"* and PK-Ins1”";Ins2*'~ genotypes in ei-
ther male or female mice despite males with reduced in-
sulin production appearing slightly more insulin
sensitive (Fig. 1K-L). Consistent with previous studies
[24, 25], we found that male mice of both genotypes had
weaker responses to insulin challenge than females (Fig.
1K-L). Glucose tolerance was generally similar between
the genotypes, although male PK-InsI”5Ins2"" mice
were slightly, but significantly, more intolerant to glu-
cose than Ins2*'* littermate controls (Fig. IM—N). We
did not observe this effect in females (Fig. 1N). We also
tested for potential differences in exocrine physiology by
monitoring serum amylase levels [39], but found no dif-
ferences between the genotypes (Fig. SLA-B).

In sum, the limited systemic physiological differences
between the experimental PK-Ins1”";Ins2"~ and control
PK-Ins1”Ins2"'* mice offered an opportunity to exam-
ine the effects of reduced insulin production on PanIN
formation in the absence of major changes in glucose
homeostasis in both sexes.

Effects of modestly reduced insulin on PanIN initiation

Mice were euthanized at 57 weeks of age for histological
analysis of the percent of total pancreatic area occupied
by PanIN and tumor, or for scRNAseq analysis (see
below). Similar to our previous study, we detected ductal
lesions with histologic characteristics of low-grade
PanIN (Fig. 2A-B), and only one male and one female
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(See figure on previous page.)

Fig. 1 Mice with reduced insulin gene dosage have reduced fasting insulin levels and body weight. A Schematic describing a mouse model
designed to test the role of insulin on HFD-accelerated PDAC initiation. On the background of Ptfla
model (PK), we compared experimental mice with 1 null allele of /ns2 and control mice with 2 null alleles of Ins2, all in the absence of Ins1 (ns17)
to prevent compensation. B Three-week-old PK-Ins1”Ins2*"* control and PK-ns1”";Ins2*" experimental mice were weaned to a high-fat diet
(HFD) and were injected for 3 consecutive days with tamoxifen (TM) beginning at 4 weeks. After repeated physiological measures over the
course of a year, the mice were euthanized at 57 weeks of age for histological analysis and scRNA-seq. C-D Fasting insulin levels in male and
female PK-Ins1”5Ins2"* and PK-Ins17Ins2*™~ mice measured over 1 year (n = 18-29). E-F Fasting glucose levels in male and female PK-
Ins1”Ins2*"* and PK-InsT”Ins2*"" mice measured over 1 year (n = 18-29). G-H Body weight in male and female PK-ins1”Ins2*/* and PK-
Ins1”":Ins2™"" mice measured over 1 year (n = 18-29). I-J Glucose-stimulated insulin release in 52-week-old male and female mice (n = 17-30). K-
L Blood glucose response to intraperitoneal delivery of an insulin analog in 52-week-old male and female PK-ins17Ins2"* and PK-Ins1”"Ins2*""
mice (n = 10-29). M-N Blood glucose response to intraperitoneal delivery of glucose in 52-week-old male and female PK-Ins7”ins2*/* and PK-
Ins1”:Ins2*"" mice (n = 16-29). *p < 0.05 and **p < 0.01. Values are shown as mean + SEM

CreER G12D

-induced Kras pancreatic cancer

mouse developed PDAC, and both of them were from
the PK-Insl”;Ins2""* genotype group. Similar to our
previous study, the pancreatic area covered by PanIN
and tumor in the PK-InsI”5Ins2"'* control mice was ap-
proximately twice that of the PK-InsI”~;Ins2*'~ experi-
mental mice with reduced insulin levels (Fig. 2C-D,
filled circles indicated mice with PDAC). In males, the
pancreatic area covered by PanIN and tumor in PK-
Ins1”5Ins2""* mice was 1.34% + 0.88% compared with
0.36% + 0.088% in the PK-Insi”;Ins2*'~ mice. In fe-
males, control PK-InsI';ins2"* mice had 3.54% +
1.75% of the pancreas covered by PanIN and tumor
compared with 1.58% + 0.70% in the PK-InsI”/;lns2*
mice. While not statistically significant, we observed a
trend toward higher percent PanIN plus tumor area or
PanIN area in females compared with males from the
control genotype, with a similar trend occurring in the
PK-InsI”";Ins2*'"" genotype (Fig. SIC-E). While these re-
sults broadly support our previous findings in a mouse
model that varied alleles of InsI in an Ins2-null back-
ground [19]; there were far fewer PanIN lesions in both
genotypes (~ 20% of pancreatic area in the previous
study [19] vs < 4% in the current study for females), and
the reduction in PanIN area was not statistically signifi-
cant. The low lesion number in our current study may
be related to the overall reduction in nonfat pancreatic
area in the InsI-null compared with the Ins2-null back-
ground (see below).

