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28  Abstract

29 Hyperinsulinemia is independently associated with increased risk and mortality of pancreatic
30 cancer. We recently reported that a ~50% reduction in pancreatic intraepithelial neoplasia (PanIN)
31  pre-cancerous lesions in mice could be achieved with reduced insulin production. However, only
32 female mice remained normoglycemic and only the gene dosage of rodent-specific Insl1 alleles
33  was tested in our previous model. Moreover, we did not delve into the molecular and cellular
34 mechanisms associated with modulating hyperinsulinemia. Here, we studied PanIN lesion
35 development in both male and female Ptf1a®ER;KrastS--6120 mice lacking the rodent specific Ins1
36  gene, and possessing one or two alleles of the wild-type Ins2 gene to modulate insulin production.
37  High-fat diet induced hyperinsulinemia was transiently and modestly reduced, without affecting
38 glucose tolerance, in male and female mice with only one allele of Ins2. Genetic reduction of
39  insulin production resulted in mice with a tendency for less PanIN and acinar-to-ductal metaplasia
40 (ADM) lesions. Using single-cell transcriptomics, we found hyperinsulinemia affected multiple cell
41 types in the pancreas, with the most statistically significant effects on local immune cell
42  populations, which were highly represented in our analysis. Specifically, hyperinsulinemia
43  modulated pathways associated with protein translation, MAPK-ERK signaling, and PI3K-AKT
44  signaling, which were changed in epithelial cells and subsets of immune cells. These data suggest
45  arole for the immune microenvironment in hyperinsulinemia-driven PanIN development. Together
46  with our previous work, we propose that mild suppression of insulin levels may be useful in
47  preventing pancreatic cancer by acting on multiple cell types.

48

49  Introduction

50 Pancreatic cancer, specifically pancreatic ductal adenocarcinoma (PDAC), is projected to
51 become the 2" leading cause of cancer death in the next decade. Representing an estimated 2.5%
52  of all new cancer cases, PDAC has a poor 5-year survival rate (1). Smoking, pancreatitis, family
53  history, obesity and type 2 diabetes are risk factors for PDAC (2-6). Scientists predict obesity to

54  overtake smoking and become the leading preventable cause of cancer (7), so efforts to
2
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understand the roles of diet and lifestyle in cancer risk and prevention strategies are expanding,
as are efforts to determine the underlying pathophysiological mechanisms that mediate obesity-
driven risk. Obesity and type 2 diabetes are usually accompanied by metabolic disorders like
hyperinsulinemia, hyperglycemia, increased inflammation, and dyslipidemia, each of which are
candidate factors that may contribute to the associated increase of cancer morbidity and mortality
(8-12).

Hyperinsulinemia can be defined as excess circulating insulin, which is more than what is
required for maintaining glucose homeostasis (12). Excess insulin is associated with an increased
risk of cancer death that can be independent of obesity (13). Hyperinsulinemia has also been
shown to be associated with increased incidence of PDAC and increased cancer mortality rate
(14-18). Complementing these epidemiological studies, our recent in vivo animal study showed
that hyperinsulinemia played a causal role in PDAC initiation in the context of a known
hyperinsulinemia-inducing high fat diet (HFD) (19). Specifically, we found that Ptf1at&R;Kras"S-
G120 female mice, a commonly used PDAC mouse model, with ~50% reduction in fasting insulin
(Ins1*-;Ins2”- compared to Ins1**;Ins2”), but no difference in glucose homeostasis, had a ~50%
reduction in PanIN lesions and fibrogenesis. Unfortunately, the experimental male mice were
unable to tolerate having only a single allele of Insl and rapidly became hyperglycemic.
Nevertheless, these studies were the first to directly demonstrate that endogenous
hyperinsulinemia contributes to development of any cancer (19).

The parental imprinting, gene structure and tissue distribution of murine Ins2 gene is similar to
human INS gene (20-23). It is therefore important to determine if PanIN initiation would also be
affected by reducing Ins2 gene dosage in Ptf1a®®ER;Kras-S--G12D mice. Moreover, Ins1 contributes
to only ~1/3 of secreted insulin; this means that Ins1*-;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 addressed the effect of hyperinsulinemia
on PDAC development in both sexes by generating Ptf1ac*®ER;Kras'S-¢12D mice with the Insl-

Ins2** or Ins1”;Ins2*- genotypes. Comparing Ins1”;Ins2*- experimental mice to Ins1”;Ins2**
3
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82  controls allowed us to compare males and females side-by-side. The current study also provided
83 an opportunity to examine pancreatic single-cell transcriptomics and gain insights into the
84  molecular mechanisms involved in the complex cellular landscape of PDAC initiation under
85  hyperinsulinemic conditions.
86
87  Experimental procedures
88 Mice
89 University of British Columbia Animal Care Committee in accordance with Canadian Council
90 for Animal Care guidelines approved all animal experiments. Mice were kept at the University of
91 British Columbia Modified Barrier Facility (MBF) as previously described in details (19).
92  Ptf1aCeERWT  KrastSL-C12DWT Ins1/, and Ins2”- mice have been previously described (19, 22, 24-
93  27). Ptf1aCreERWT:KrastSL-C12DWT ns 1+ Ins2** mice were bred with Ptf1aV™T;Ins17;Ins2*- mice to
94  generate background-matched control mice (Ptf1aCreERWT; KrastSL-G12DWT |ns1-; Ins2** mice), and
95 experimental mice (PtflaCreERWT KrastSL-C12DWT:Ing]-":Ins2*- mice). The resulting litters were
96 weaned to a high-fat diet with 60% fat (Research Diets D12492; Research Diets). At 4 weeks of
97  age, mice were subcutaneously injected with tamoxifen (20 mg/mL in corn oil, Sigma- Aldrich) at
98 5 mg tamoxifen/40 g body mass for three consecutive days. At 57 weeks of age, mice were
99 euthanized for histopathological analysis and single cell transcriptomics analysis. The Kras-S-
100  CG12DWT mjice (C57BL/6), Ptf1ateERWT mice (C57BL/6), Ins1” and Ins2” mice (C57BL/6) were
101  obtained as previously described (19).
102
103  Glucose homeostasis and plasma amylase assessment
104 Mouse body weight, fasting glucose, and fasting insulin were measured after 4 hours of fasting
105 in fresh, clean cages according to standard methods described previously (19). Body weight and
106  fasting glucose were measured every 4 weeks and fasting insulin was measured every 3 months.
107  At52-weeks of age, glucose-stimulated (2g/kg) insulin secretion, intraperitoneal glucose tolerance