Next, we examined the correlations between PanIN
plus tumor area and fasting insulin levels, glucose levels,
and body weight in individual mice measured at 57
weeks of age, by pooled measurements (black) or within
each group (colored) (Fig. 2E-]). We found that the rela-
tively modest positive correlations between fasting insu-
lin levels and PanIN plus tumor area were significant in
female mice (Fig. 2F), but not in males (Fig. 2E). There
was also a significant correlation between body weight
and PanIN plus tumor area (Fig. 2]) in females, but not
in males (Fig. 2I). There was no positive correlation be-
tween fasting glucose and PanIN plus tumor area in ei-
ther sex (Fig. 2G-H), consistent with our previous

findings [19]. Together, these data add support to our
previous observations suggesting that hyperinsulinemia
promotes PanIN development in females [19]. In males,
the effects of hyperinsulinemia on PanIN development
are less clear: despite a trend toward lower PanIN plus
tumor area in the pancreata of males with reduced Ins2
gene dose, PanIN plus tumor area did not correlate with
insulin levels. While the reasons for this discrepancy be-
tween the sexes remains unclear, the relative insulin re-
sistance we observed in both PK-InsI”Ins2"* and PK-
InsI”5Ins2*"" males compared with females (Fig. 1 K-L)
may provide one reason for the lack of correlation be-
tween circulating insulin and PanIN development in
males.

Acinar ductal metaplasia and adipocyte area in mice with
reduced hyperinsulinemia

Next, we measured the percent of total pancreatic area
covered by ADM. ADM is histological evidence of nor-
mal acinar cells changing into ductal-like cells, and it
can be induced by pancreatitis and during PanIN devel-
opment [40]. We detected ADM in both male and fe-
male mice for each genotype (Fig. 3A—B). Similar to our
PanIN area measurements, PK-Insl1”";Ins2"'* mice had
twice the amount of ADM area as PK-InsI”'“;lns2*'-
mice (1.92% + 0.86% vs 0.96% + 0.33%, respectively
for males and 9.53% + 2.84% vs 4.45% * 1.74%, re-
spectively for females), but the difference was not sta-
tistically significant (Fig. 3C-D). Also, consistent with
the PanIN area, we found that the ADM area in PK-
Ins1”"Ins2"'* female mice was significantly higher
than ADM area in PK-Insl”Ins2** males (Fig. S1F).
This trend was also present in the PK-Insi”Ins2*
genotype (Fig. S1G). When we next examined the
correlations between percent ADM area and PanIN
area, fasting insulin, fasting glucose, and body weight
in individual mice at 57 weeks of age, for each geno-
type (orange or blue) or both together (black) (Fig.
3E-L), we found, as expected, that ADM area
strongly correlated with PanIN area in non-tumor—
bearing females of both genotypes (Fig. 3F). However,



Zhang et al. Cancer & Metabolism (2022) 10:5 Page 7 of 18

Female
B Ptf1a®=tR;Kras®'?;Ins1";Ins2" Ptf1aeEr; Kras®'??; Ins 17-;Ins2*-

Male

Ptf1a°ER; Kras®'?; Ins 1'-;Ins 2+

2 g‘}

Ptf1acER; Kras®'?°; Ins17;Ins 2"

>

Hematoxylin/Eosin

Hematoxylin/Eosin

0 PK-Inst";ins2**

PK-Ins1";Ins2"" - PK-Ins1™:Ins2"*
C e E PK-Ins1"Ins2*" G |
< o 16— — Combined o 167 r=-0.0545 °
© IS 14-_|_r=0.474 . &, =082 ° S
|z 8| . "4 —p=0.0660 8| 10900 5
=|g 8|8 " Tr=-0346 Sle T Tes 003;56 5|8

o|® - o|® r=-0. o|®
p=0.330
Sle gle - Elg [p=0186 gl
2|8 3(3 r=0.237 3| 3|8
+|5 *|s p=0.244 +ls +|5
z|§ 25 25 HH
Sl S > & s
a o o o o ) o o
— o
0 5038 % o0 0
T T T T 1 r T 1
0 500 1000 1500 2000 0 5 20
Insulin (pmol/L)
Female
o PK-Ins1':';In52:;+

PK-Ins1";Ins2™" o PK-InstT:Ins2"!*
D 4 ° F PK-Ins 1" Ins2"" H J
o\° 36 ° 40— — Combined o 40 1= 0224 R . .
© > 361 X 36 p=0.316 >
Ela 3 ] r=-0.295 B 5
I PPN S| 3 s|3 p=0.303 c|3 p=0.240
g|® © 5512 5|5 12 r=-0.0274 ° 5|5124r=0408 o
3|8 5(8 5[g |p=oe74 Slg |v=0.013
+|5 8 + E 8 + E 8 5 + ‘g 8
z|s ° Zis Z8 s
i S &l 4 gl a
g 4 a k’(;\ o °

&8, s %0 %0 °
0 0 090 0 696 a® “00 e
0 Temm——— T T T T 1 T T T T 1 T T T T T 1
0 200 600 800 0 5 10 15 20 20 30 60 70

400 40 50
Insulin (pmol/L) Glucose (mM) Body Weight (g)

Fig. 2 Effects of reduced hyperinsulinemia on pancreatic cancer initiation. A-B Representative whole section (top) and high-magnification
(bottom) images of PK-Ins17=Ins2** and PK-Ins1”~Ins2*™"~ male and female pancreata stained with hematoxylin and eosin. Scale bars: 2 mm (top)
and 0.1 mm (bottom). C-D Quantification of percent of total pancreatic area occupied by PanINs and tumor in male (blue colors) and female
(orange colors) PK-Ins1”":Ins2*"* and PK-Ins1”"Ins2*" mice (n = 14-22) (dark blue and dark orange dots denote mice that developed PDAC).
Correlations of composite PanINs plus tumor area with fasting insulin levels E-F, with fasting glucose levels G-H, or with body weight I-J in male
and female PK-Ins17=Ins2™* and PK-Ins1”:Ins2*" mice (n = 10-22)

genotypes were combined did the models where per-
cent ADM area correlates with fasting insulin in
males (Fig. 3G) or body weight in females (Fig. 3L)
significantly explain the spread of data points.

for male mice, there was no significant correlation be-
tween percent ADM area and PanIN only area (Fig.
3E). Despite a trend for the ADM area to correlate
with fasting insulin in both sexes, only when the
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Fig. 3 Altered ADM in mice with reduced hyperinsulinemia. A-B Representative high-magnification ADM (arrowheads) images of male (A) and
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One surprising observation from our histological ana-
lyses was the significant amount of pancreatic area that
had been replaced by adipocytes in our PK-Ins1”~ mouse
model. This is not a phenomenon that we had previously

observed in our PK-Ins2”" model [19]. As the

representative images show (Fig. 4A-B), we often ob-
served pancreatic lobules with few residual normal aci-
nar, ductal, or endocrine cells left among large numbers
of adipocytes. The percent of pancreatic area replaced
by adipocytes was not significantly different between
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PK-Ins1”5Ins2""* and PK-Ins1”~;Ins2*~ mice (Fig. 4C—
D), suggesting this phenotype was specifically associated
with loss of Insl gene. Male mice had a slightly higher
percent adipocyte area than female mice for both geno-
types; overall about 30-50% of the pancreatic area was
occupied by adipocytes. The fatty replacement affected
the overall parenchymal area, as we found compared
with PK-Ins2"" female mice; PK-InsI”'" female mice had
significantly less pancreatic area (PK-Ins2”" male mice
did not reach a comparable age and were not assessed)
(Fig. S1H). It is possible that this fatty replacement could
have affected the overall number of PanIN lesions, be-
cause of a relative lack of Ptfla-positive acinar cells.
Interestingly, there was a significant correlation between
the percent of adipocyte area and fasting insulin for fe-
male, but not male mice (Fig. 4E-F). We observed no
correlation between percent of adipocyte area and fast-
ing glucose levels for either sex (Fig. 4G—H). However,
as expected [25], the percent adipocyte area did correlate
with body weight in both sexes (Fig. 4I-J). The under-
lying cause of fatty replacement in the PK-InsI”" mice is
unknown and could be multifactorial, but the forces
driving fat accumulation could potentially influence the
accumulation of PanIN lesions, especially in females.
This is supported by the significant and strong correl-
ation between the percent of pancreatic area occupied
by PanIN vs adipocytes in non-tumor—bearing in female,
but not male, mice (Fig. S1I-J). We have previously ob-
served this fatty replacement of normal parenchyma in
another colony of InsI”~ mice (unpublished observa-
tions); therefore, we do not believe this phenomenon is
specific to the exposure of mice to tamoxifen or the in-
fluence solely of the PK mutant alleles.