108  test (2g/kg) and insulin tolerance test (0.75U/kg, Eli Lilly, USA) were performed as previously
4
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109 described (22, 24, 25). At 57-weeks of age, blood was collected from mice after 4 hours of fasting
110 and blood samples were centrifuged at 4°C, at 10621rcf for 10 minutes to collect blood serum.
111  Then the fasting amylase levels were measured with an amylase activity assay kit (MAK009-1KT,
112  MilliporeSigma, MA, USA) according to the manufacturers’ instructions.

113

114  Histological and morphological analysis

115 At 57-weeks of age, mice were euthanized and extracted pancreata were fixed in 4%
116  paraformaldehyde for 24 hours followed by paraffin embedding. Seven-micron paraffin sections
117  were collected from every embedded mouse pancreas for a total of 60 sections. Then evenly
118  spaced sections were hematoxylin and eosin (H&E) stained and scanned as previously described
119 (19, 28). Histopathological analysis was blindly conducted by Anni Zhang and verified by Janel
120 Kopp and David Schaeffer. For each mouse pancreas, the PanIN area, ADM area and adipocytes
121  area were analyzed on 3 H&E-stained sections, which were 140um away from each other. The
122  total pancreatic area, PanIN area and ADM area were measured as previously described (19).
123 For the adipocyte occupied area, the pancreatic adipose tissue was selected and measured by
124  Adobe Photoshop 2020 magic wand tool and measurement log function, respectively. The whole
125 mouse pancreas area was selected by using Adobe Photoshop 2020 magnetic lasso tool and
126  magic wand tool. Then the selected whole pancreas area was measured by the Adobe Photoshop
127 2020 measurement log function.

128

129 Tissue dissociation and single-cell sorting

130 Six Ptf1ateER;KrasS-612D:Ins1;Ins2** mice pancreata and six PtflaceER;KrastS-612D:|ns]-
131  ;Ins2*- mice pancreata were dissociated for single cell RNA sequencing (scRNAseq) analysis
132  (evenly divided by sex). Freshly dissected pancreata were washed with HBSS (Corning, 21-021-
133  CV) and minced into ~1mm pieces using sharp dissection scissors. Pieces were transferred into
134  15ml conical tubes and centrifuged at 720g for 2 minutes. The supernatant was discarded, and

135  tissue was resuspended in 5| of ice-cold HBSS containing 0.4mg/ml collagenase P (Roche,
5
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136  #11213857001) and 10mg/ml DNase | (Roche, #11284932001). Tissue samples were incubated
137 at 37°C water bath for 10-18 minutes and tubes were gently shaken with marbles. After the
138  dissociation, 10ml HBSS + 5% FBS (ThermoFisher Scientific, #A3160701) was added to samples
139  and sample were centrifuged at 720g for 2 minutes. Supernatants were discarded and sample
140  were washed 3 times with 10ml HBSS + 5% FBS. Samples were filtered through a 100uM cell
141  strainer then washed with HBSS + 5% FBS into a 50ml conical tube. Strainers were washed with
142  10mlI HBSS + 5% FBS to collect the cells that remained on the strainer. Samples were centrifuged
143  at 180g for 2 minutes to collect the dissociated cells. The resuspended samples were stained with
144  0.05pg/ml Hoechst 33342 (Invitrogen, #H3570) and 0.5ug/ml propidium iodide (Sigma, #P4864)
145  and were sorted for live cells using BD LSR Il Flow Cytometer.

146

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

148 The single cell libraries were prepared with the Chromium Single Cell 3’ Reagent Kits V3 (10X
149  genomics, Pleasanton, CS, USA) according to the manufacturers’ instructions and the libraries
150  were then sequenced on a Nextseg500 (Illumina). The Cell Ranger pipeline (10X genomics, CS,
151  USA) was used to perform the demultiplexing (cellranger mkfastq, 10X genomics) and alignment
152  (cellranger count, 10X genomics). The ambient RNA contamination was cleaned by R package
153  SoupX (29). Cleaned gene-cell matrices were loaded into the R package Seurat 3.0 and filtered
154  to remove cells with unique feature counts over 6000 or less than 200. The cells that had >20%
155  mitochondrial gene counts or genes that were expressed by fewer than 3 cells were also removed.
156  Using Seurat 3.2.1 (30, 31), the filtered gene-cell matrices from each mouse were integrated and
157  clustered in uniform manifold approximation and projection (UMAP) space using default settings
158  with resolution of 0.1. The typical marker genes (like Prss2, Krtl9, and Collal) were used for
159 identifying clusters. When the cluster identity could not be determined, Seurat 3.2.1
160 FindConservedMarkers function was used to find the top 50 genes that are conserved markers
161  irrespective of the genotype. This gene list was then be uploaded to Enrichr and we used the