Single-cell transcriptomics reveals effects of
hyperinsulinemia on cell type-specific gene expression
To investigate the molecular effects of hyperinsulinemia
in the context of PDAC initiation in an unbiased and
cell type—specific manner, we undertook scRNAseq. At
57 weeks of age, we collected pancreata from 6 PK-
Ins1”;Ins2""* control mice and 6 PK-Insi”“;Ins2""" ex-
perimental mice (all fasted for 4 h), dispersed them into
single cells, and FACS purified live cells for single-cell
RNA sequencing (Fig. 5A). We performed scRNAseq
analysis separately for each animal. In total, 49,835 single
cells passed quality control tests and were clustered into
15 clusters (Fig. 5B—C). These cell clusters were assigned
cellular identities based on the expression of known
markers, which were commonly used by other studies
[31-33] (Fig. 5D). We were able to identify acinar cells,
ductal cells, and fibroblasts. The majority of cells that
survived dispersion and passed transcriptomics quality
controls were immune cells including: T cells, T regula-
tory cells (Treg), B cells, natural killer (NK) cells,
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macrophages (both M1 and M2 macrophages), mono-
cytes, dendritic cells, and mast cells (Fig. 5B-D, and Fig.
S2D). We also classified a separate cluster of proliferat-
ing cells marked by high expression of Mki67. This pro-
liferating cell cluster included multiple immune cell
types, such as T cells, B cells, and NK cells, as well as
epithelial cells (Fig. S2A-C). Because there was clearly
inconsistent detection of cell populations across geno-
types and sex, we chose to combine the sexes before per-
forming comparisons between genotypes. There were no
significant differences in the numbers of cells per cluster
between the genotypes, with the exception of there being
twice as many NK cells in mice with reduced insulin
(Fig. 5C). Analysis of cell type—specific markers showed
that cell identities were generally comparable between
genotypes (Fig. 5D). Consistent with previous human
PDAC single transcriptomics analysis [31], we were able
to identify 3 different fibroblast subtypes within the
fibroblast cell cluster from pancreata undergoing meta-
plastic changes, including inflammatory fibroblasts, myo-
fibroblastic ~ fibroblasts, = and  antigen-presenting
fibroblasts (Fig. S2E). Consistent with the findings of
Steele et al. [32], the PanIN microenvironment in our
model displayed evidence of immunosuppression. Spe-
cifically, we observed T cells, Treg cells, and NK cells
expressed immune checkpoint receptors like Cd28,
Ctla4, Icos, Tnfrsf18, and Cd27, while macrophages
expressed checkpoint ligands, including Sirpa, Havcr2,
Pyr, and Lgals9 (Fig. 5E). However, there was no signifi-
cant difference in expression of these immune check-
point receptors and ligands between the two genotypes
(see differential gene expression presented below, Table
S2). This suggested even at the PanIN formation stage,
the three types of fibroblasts and the immunosuppres-
sive microenvironment were present, but unaffected by
insulin gene dosage. Our scRNAseq analysis was rich
with B cells (Fig. 5B—C). To confirm the presence of B
cells in our mouse pancreata, we performed IHC stain-
ing for B cell marker, Cd20 (encoded by Ms4al). We ob-
served B cells surrounding PanINs and, interestingly, we
also observed aggregates of B cells associated with the
fatty replacement of the parenchyma (Fig. 5F). We did
not observe a significant difference in Cd20" area be-
tween the genotypes for male mice (Fig. 5G); however,
there was a significant increase of Cd20" area in female
PK-InsI”";Ins2"'~ mice compared with female PK-Ins1™;
Ins2*"* mice (Fig. 5H). This was consistent with our
scRNAseq analysis that also showed there were more
cells present in the B cluster in female PK-Insl”;Ins2"'"
compared with female PK-Ins1”Ins2""* mice. Using IHC
staining, we also confirmed the presence of other immune
cells, including macrophages, Treg cells, and Cd8" T cells
in the PanIN microenvironment (Fig. S3A-C). There were
a large number of macrophages present surrounding



Zhang et al. Cancer & Metabolism (2022) 10:5 Page 11 of 18

p
A
ﬂf\ Y
PK-Ins1";Ins2+* Hoechst* Hoechst* Celltype 1
PI* / PI Cell type 2
—_— —_ Celltype 3
— Cell type N
: A
PK-Ins1"Ins2*" Pancreas dissociation & & single-cell RNA sequencing
B Fibroblasts c » PK-Ins1*;Ins2" Fibroblasts (3758, 2307)
RS * PK-Ins1*;Ins2*
) & Ductal cells (127, 41)
®1 Mast cells - ;ucla\ C,?”S J#Epithelial cells ), Mastcells (187' & , 7 Epithelial cells (243, 291)
B M hages,M2 Macrophages (M2) (1099, 646)
Dendrio colls g 1ocropnages Dendritic cells (52, 61) ..
[g“*( ; “» Monocytes P “» Monocytes (202, 168)
L W A ° > P LA
Treg cells ; Acinar ceHsg\ %7 " Macrophages,M1 [Treg cells (2175, & Macrophages (M1) (295, 159)
g cells Y « !
o 5(' Acinar cells (526, 242)
% Proliferating cells ™ B cells-2 H Proliferating cells (36\7»\1 B cells-2 (694, 2680)
o v v 0 4 ¢
&
2\ g
5 " T cells 2 K colls : = #T cells
B cells-1 (3034, 2813) l K cells (987, 1920)* B cells-1 (10564, 10345)
10 -10
10 0 10 10 0 10
UMAP_1 UMAP_1
D E s g 2
] i 8 . % S
v © 8 5 5 o 8 2 Expression
Proliferating cells,Mix ’ . . L 8 8 8 8 ¢ « 2 4, £ £ £ g 2 3 s
. PR . ® o PKoinstéiins2 5 3 2 § 2 £ o ¢ 3 o o 8 5 2 8 20
Mast cells . b '7 s 5 2 5 8 8 S 8 « g &§ 5§ 5 & 3 15
M e 1 < & W &L @@ @ - +F Z = =2 =2 0 =2 a 10
Dendritic cells = Iy ® [ i 2
R 4 e Tigit 00
Monocytes . N Pi-ymsr':msz" —
. i Pdcdt
Macrophages, M2 . o Lag3
Macrophages,M1 . -y . cdr0
o Y . Cd27
NK cells .- . 9 o5 Tnirsfd
Treg cells ; o Las Ctla4
81 & Cd4olg
Tcells @ . . Icos
B cells-2 M Cd2g)
Sirpa
B cells-1 Haver2
Fibroblasts Lgals9
cdso
Epithelial cells Cd40
Pvr
Ductal cells | - S
Acinar cells Csft
— Ccdz74
< it
Ptf1a°ER; Kras®'2>
Ins1*;Ins2+* Ins1*;Ins2+ - o . PK. /- +/+
F ‘ st o Male: PK-Ins1"Ins2""* Female: PK-Ins 1" ;ins2"
3 N . 3 . _ -I-. -
, A X G 45 Male: PK-inst™;ins2- H ,_ Female: PK-Ins1™Ins2
o ;
N ‘
el B A
o s = 34 34
e R R
i © ©
] [0}
pery = —
o o T 2
° °
N o N
3 8
o o 2 1 | 1+
g : e 3 o
(&) V Yo o
S & =l . o
f - °
Fig. 5 (See legend on next page.)




Zhang et al. Cancer & Metabolism (2022) 10:5

Page 12 of 18

(See figure on previous page.)

Fig. 5 scRNAseq analysis reveals effects of hyperinsulinemia on cell type-specific gene expression. A Schematic describing the single-cell
transcriptomics experimental design and analysis. Six mouse pancreata from each genotype were dissociated to single cells, and the samples
were sorted for hoechst”™ and PI” live cells. The live single cells were sequenced and clustered in uniform manifold approximation and projection
(UMAP) space. B Unsupervised clustering of cells from 6 PK-Ins1”5Ins2™* and 6 PK-Ins1”Ins2"~ mice pancreata, represented as an UMAP plot. C
Numbers of cells from PK-Ins17:Ins2*/* (orange) and PK-Ins1”":Ins2*"" (green) mice for each cell type. The asterisk indicates a significant difference
in the number of NK cells between the genotypes. D Dot plot showing selected cell type-specific markers for identifying the cell type for each
cluster. The size of dots represents the fraction of cells expressing the markers. The PK-Ins1”Ins2*"* mouse data are shown in blue and PK-
Ins1”Ins2*" mouse data are shown in red. The intensity of color indicates the average expression of marker genes for each cell type. E Single-cell
expression of immune checkpoint receptors and ligands in each identified cell population in both genotypes. F Immunohistochemistry of Cd20
(B cell marker) for PK-Ins1”Ins2*"* and PK-Ins1”";Ins2"/~ pancreata. Scale bars: 0.1 mm (up) and 0.2 mm (down). G-H The quantification of Cd20"
area for PK-Ins1”:Ins2™* and PK-Ins1”":Ins2*"" male (G) and female (H) mice

ADM and PaniN lesions, but we did not find a significant
difference in the infiltration of macrophages around each
type of lesion between the genotypes, and only a relatively
small number of Foxp3* and Cd8" T cells were observed
regardless of genotype (Fig. S3A-D). Overall, our IHC
staining supported our single-cell transcriptomic analysis
and confirmed the presence of multiple immune cell types
in the neoplastic microenvironment of our mouse model.
After confirming the cell identities, we generated a list
of genes that were differentially expressed between geno-
types for each cell type (Table S2). To have a more com-
prehensive understanding of the function of these
differentially expressed genes, we performed pathway en-
richment analysis using Reactome and to identify the
pathways that were up- (Fig. 6A) and downregulated
(Fig. 6B) in PK-Insl”";Ins2*"~ experimental mice com-
pared with PK-InsI”5Ins2*'* control mice. B cells-1, B
cells-2, epithelial cells, and M1 macrophages were the
cell types that had the most altered pathways (Fig. 6A—
B). Specifically, the pathways that were most significantly
altered were rRNA processing, nonsense-meditated
decay, and translation, and they were also the pathways
that were consistently altered across multiple cell types
(Fig. 6A—B). Interestingly, these pathways were downreg-
ulated in epithelial cells, fibroblasts, dendritic cells, mac-
rophages, B cells-1, Treg, NK cells, and mast cells of
mice with reduced insulin. However, they were upregu-
lated in B cells-2, proliferating cells, and acinar cells of
mice with reduced insulin (Fig. 6A-B). We also found
pathways that were only altered in acinar cells, which
initiate the metaplasia in these mice. For instance, anti-
microbial peptides and digestion enzymes were down-
regulated in acinar cells from PK-InsI”';ins2*
experimental mice (Fig. 6B). The antimicrobial peptide
category highlighted that the Reg3a, Reg3b, Reg3d, and
Reg3g genes, which are known to be induced by inflam-
mation and may have antimicrobial roles [41, 42], were
significantly downregulated in acinar cells from mice
with reduced insulin production (Fig. S2F). This suggests
that inflammation surrounding acinar cells in the histo-
logically normal pancreatic areas due to HFD treatment
[43, 44] might be reduced in mice with less insulin. Reg

proteins are reported to promote pancreatic tumorigen-
esis [45-47] and future studies may identify a role for
these proteins in mediating the effects of hyperinsuline-
mia in promoting inflammation and conversion of acinar
cells into duct-like cells.