162  suggested cell types by Enrichr to determine the identities for those clusters (32).
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163  Differential gene expression analysis, pathway enrichment analysis and visualization

164 A differential gene analysis was performed between two mouse genotypes (Ptf1ac®ER; Kras-S-
165  ©12D:Insl”;Ins2*- vs  PtflateER;KrastS-6120;Ins1/;Ins2**) to identify upregulated and
166  downregulated genes in each cell type using Seurat 3.2.1 FindMarkers function with default
167  settings (30, 31). For the differentially expressed gene lists, the pathway enrichment analyses
168  were performed by g:profiler (33) using the Reactome database (34) based on the Reimand et al.
169  published protocol (35). The enriched pathways were visualized by R package pheatmap 1.0.12.
170

171  Statistical analysis

172 Statistical parameters including the sample size n (hnumber of animals), mean * standard error
173  of the mean (SEM), and statistical significance are reported in the figure legends and figures.
174  GraphPad Prism 9.0.0 was used for performing the statistical analysis. Mixed-effects analysis was
175 performed for glucose homeostasis assessments (Figure 1). When the samples passed a
176  normality test, the two-tailed student’s t-test was performed; while non-parametric statistics
177  (Mann-Whitney test) was run for data of non-normal distribution. GraphPad Prism 9.0.0 was used
178 to generate and assess the linear regressions. Pearson correlation coefficients were computed
179  for normally distributed data and nonparametric Spearman correlation was performed for non-
180  normally distributed data. Non-parametric Wilcoxon rank sum test was used for differential gene
181  expression analysis. p<0.05 was considered as significant and asterisks denote statistical
182  significance level (*, p< 0.05; **, p<0.01; ***, p<0.001; **** p<0.0001).

183

184  Results

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

187 We examined the effects of reduced Ins2 gene dosage on PDAC development by crossing
188  PtflaCreERMWT-KraglSL-G12DWT:|ng]1/:Ins2** mice with PtflaVW™™T:Insl1”:Ins2* mice to activate

189  mutant Kras expression in adult acinar cells and modulate insulin dosage (28, 36). By this breeding,
7
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190 we generated both Ptf1ateER;KrastS-6120;Ins1/;Ins2** (PK-Insl1”;Ins2**) control mice and
191  Ptfla®eER;Kras'S-6120:Ins1;Ins2*- (PK-Ins1”;Ins2*-) experimental mice (Fig. 1A). Recombination
192  and expression of the Kras!S--612D gllele was induced by injecting mice with tamoxifen at 4 weeks
193  of age. To stimulate high insulin production, the mice were fed a HFD after weaning (Fig. 1B).

194 In contrast to our previous study, which had more limited physiological data, especially in
195 males (19), body weight and fasting glucose levels were monitored every 4 weeks and fasting
196 insulin levels were measured every 3 months until euthanasia in both male and female mice (Fig.
197  1B). As expected from our previous studies using mice with reduced insulin gene dosage (24, 25,
198 37, 38), PK-Ins1”;Ins2*- mice had lower fasting insulin levels than PK-Ins17;Ins2** mice for both
199 male and female mice (Fig. 1C-D). However, as previously reported (25), this effect was transient
200 in females over this time period (Fig. 1D). Mice with reduced fasting insulin levels exhibited
201 reduced weight gain in the context of HFD, without consistently affecting glucose homeostasis
202  (Fig. 1E-H), consistent our previous reports (22, 24, 25, 38). When mice were 52-weeks-old,
203  glucose-stimulated insulin secretion tests, insulin tolerance tests, and glucose tolerance tests
204  were conducted to examine glucose homeostasis more closely (Fig. 1I-N). At this age, PK-Ins1-
205 ;Ins2** and PK-Ins17;Ins2*- mice secreted statistically similar levels of insulin in response to
206 intraperitoneal delivery of glucose, although experimental female mice showed a clear trend
207 towards reduced glucose responsiveness (Fig. 11-J). Male mice were generally more insulin
208 resistant than female mice (Fig. 1K-L). However, there were no significant differences in insulin
209  sensitivity between the genotypes, even though males with reduced insulin production appeared
210  to be slightly more insulin sensitive. Glucose tolerance was generally similar, although male mice
211 with reduced insulin were slightly, but significantly, more intolerant to glucose than Ins2**
212 littermate controls (Fig. 1M-N). We also examined any potential differences in exocrine physiology

213 by monitoring serum amylase levels (39), but found no differences between the genotypes (Fig.

214 S1A-B).
215 In sum, the limited systemic physiological differences between the experimental PK-Insl1-
216  ’;Ins2*- and control PK-Ins17;Ins2** mice offered an opportunity to examine the effects of reduced

8
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217  insulin production on PanIN formation in the absence of major changes in glucose homeostasis
218  in both sexes.

219

220 Effects of modestly reduced insulin on PanlIN initiation

221 Mice were euthanized at 57 weeks of age for histological analysis of the percent of total
222  pancreatic area occupied by PanIN and tumor or for scRNAseq analysis (see below). We detected
223  ductal lesions with histologic characteristics of low-grade PanIN (Fig. 2A-B). Similar to our
224  previous study, the pancreatic area covered by PanIN and tumor in the PK-Ins1”;Ins2** control
225  mice was approximately twice that of the PK-Ins1”;Ins2*- experimental mice with reduced insulin
226 levels (1.34% + 3.41% vs 0.36% + 0.26%, respectively for males and 3.54% + 8.03% vs 1.58% +
227  2.53%, respectively for females) (Fig. 2C-D). However, unlike our previous study with varying
228 alleles of Insl in an Ins2-null background (19); we observed far fewer PanIN lesions in both
229  genotypes and the difference in PanIN area was not statistically significant. This is perhaps related
230 to the overall reduction in non-fat pancreatic area in the Insl-null compared to the Ins2-null
231  background (see below). Similar to our previous study, only one male and one female mouse
232  developed tumors and both of them were from PK-Ins17;Ins2** genotype (Fig. 2C-D, filled circles).
233 Next, we examined the correlations between PanIN plus tumor area and fasting insulin levels,
234  glucose levels, and body weight in individual mice measured at 57 weeks of age, by pooled
235  measurements (black) or within each group (colored) (Fig. 2E-J). Relatively modest positive
236  correlations between fasting insulin levels and PanIN plus tumor area were only significant in
237 female mice (Fig. 2F). Female mice also had a significant, but even more modest, correlation
238  between body weight and PanIN plus tumor area (Fig. 2J). There was no positive correlation
239  between glucose and PanlIN plus tumor area in either sex (Fig. 2G-H), consistent with our previous
240 findings (19). Together, these data add support to our previous observations suggesting that
241 hyperinsulinemia promotes PanIN development (19).

242

243
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244  Acinar ductal metaplasia and adipocyte area in mice with reduced hyperinsulinemia

245 Next, we measured the percent of total pancreatic area covered by ADM. ADM is the
246  histological evidence of normal acinar cells changing into ductal-like cells with ductal cell
247  morphology and it can be induced by pancreatitis and during PanIN development (40). We
248  detected ADM in both male and female mice for each genotype (Fig. 3A-B). Similar to percent of
249  PanIN area, PK-Ins1”;Ins2** mice had two times the amount of ADM area as PK-Ins1”;Ins2*"
250 mice (1.92% = 3.33% vs 0.96% = 0.99%, respectively for males and 9.53% + 13.00% vs 4.45% *
251  6.29%, respectively for females), but the difference was not statistically significant (Fig. 3C-D). We
252  also examined the correlations between percent ADM area and fasting insulin, fasting glucose,
253  and body weight, for each genotype (orange or blue) or both together (black) (Fig. 3E-J). Although
254  there was a trend for the ADM area to correlate with fasting insulin in both sexes, only when the
255  genotypes were combined to increase power did the percent ADM area significantly correlate with
256  fasting insulin in males (Fig. 3E) or body weight in females (Fig. 3J).

257 One surprising observation from our histological analyses was the significant amount of
258  pancreatic area that had been replaced by adipocytes in our PK-Ins1/- mouse model. This is not
259 a phenomenon that we had previously observed in our PK-Ins2”- models (19). As the
260 representative histological figures show (Fig. 4A-B), we often observed pancreatic lobules with a
261  few residual normal acinar, ductal, or endocrine cells left amongst large humbers of adipocytes.
262  The percent of pancreatic area replaced by adipocytes was not significantly different between PK-
263  Insl”;Ins2** and PK-Insl”;Ins2*- mice (Fig. 4C-D), suggesting this phenotype was possibly
264  associated with loss of Insl gene specifically. The fatty replacement affected the overall
265 parenchyma area, as we found compared to PK-Ins2/- female mice, PK-Ins1”- female mice had
266  significantly less pancreatic area (PK-Ins2”- male mice could not be assessed)(Fig. S1C). It is
267  possible that this fatty replacement could have affected the overall number of PanIN lesions,
268 because of a relative lack of Ptfla-positive acinar cells. There was a significant correlation
269  between the percent of adipocyte area and fasting insulin for female, but not male mice (Fig. 4E-

270  F). We observed no correlation between percent of adipocyte area and fasting glucose levels for
10
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271  either sex (Fig. 4G-H). However, as expected (25), the percent adipocyte area did correlate with
272  body weight in both sexes (Fig. 41-J). The underlying cause of fatty replacement in the PK-Ins1
273 mice is unknown, but it could potentially influence the accumulation of PanIN lesions. We have
274  previously observed this fatty replacement of normal parenchyma in another Ins1”- colony of mice
275  (unpublished observations), therefore, we do not believe this phenomena is solely related to the
276  exposure of mice to tamoxifen or the influence of the PK mutant alleles.