Somewhat expectedly, pathways involved in insulin
signaling, like “PIP3 activates AKT signaling”, “PTEN
regulation”, and “MAPK family signaling cascades”,
were downregulated in mice with reduced insulin pro-
duction. They were downregulated in several cell
types, but most clearly in B cells, epithelial cells, and
M1 macrophages (Fig. 6B). There was also a down-
regulation of genes involved in cell cycle pathways in
epithelial cells, B cells, macrophages, Treg cells, and
NK cells from mice with reduced insulin production
(Fig. 6B). To validate the pathway enrichment ana-
lysis, we performed IHC staining of phospho-Erk. As
expected, the PanIN cells had dark staining indicat-
ing robust phospho-Erk signaling. We also observed
some non-epithelial cell types and acinar cells had
high levels of phospho-Erk (Fig. 6C). To see whether
the latter areas contributed significantly to the overall
phospho-Erk activity in the pancreas, we performed
correlation analyses with the PanIN area per individ-
ual. As expected, there was a significant correlation
between the phospho-Erk™ area and PanIN plus
tumor area for both genotypes (Fig. 6C—D). However,
the slope of PK-Insl”;Ins2*'* mice was larger than
the slope of PK-Insl1”"Ins2"'" mice, which suggested
there were more non-PanIN cells with phospho-Erk
positivity in PK-Insi”Ins2** mice compared with
PK-Ins1”;Ins2"'~ mice (Fig. 6D). This was consistent
with our pathway enrichment analysis that MAPK-
ERK signaling pathway was downregulated in epithe-
lial and non-epithelial cell types of PK-InsI”'“;lns2*'-
mice. Altogether, the scRNAseq analysis demonstrated
the transcriptomics of epithelial cells and immune
cells were significantly altered by hyperinsulinemia.
This suggests that hyperinsulinemia might directly
and indirectly affect PanIN development through
regulating the epithelial and immune cells, respect-
ively, in the PanIN microenvironment.
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Ins1”Ins2"" pancreata. Scale bars: 0.1 mm. D The correlation of composite PaniNs area with phospho-Erk positive area. *p < 005, *p < 001
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Discussion

The goal of this study was to investigate the effects of re-
duced Ins2 gene dosage on HFD-induced hyperinsuline-
mia, PanIN initiation, and cell type—specific gene

expression in the context of acinar cell-specific expres-
sion of mutant Kras. The results of the present study ex-

tend our previous findings

[19], which implicate

hyperinsulinemia as a causal factor in pancreatic cancer
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initiation, and provide the first molecular insights into
the cell-specific mechanisms involved.

Despite the strong epidemiological link between
hyperinsulinemia and pancreatic cancer, the specific re-
duction of insulin is required to formally test the hy-
pothesis that insulin plays a causal role. Our previous
study was the first to demonstrate that endogenous
hyperinsulinemia contributes to cancer development,
primarily the earliest events, using mice with reduced
dosage of Insl in a Ins2-null genetic background [19].
Unfortunately, in that study, male PK-Ins1*/;Ins2”" mice
developed hyperglycemia at a very young age because of
insufficient endogenous insulin production, which lim-
ited our conclusions to female mice [19]. In the present
investigation, we were eager to extend our observations
to both sexes and indeed, we found that male PK-InsI™;
Ins2*" mice were able to maintain glucose homeostasis
and be studied long-term. This is consistent with previ-
ous studies showing that limiting Ins2 gene dosage pre-
vented hyperinsulinemia without pronounced effects on
glucose homeostasis [24]. Our data show that reduced
Ins2 gene dosage led to a moderate reduction in fasting in-
sulin levels without broad effects on glucose homeostasis,
in both male and female mice. It should be noted that cir-
culating insulin levels in female mice, even with both Ins2
alleles, are only ~ 25% of that seen in male mice. We also
noted in female mice that insulin levels were not different
at 1 year of age between genotypes, mirroring the transi-
ent compensation we have previously observed in Insl-
null model [25, 38]. Collectively, these observations illus-
trate that a reduction in Ins2 gene dosage results in a rela-
tively mild manipulation of circulating insulin in the first
year of life. Because Ins2 is the ancestral gene and contrib-
utes to ~ 2/3 of secreted insulin [21, 23], fasting insulin
levels were still relatively high for our PK-InsI”" mouse
model compared with the previously studied PK-Ins2””
mouse model (Fig. 1C-D vs [19]).