277

278  Single-cell transcriptomics reveals effects of hyperinsulinemia on cell type-specific gene
279  expression

280 To investigate the molecular effects of hyperinsulinemia in the context of PDAC initiation in an
281  unbiased and cell type-specific manner, we undertook scRNAseq. Only a few studies have
282  successfully conducted scRNAseq in the pancreas to date for studying pancreatic cancer (41-43).
283 At 57 weeks of age, we collected pancreata from 6 PK-Ins1”-;Ins2** control mice and 6 PK-Ins1-
284  ~Ins2*- experimental mice, dispersed them into single cells, and FACS purified live cells for
285  sending to single-cell RNA sequencing (Fig. 5A). In total, 49,835 single cells passed quality control
286  tests and were clustered into 15 clusters (Fig. 5B-C). These cell clusters were assigned cellular
287 identities based on the expression of known markers (Fig. 5D). We were able to identify acinar
288 cells, ductal cells, and fibroblasts. The majority of cells that survived dispersion and passed
289  transcriptomics quality controls were immune cells including: T cells, T regulatory cells (Treg), B
290 cells, natural killer (NK) cells, macrophages (both M1 and M2 macrophages), monocytes, dendritic
291 cells, and mast cells (Fig. 5B-D, and Fig. S2D). We also classified a separate cluster of
292  proliferating cells marked by high expression of Mki67. This proliferating cell cluster also included
293  multiple immune cell types, such as T cells, B cells, and NK cells, as well as epithelial cells (Fig.
294  S2A-C). With the exception of twice as many NK cells in mice with reduced insulin production,
295  there were no significant differences in the numbers of cells per cluster between the genotypes
296 (Fig. 5C). Analysis of cell type specific markers showed that cell identities were generally

297  comparable between genotypes (Fig. 5D).
11
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298 After confirming the cell identities, we generated a list of genes that were differentially
299 expressed between genotypes for each cell type (Supplemental tablel). To have a more
300 comprehensive understanding of the function of these differentially expressed genes, we
301 performed pathway enrichment analysis using Reactome and found the pathways that were down-
302  (Fig. 5E) and up-regulated (Fig. 5F) in PK-Ins1”;Ins2*- experimental mice compared to PK-Ins1-
303 ’;Ins2** control mice. B cells-1, B cells-2, epithelial cells and M1 macrophages were the cell types
304 that had the most altered pathways (Fig. 5E-F). Specifically, the pathways that were most
305  significantly altered were rRNA processing, nonsense-meditated decay, and translation pathways
306  and they were also the pathways that were consistently altered across multiple cell types (Fig. 5E-
307 F). Interestingly, they were down-regulated in epithelial cells, fibroblasts, dendritic cells,
308 macrophages, B cells-1, Treg, NK cells and mast cells of mice with reduced insulin. However, they
309 were up-regulated in B cells-2, proliferating cells, and acinar cells of mice with reduced insulin (Fig.
310 5E-F). We also found pathways that were only altered in one cell type. For instance, antimicrobial
311 peptides and digestion pathways were down-regulated in acinar cells, while PD-1 signaling and
312 TCR signaling were up-regulated in NK cells from PK-Ins17;Ins2*-experimental mice (Fig. 5E-F).
313  Reg3a, Reg3b, Reg3d, and Reg3g genes, which are known to be induced by inflammation and
314 may have anti-microbial roles (44, 45), were also significantly downregulated in acinar cells from
315  mice with reduced insulin production (Fig. S2E). Reg proteins have been demonstrated to be able
316  to promote pancreatic carcinogenesis (46-48).

317 Somewhat expectedly, pathways involved in insulin signaling, like “PIP3 activates AKT
318  signaling”, “PTEN regulation”, and “MAPK family signaling cascades,” were downregulated in mice
319  with reduced insulin production. They were downregulated in several cell types, but most clearly
320 in B cells and M1 macrophages (Fig. 5E-F). There was also a downregulation of genes involved
321 in cell cycle pathways in epithelial cells, B cells, macrophages, Treg cells, and NK cells from mice
322 with reduced insulin production (Fig. 5E). Altogether, the pathway enrichment analysis suggested

323 that genes involved in translation were most significantly and consistently altered by
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324  hyperinsulinemia. This suggests that hyperinsulinemia might indirectly affect PanIN development
325 through regulating the immune cells in the PanIN microenvironment.

326

327 Discussion

328 The goal of this study was to investigate the effects of reduced Ins2 gene dosage on HFD-
329 induced hyperinsulinemia, PanIN initiation, and cell type specific gene expression in the context
330 of acinar-cell-specific expression of mutant Kras. The results of the present study extend our
331  previous findings (19), which implicate hyperinsulinemia as a causal factor in pancreatic cancer
332 initiation and provide the first molecular insights into the cell-specific mechanisms involved.

333 Despite the strong epidemiological link between hyperinsulinemia and pancreatic cancer, the
334  specific reduction of insulin is required to formally test the hypothesis that insulin plays a causal
335 role. Our previous study was the first to demonstrate that endogenous hyperinsulinemia
336  contributes to cancer development using mice with reduced dosage of Ins1 in a Ins2-null genetic
337 background (19). Unfortunately, in that study male PK-Ins1*-;Ins2” mice developed
338  hyperglycemia at very young age because of insufficient endogenous insulin production, which
339 limited our strongest conclusions to only female mice (19). In the present study, we were eager to
340 extend our observations to both sexes and indeed, we found that male PK-Ins1”:Ins2*- mice were
341 able to maintain glucose homeostasis and be studied long-term. This is consistent with previous
342  studies showing that limiting Ins2 gene dosage prevented hyperinsulinemia without affecting
343  glucose homeostasis (24). Our data show that reduced Ins2 gene dosage led to a moderate
344  reduction in fasting insulin levels without affecting glucose homeostasis, in both male and female
345 mice. It should be noted that circulating insulin levels in female mice, even with both Ins2 alleles,
346  is only ~25% of that seen in male mice. We also noted in female mice that insulin levels were not
347  different at 1 year of age between genotypes, mirroring the transient compensation we have
348  previously observed in Ins1-null model (25, 38). Collectively, these observations illustrate that a
349 reduction in Ins2 gene dosage results in a relatively mild manipulation of circulating insulin in the

350 first year of life. Because Ins2 is the ancestral gene and contributes to ~2/3 of secreted insulin (21,
13
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351  23), fasting insulin levels were still relatively high for our PK-Ins1”- mouse model compared to the
352  previously studied PK-Ins2”- mouse model.

353 In the present study, we conducted extensive histological analysis of PanIN, ADM, and fatty
354  replacement. Interestingly, in the present study only about 1-4% pancreas was occupied by PanIN
355 lesions for our PK-Ins1”- mouse model, compared with the 15-30% of pancreas that was occupied
356 by PanIN lesions for our previous PK-Ins2”- mouse model (19). Another major histological
357 difference between this study and our previous one, was the observation of a significant amount
358  of fatty replacement in our PK-Ins1”- mouse model. Approximately 30-50% of the pancreas was
359 replaced by adipocytes. Pancreatitis can induce acinar cell necrosis or apoptosis, which is
360 subsequently replaced by adipocytes (49, 50). HFD-induced obesity can also cause fat
361 accumulation in the exocrine parenchyma (49, 51), but we did not observe this extent of fatty
362 replacement with the same diet in our previous model (19). Together it seems that the combined
363 effects of Kras-associated inflammation, HFD, and the Insl’” genetic background may have
364 resulted in fat displacing ~2/3 of normal pancreatic parenchyma in our PK-Ins1”- mouse model.
365 Therefore, the loss of acinar cells may explain why fewer and more variable numbers of PanIN
366 lesions developed in our PK-Ins1” mouse model. Nevertheless, circulating insulin was still
367  significantly correlated with PanIN plus tumour area in female mice, confirming our previous report
368  with another insulin gene dosage configuration. Our histopathological analysis also showed that
369 PK-Insl”;Ins2*- mice had a ~50% reduction in percent PanIN area compared with PK-Insl1-
370  ’;Ins2** mice, which is similar to our previous findings. Although the pairwise comparison between
371  genotypes did not reach statistical significance in the present study (19), our findings still support
372  arole for hyperinsulinemia promoting PanIN initiation from acinar cells sustaining mutations in the
373  oncogene Kras.

374 Pancreatic cancer is one of the most stroma-rich solid tumor types and immune cells in the
375  microenvironment play important roles at both early and late stages of PDAC (52-55). In our
376  single-cell transcriptomics analysis, the primary cell types analyzed were immune cells, including:

377 T cells, B cells, macrophages, NK cells, and dendritic cells. As expected, the major signaling
14
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378  pathways downstream of insulin (e.g. MAPK-ERK, PI3K-AKT, cell cycle and translation pathways)
379  were downregulated in immune cells from mice with reduced insulin production. MAPK-ERK and
380 PI3K-AKT signaling pathways and their downstream signaling cascades are well established
381 regulators of multiple immune cell types (12, 56, 57).

382 Infiltrating immune cells can play different roles in PanIN initiation. For instance, Zhang et al.
383  found CD4* T cells could repress antineoplastic function of CD8* T cells as the depletion of CD4*
384 T cells reduced PanlIN lesions in the presence of CD8* T cells (55). High tumor infiltration of Tregs
385 is usually considered as an unfavorable prognostic factor for PDAC (52, 58); however, a recent
386  study found that ablation of Tregs during PanIN initiation accelerated pancreatic carcinogenesis
387 as it caused a loss of tumor-restraining fibroblasts (59). The depletion of Tregs also increased
388  myeloid cells recruitment which were shown to be required for establishing an immunosuppressive
389  microenvironment during PanIN development (12, 59, 60). Our data suggested that there were
390 more Tregs and less myeloid cells (macrophages and monocytes) from mice with reduced insulin
391  production. This composition of immune cells may hinder PanIN initiation and contribute to the
392  reduced PanIN area in PK-Insl”;Ins2*- mice. Additionally, macrophages also affect PDAC
393  development. Macrophages can be either proinflammatory (M1) with anti-tumor properties, or anti-
394 inflammatory (M2) with tumor-promoting actions (52, 54, 58), and they are recruited to pancreas
395 atearly stages of tumorigenesis (53, 61, 62). Previous studies showed that M2 macrophages were
396 the predominate phenotype of macrophages detected around PanlN lesions (51, 63), and PanIN
397 cells could produce cytokines like interleukin-13 to drive M2 polarization (64). M2 macrophages
398 could contribute PanIN development through mediating fibrogenesis, angiogenesis and creating
399 an immunosuppressive environment and the depletion of M2 macrophages significantly
400 attenuated PanIN progression (51, 62). Interestingly, compared to PK-Ins1”;Ins2** mice, the
401 number of macrophages with an M2-like transcriptional profile was reduced ~50% in PK-Insl-
402  ";Ins2*- mice. In contrast, we observed a significant increase in the number of NK cells in our PK-

403 Ins1”;Ins2*- mice. The deficiency in NK cells and natural killer T cells infiltration has been
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404  demonstrated to promote PanlN initiation (65, 66). Together, these observations suggested that
405 the immune cells composition in mice with reduced insulin might have anti-tumorigenesis effects.
406 In our mouse models, B cells had the greatest number of pathways altered by hyperinsulinemia.
407  The role of B cells in PDAC appears to be complex according to the few studies in which it has
408 been investigated. Some studies demonstrated that B cells secreted interleukin-35 and promoted
409  tumor progression, while Spear et al. showed that B cells were proinflammatory and limited PDAC
410 development (67-69). Future studies are therefore required to better understand how
411  hyperinsulinemia effects on B cells and how B cells contribute to PanIN development. Overall, our
412  scRNAseq analysis suggested hyperinsulinemia might contribute to PanIN development through
413 inducing PanIN-promoting properties of immune cells.