Consistent with the previous study [19], in this study,
only 2 animals developed PDAC; therefore, we focused
on quantifying the effects of reduced insulin on PanIN
and ADM development, as well as the observed fatty re-
placement. Interestingly, in the present study, only about
1-4% pancreas was occupied by PanIN lesions for our
PK-Ins1”” mouse model, compared with the 15-30% of
pancreas that was occupied by PanIN lesions for our
previous PK-Ins2”~ mouse model [19]. Another major
histological difference between this study and our previ-
ous one was the observation of a significant amount of
fatty replacement of the parenchyma in our PK-Imsl™-
mouse model. Approximately 30-50% of the pancreas
was replaced by adipocytes. Unfortunately, because we
did not collect pancreata at earlier time points and the
10x genomics scRNAseq platform does not efficiently
capture adipocytes, our study could not address when
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the fatty replacement occurred or the potential tran-
scriptional programs altered in adipocytes, which could
provide us some insight into the cause of fatty replace-
ment. The presence of fat in the parenchyma was previ-
ously observed, but not reported, in our previous
Kras™ ™ ;Ins17"Ins2""* mouse studies (unpublished ob-
servations from animal cohorts in [24, 25, 38]). This sug-
gests the InsI”™ genetic background may contribute to
replacement of parenchyma with fat and the relative lack
of ductal metaplasia; however, future studies are needed
to examine this hypothesis. In addition, pancreatitis can
also induce acinar cell necrosis or apoptosis, which is
subsequently replaced by adipocytes [48, 49]. HFD-
induced obesity can also cause fat accumulation in the
exocrine parenchyma [48, 50], but we did not observe
this extent of fat accumulation with the same diet in our
previous mouse model [19]. Together it seems that the
combined effects of Kras-associated inflammation, HFD,
and the Ins1”" genetic background may have resulted in
fat displacing ~ 2/3 of normal pancreatic parenchyma in
our PK-Ins1”~ mouse model. Therefore, the loss of aci-
nar cells may explain why fewer and more variable num-
bers of PanIN lesions developed in our PK-InsI”~ mouse
model. Nevertheless, circulating insulin still significantly
correlated with PanIN plus tumor area in female mice,
confirming our previous report with another insulin
gene dosage configuration. Our histopathological ana-
lysis also showed that PK-InsI”;Ins2"” mice had a ~
50% reduction in percent PanIN area compared with
PK-Ins1”Ins2""* mice, which is similar to our previous
findings. Although the pairwise comparison between ge-
notypes did not reach statistical significance in the
present study [19], our findings still support a role for
hyperinsulinemia promoting PanIN initiation from aci-
nar cells sustaining mutations in the oncogene Kras.
Although we did not longitudinally track the dynamic
levels of insulin across time, we performed analysis of
glucose-stimulated insulin secretion and noted that re-
sponse to glucose challenge was not significantly differ-
ent between the PK-Ins1”Ins2"'* and PK-InsI”';Ins2*
genotypes of either sex. However, the change in insulin
appeared to differ between female PK-Insl™;lns2*-
compared with PK-InsI”~Ins2"* controls. While this
genotype effect on glucose-stimulated insulin secretion
between the sexes was consistent with previous findings
[24, 25], our current analysis was limited to one time
point. Another limitation of our study is that we were
not able to rule out contributions of indirect effects of
obesity on PanIN development. Other studies have sug-
gested that obesity can promote PanIN development
through sustained inflammation, dysregulated metabol-
ism, or aberrant islet -cell expression of peptide hor-
mone cholecystokinin (Cck) [43, 51-53]. Interestingly,
the induction of Cck, a stimulant of acinar cell secretion,
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in aberrant islets in the leptin-deficient—induced obesity
model studied by Chuang et al. suggests communication
between the islet and acinar cell compartment occurs
[51]. To examine whether insulin similarly communi-
cates with acinar cells in the local pancreatic neighbor-
hood, future studies will inhibit insulin receptor
signaling in the Kras®'*"-expressing acinar cells to de-
termine the direct effects of hyperinsulinemia on PanIN
development. Additionally, studies to test the role of
obesity in the absence of hyperinsulinemia are necessary
to further address the role of each factor in PanIN
development.

Pancreatic cancer is one of the most stroma-rich solid
tumor types, and immune cells in the microenvironment
play important roles at both early and late stages of
PDAC development [54-57]. In our single-cell tran-
scriptomics analysis, the primary cell types analyzed
were immune cells, including T cells, B cells, macro-
phages, NK cells, and dendritic cells. We observed a sig-
nificant change in the number of NK cells present in our
scRNA analyses and a trend towards less macrophages
by F4/80 IHC, which could suggest that there are
changes in the immune microenvironment during PanIN
formation in mice with reduced insulin. However, con-
sistent with previous analyses of the immune cells in hu-
man PDAC or mouse models of PDAC, immune cells
from our samples also expressed immune checkpoint re-
ceptors regardless of genotype suggesting that the sup-
pressed immune microenvironment is not affected by
the reduction of insulin. However, the major signaling
pathways downstream of insulin (e.g, MAPK-ERK,
PI3K-AKT, cell cycle, and translation pathways) were
downregulated in immune cells from mice with reduced
insulin production. MAPK-ERK and PI3K-AKT signal-
ing pathways and their downstream signaling cascades
are well-established regulators of multiple immune cell
types [12, 58, 59]. Therefore, there may still be differ-
ences in immune cell activities that were not captured
by our transcriptome analyses. Future studies should
examine the proteome and phospho-proteome of these
cells.