414 One of the limitations of our single-cell transcriptomics analysis was that relatively few acinar
415  cells survived the pancreas dispersion and were gated as healthy prior to transcriptomic analysis.
416  This was somewhat expected given the fragility of acinar cells and meant that we had less cell-
417 level power to detect differences in gene expression and that we may not have been assessing
418 gene expression in an exceptionally robust sub-grouping of acinar cells. Nevertheless, within the
419 limited data, we observed a significant downregulation of Reg3a, Reg3b, Reg3d, and Reg3g in
420 acinar cells from PK-Ins1”;Ins2*- mice. Reg proteins have been shown to promote pancreatic
421  carcinogenesis, especially inflammation-linked pancreatic carcinogenesis (46-48). Inflammation
422 in pancreas can cause ADM and accelerate PanIN progression (36, 70) and therefore, the
423  decrease of Reg transcripts in PK-Ins1”;Ins2*- mice is consistent with the reduction of PanINs
424  and inflammation in those mice. Future studies may seek to directly manipulate Reg proteins in
425 the context of hyperinsulinemia and pancreatic cancer.

426 In future studies, it will be important to characterize the specific downstream changes for each
427 immune cell type at the protein level. It will also be important to manipulate insulin signaling
428  components, including the insulin receptor, in acinar cells, immune cells and other components of
429 the PanIN microenvironment to determine which cells are predominately being affected by

430 changes in insulin.
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431  Conclusions

432 The present study showed that mice with reduced hyperinsulinemia trended to have less
433  pancreatic area covered by PanIN and ADM, consistent with our previous data demonstrating that
434  hyperinsulinemia can contribute causally to PanIN development. The scRNA-seq analysis
435 demonstrated that hyperinsulinemia affected the immune cell composition in the PanIN
436  microenvironment and altered cellular pathways involved in or targets of insulin signaling, such as
437  the MAPK-ERK pathways and protein translation. Gene expression changes in the PanIN immune
438  microenvironment in the mice with reduced insulin production would be predicted to result in fewer
439  PanlIN lesions. Our study represents an important first step in understanding the molecular effects
440  of hyperinsulinemia on all the cell types present in the context of early-stage pancreatic cancer.
441

442 List of abbreviations: PanIN, Pancreatic intraepithelial neoplasia; ADM, Acinar-to-ductal
443  metaplasia; PDAC, Pancreatic ductal adenocarcinoma; HFD, high fat diet; H&E, hematoxylin and
444  eosin; scRNAseq, single cell RNA sequencing; UMAP, uniform manifold approximation and
445  projection; SEM, standard error of the mean
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666  Figure Legends:

667 Figure 1. Mice with reduced insulin gene dosage have reduced fasting insulin levels and
668 body weight. (A) Schematic describing a mouse model designed to test the role of insulin on
669 HFD-accelerated PDAC initiation. On the background of Ptfla®&R-induced Kras®'?® pancreatic
670  cancer model (PK), we compared experimental mice with 1 null allele of Ins2 and control mice
671  with 2 null alleles of Ins2, all in the absence of Ins1 (Ins1”) to prevent compensation. (B) Three-
672  week-old PK-Ins17;Ins2** control and PK-Ins1”;Ins2*- experimental mice were weaned to a high-
673  fat diet (HFD) and were injected for 3 consecutive days with tamoxifen (TM) beginning at 4 weeks.
674  After repeated physiological measures over the course of a year, the mice were then euthanized
675  at 57 weeks of age for histological analysis and scRNA-seq. (C-D) Fasting insulin levels in male
676 and female PK-Ins1”;Ins2** and PK-Ins1”;Ins2*- mice measured over 1 year (n=18-29). (E-F)
677  Fasting glucose levels in male and female PK-Ins17;Ins2** and PK-Ins1-;Ins2*- mice measured
678 over 1 year (n=18-29). (G-H) Body weight in male and female PK-Ins1”;Ins2** and PK-Ins1-
679  ;Ins2* mice measured over 1 year (n=18-29). (I-J) Glucose stimulated insulin release in 52-
680 week-old male and female mice (n=17-30). (K-L) Blood glucose response to intraperitoneal
681 delivery of an insulin analog in 52-week-old male and female PK-Ins1”;Ins2** and PK-Insl-
682  ;Ins2*- mice (n=10-29). (M-N) Blood glucose response to intraperitoneal delivery of glucose in
683  52-week-old male and female PK-Ins17;Ins2** and PK-Ins17;Ins2*- mice (n=16-29). *p<0.05 and
684  **p<0.01. Values are shown as mean + SEM.

685

686 Figure 2. Effects of reduced hyperinsulinemia on pancreatic cancer initiation. (A-B)
687 Representative whole section (top) and high-magnification (bottom) images of PK-Ins1”;Ins2*/*
688  and PK-Ins1”;Ins2*- male and female pancreata stained with hematoxylin and eosin. Scale bars:
689 2 mm (top) and 0.1mm (bottom). (C-D) Quantification of percent of total pancreatic area occupied
690 by PanINs and tumor in male (blue colors) and female (orange colors) PK-Ins1”; Ins2*+ and PK-
691 Insl”;Ins2*-mice (n=14-22) (dark blue and dark orange dots denote mice that developed tumors).