The largest immune cell population identified by our
single cell RNAseq was B cells. Different from other im-
mune cell types, B cells are not well studied in the con-
text of PDAC development, especially at PanIN
initiation stage. B cell infiltration around PanIN and
PDAC was previously observed in a murine PDAC
model and human samples [32, 60, 61]. By IHC, we
found that B cells are located, as expected, in the lymph
nodes, around metaplastic areas, as well as in the areas
of fatty infiltration. The large numbers of B cells in our
dataset may have arisen as a consequence of selective
enrichment of the pancreatic lymph nodes during cellu-
lar dissociation. However, the pronounced B cell
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infiltration at the fatty replacement regions suggests B
cells might be associated with the fatty replacement
process, although this remains to be tested directly. Re-
gardless of their origin, the B cells in our analyses had
the greatest number of pathways altered significantly by
hyperinsulinemia. Our staining demonstrated that fe-
male mice with reduced insulin production had signifi-
cantly more B cells than control mice, and this was
consistent with the trend observed in our scRNA-seq
analysis. The role of B cells in PDAC appears to be com-
plex according to the few studies in which it has been
investigated. Some studies demonstrated that B cells se-
creted interleukin-35 and promoted tumor progression,
while Spear et al. showed that B cells were proinflamma-
tory and limited PDAC development, but these genes
were not expressed by B cells in our scRNA-seq analysis
of early pancreatic changes [61-63]. Future studies are
therefore required to better understand how hyperinsuli-
nemia affects B cells and how B cells contribute to
PanIN development under these conditions. Overall, our
scRNAseq analysis suggested hyperinsulinemia might
contribute to PanIN development through changes in
the immune microenvironment.

A limitation of our single-cell transcriptomics was that
relatively few acinar cells survived the pancreas disper-
sion and were captured in the "live" gate by FACS . This
was somewhat expected given the fragility of acinar cells
and meant that we had less cell-level power to detect
differences in gene expression and that we may not have
been assessing gene expression in an exceptionally ro-
bust sub-grouping of acinar cells. Nevertheless, within
the limited data, we observed a significant downregula-
tion of Reg3a, Reg3b, Reg3d, and Reg3g in acinar cells
from PK-InsI”-Ins2*~ mice. Reg proteins have been
shown to promote pancreatic carcinogenesis, especially
inflammation-linked pancreatic carcinogenesis [45-47].
Inflammation in pancreas can cause ADM and acceler-
ate PanIN progression [36, 64] and therefore, the de-
crease of Reg transcripts in PK-Insl”;Ins2"" mice is
consistent with the reduction of PanINs and inflamma-
tion in those mice. Future studies may seek to directly
manipulate Reg proteins in the context of hyperinsuline-
mia and pancreatic cancer.

One unexpected finding from our study was the obser-
vation that males and females showed differences in the
way that sex affects the induction of metaplasia and neo-
plasia. For example, the percentage of pancreas replaced
by ADM was higher in PK-Ins1";Ins2*"* females than in
males (Fig. S1F), with a similar trend in the PK-Insi™;
Ins2*"" genotype (Fig S1G). There was also a sex differ-
ence in the correlation between PanIN and ADM area
(Fig. 3E-F), where PanIN area showed a significant posi-
tive correlation with ADM area in females, but not
males, in animals without tumors. While it remains
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unclear whether the differences we observe between the
sexes are due to methodological (e.g., tamoxifen
pharmacology) or biological factors (e.g., frequency of
tumor initiation), our findings suggest that future studies
should examine and analyze males and females separ-
ately in the Ins1”~ genetic background and potentially
other genetic backgrounds. This will allow a more com-
prehensive examination of whether known sex differ-
ences in the regulation and physiological action of
insulin in the body contribute to tumor development
[65-69].

In future studies, it will be important to characterize
the specific downstream changes for each immune cell
type at the protein level. It will also be important to ma-
nipulate insulin signaling components, including the in-
sulin receptor, in acinar cells, immune cells, and other
components of the PanIN microenvironment to deter-
mine which cells are predominately being affected by
changes in insulin. Our study represents an important
first step in understanding the molecular effects of
hyperinsulinemia on all the cell types present in the con-
text of early-stage pancreatic cancer.

Conclusions

The present study showed that mice with reduced
hyperinsulinemia trended to have less pancreatic area
covered by PanIN and ADM, consistent with our previ-
ous data demonstrating that hyperinsulinemia can con-
tribute causally to PanIN development. The scRNA-seq
analysis demonstrated that hyperinsulinemia affected the
immune cell composition in the PanIN microenviron-
ment and altered cellular pathways involved in or targets
of insulin signaling, such as the MAPK-ERK pathways
and protein translation. Our study represents an import-
ant first step in understanding the molecular effects of
hyperinsulinemia on all the cell types present during ini-
tiation of pancreatic cancer.
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