692  Correlations of composite PanINs plus tumor area with fasting insulin levels (E-F), with fasting
26
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693  glucose levels (G-H), or with body weight (I-J) in male and female PK-Ins1;Ins2** and PK-Ins1-
694  ’;Ins2*- mice (n = 10-22).

695

696  Figure 3. Altered acinar ductal metaplasia (ADM) in mice with reduced hyperinsulinemia.
697  (A-B) Representative high-magnification ADM (arrowheads) images of male (A) and female (B)
698  PK-Insl”;Ins2** (left) and PK-Ins1”;Ins2*- (right) mouse pancreas sections stained with H&E. (C-
699 D) Quantification of percent of total pancreatic area occupied by ADM in male and female mice of
700 each genotype (n= 10-22). Correlations of composite ADM area with fasting insulin levels (E-F),
701 fasting glucose (G-H), or body weight (I-J) in male (E, G, |) and female (F, H, I) PK-Ins1”;Ins2**
702  and PK-Ins1”;Ins2*- mice (n = 10-16). Values are shown as mean + SEM. Scale bars: 0.05mm.
703

704  Figure 4. Altered pancreatic adipocyte area in mice with reduced hyperinsulinemia. (A-B)
705  Representative high-magnification image of apparent adipocyte replacement of pancreas area in
706  male (A) and female (B) PK-Ins1”;Ins2** (left) and PK-Ins1”;Ins2*" (right) mice stained with H&E.
707  Black arrows point to residual ducts. Arrowheads point to remaining islets, acinar cells, and blood
708 vessel. (C-D) Quantification of percent of total pancreatic area occupied by adipocytes in male
709 and female mice of each genotype (n= 11-22). Correlations of adipocyte area with fasting insulin
710 levels (E-F), fasting glucose levels (G-H), or body weight (I-J) for male (E, G, I) and female (F, H,
711  J) PK-Ins1”;Ins2** (dark colors) and PK-Ins17;Ins2*- (light colors) mice. (n = 11-22). Values are
712  shown as mean = SEM. Scale bars: 0.5mm.

713

714  Figure 5. scRNAseq analysis reveals effects of hyperinsulinemia on cell type-specific gene
715  expression. (A) Schematic describing the single-cell transcriptomics experimental design and
716  analysis. Six mouse pancreata from each genotype were dissociated to single cells and the
717  samples were sorted for Hoechst-positive and DAPI-negative live cells. The live single cells were
718 sequenced and clustered in uniform manifold approximation and projection (UMAP) space. (B)

719  Unsupervised clustering of cells from 6 PK-Ins1”;Ins2** and 6 PK-Ins1”;Ins2*- mice pancreata,
27


https://doi.org/10.1101/2021.03.10.434504
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.10.434504; this version posted March 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

720 represented as an UMAP plot. (C) Numbers of cells from PK-Ins1”;Ins2** (green) and PK-Ins1-
721  ;Ins2*- (orange) mice for each cell type. The asterisk indicates a significant difference in the
722 number of NK cells between the genotypes. (D) Dot plot showing selected cell type-specific
723  markers for identifying the cell type for each cluster. The size of dots represents the fraction of
724  cells expressing the markers. The PK-Ins1”; Ins2** mouse data are shown in blue and PK-Ins1-
725  ;Ins2*- mouse data are shown in red. The intensity of color indicates the average expression of
726  marker genes for each cell type. (E) Heatmap showing Reactome pathways that are
727  downregulated in PK-Ins1”;Ins2*- mice when compared to PK-Ins1”;Ins2** mice for each cell
728 type. The intensity of color indicates the negative logio of adjusted p value. (F) Heatmap of
729  pathways that are upregulated in PK-Ins1”;Ins2*- mice when compared to PK-Ins1;Ins2** mice
730 for each cell type. The intensity of color indicates the negative logio of adjusted p value. *p<0.05.
731

732  Supplemental Figure Legends:

733 Figure S1. Amylase activity and pancreatic area of PK-Ins1”;Ins2** and PK-Ins1”;Ins2*"
734  mice. (A-B) The amylase activity in male (A) and female mice (B) for each genotype. (C) The total
735  pancreatic area for mice in an Ins2-null background or in an Ins1-null background. ****p<0.0001.
736  Values are shown as mean + SEM.

737

738  Figure S2. Proliferating cell cluster contains multiple cell types. (A) Unsupervised sub-
739 clustering of the cluster containing proliferating cells, represented as an UMAP plot. The
740  proliferating cell cluster contains proliferating T cells, B cells, Naive B cells, NK cells and epithelial
741  cells. (B) Numbers of cells from PK-Ins1”;Ins2** (green) and PK-Ins1”/-;Ins2*- (orange) mice for
742  each cell type. (C) Violin plot showing the expression level of selected cell type-specific markers
743  for identified cell types within the proliferating cell cluster. (D) Expression level of the typical
744  markers for identifying M1 macrophages and M2 macrophages for each genotype. (E) The
745  differential expression of Reg3a, Reg3b, Reg3d, and Reg3g genes in acinar cells between PK-

746  Insl”;Ins2** and PK-Ins1”:;Ins2*-mice.
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