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Abstract

Diabetes is a common complication of cystic fibrosis (CF) that affects ~20% of
adolescents and 40-50% of adults with CF. The age-at-onset of CF-related diabetes
(marked by clinical diagnosis and treatment initiation) is an important measure of the
disease process. DNA variants associated with age-at-onset of CFRD reside in and
near SLC26A9. Deep sequencing of the SLC26A9 gene in 762 individuals with CF
revealed that two common DNA haplotypes formed by the risk variants account for the
association with diabetes (high risk, p-value: 4.34E-3; low risk, p-value: 1.14E-3).
Single-cell RNA (scRNA) sequencing indicated that SLC26A9 is predominantly
expressed in pancreatic ductal cells, and frequently co-expressed with CFTR along with
transcription factors that have binding sites 5’ of SLC26A9. These findings replicated
upon re-analysis of SCRNA data from 4 independent studies. DNA fragments derived
from the &’ region of SLC26A9 bearing variants from the low risk haplotype generated
12-20% higher levels of expression in PANC-1 and CFPAC-1 cells compared to the
high risk haplotype (p-values: 2.00E-3 to 5.15E-9). Taken together, our findings indicate
that an increase in SLC26A9 expression in ductal cells of the pancreas delays the age-
at-onset of diabetes, thereby suggesting a CFTR-agnostic treatment for a major

complication of CF.
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Introduction

Cystic fibrosis (CF), one of the most common life-limiting autosomal recessive disease
in the white European population, is caused by deleterious variants in the CF
transmembrane conductance regulator (CFTR) gene (1). Successful management of
disease symptoms and malnutrition have dramatically improved CF life expectancy well
into adulthood (2). As individuals with CF live longer, age-dependent complications such
as diabetes are becoming more prevalent. Although only 2% of children with CF
manifest CF-related diabetes (CFRD), ~20% of adolescents and 50% of adults have this
complication and >90% of pancreatic insufficient individuals with CF have CFRD by age
~50 (3, 4). The development of diabetes is associated with increased morbidity (5) and
mortality (3, 4). CFRD has overlapping features with type 1 and type 2 diabetes (T1D
and T2D, respectively) but also displays cellular, histological, and clinical differences,
thereby warranting a separate diagnostic classification (3). Reduced insulin production
is observed in both T1D and CFRD, however, CFRD is not associated with the islet
autoimmunity that causes T1D (6). Both CFRD and T2D shows increase in prevalence
with age, a progressive defect in beta cell function, and an accumulation of amyloid
polypeptide in pancreatic islets (7), and susceptibility genes for T2D also modify CFRD

(8). However, in contrast to T2D, insulin sensitivity is usually normal in CFRD (3).

Since CFRD results from the progressive decline in insulin secretion, age-at-onset is an
important indicator of the rate of disease progression as it marks the point at which
treatment for diabetes is initiated (3). Provision of insulin improves lung function, weight

and survival. There is a high degree of variability in age-at-onset of CFRD, even after
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accounting for the level of CFTR dysfunction (4). Studies of twins and siblings with CF
indicated that variants in genes other than CFTR account for most of the variability in
developing CFRD (9). Subsequently, a genome-wide study identified variants 5’ of and
within noncoding regions of SLC26A9 that associate with age-at-onset of CFRD (8).
SLC26A9 is a member of the SLC26 family of anion transporters that functions as a
WNK kinase-regulated CI/HCO; exchanger and CI- channel (and possibly as a Na*-
anion cotransporter) (10-14). Cryo-electron microscopy paired with electrophysiologic
studies show that murine SLC26A9 forms homodimers that operate as rapid

transporters of Cl- as opposed to forming ion channels (15).

SLC26A9 has a diverse range of functions in vivo including acid regulation in the gastric
parietal cells (16, 17), bicarbonate transport in the intestine (17) and regulation of
systemic arterial pressure and chloride excretion in kidney medullary collecting duct
(18). In the lung, SLC26A9 contributes to constitutive chloride secretion in the airway
(19) and mucociliary clearance (20). Variants in SLC26A9 have been previously
associated with atypical CF-like lung disease and risk for asthma (20, 21) and
modulation of airway response to CFTR-directed therapeutics (22, 23). SLC26A9 has
been reported to be expressed in epithelial cells of the lung and stomach and multiple
other tissues including salivary gland, heart, skin, kidney, thyroid and prostate (10, 13,

24-27).

SLC26A9 is a compelling candidate as a modifier of CFRD. First, in vitro studies have

shown that SLC26A9 interacts with CFTR via its STAS domain and PDZ-binding motif
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and that constitutive basal chloride conductance generated by SLC26A9 is regulated by
CFTR (13, 19, 28). Second, the CFRD-associated variants in and near SLC26A9 have
been shown to modify prenatal exocrine pancreatic damage in CF (assessed by
immunotrypsinogen levels at birth) (29) and to confer risk for CFRD by affecting
exocrine pancreatic function (30, 31). Third, these variants have also been associated
with risk for neonatal intestinal obstruction (Ml) in CF (32), a complication that appears

to be intimately linked to pancreatic exocrine insufficiency (33).

Elucidating the mechanisms underlying the increasingly prevalent diabetes may be
essential for continued improvement in the survival of individuals with CF. Modifiers
reveal potential pathways that can be targeted for therapeutic interventions and
individualized treatment of CF that can operate beyond dysfunction of the causal gene
(34, 35). Importantly, a CFTR-agnostic approach may be needed for diabetes as CFTR
modulators that effect dramatic improvements in lung function have not provided clear
evidence of improvement in diabetic status (36-40). In this study, we investigated the
genetic architecture and cellular distribution of SLC26A9 to inform expression assays. In
cell lines that reflect the native environment of SLC26A9 in the pancreas, DNA
fragments derived from the 5’ region of SLC26A9 drive reporter gene expression.
Importantly, 5’ variants associated with later onset of diabetes generate significantly
higher levels of expression. When combined, these results imply that increased
expression of SLC26A9 delays the onset of diabetes in individuals with CF. Greater
understanding of the pathologic mechanism(s) provides insight that can inform

molecular based treatments to delay or avert onset of diabetes.



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

Results

CFRD-associated variants in the SLC26A9 are common and noncoding. To
evaluate the genetic architecture of SLC26A9, we sequenced 47.7 kb encompassing
the SLC26A9 locus (9.9 kb 5°, 30.4 kb gene and 7.4 kb 3’) in 762 individuals with CF
who are homozygous for the common CF-causing variant, p.Phe508del (legacy name:
F508del) (see Methods for details). The sequenced region completely encompassed the
variants 5’ and within SLC26A9 that are significantly associated with age-at-onset of
diabetes (8). Using linear regression of martingale residuals of age-at-onset of CFRD
(Figure 1A), we observed that the variants that achieved significance in the genome-
wide study were associated with CFRD in this dataset (p<0.005) (Supplemental Table
1). rs7512462 in intron 5 had the lowest p-value, however a cluster of variants in intron
1 and 5’ of SLC26A9 were also significantly associated with age-at-onset of CFRD. All
significantly CFRD-associated variants were in non-coding regions, either intronic or &’
of the gene. No individual variant was associated with CFRD by more than an order of
magnitude compared to the next most significant variant (Supplemental Table 1; Figure

1A).

To determine whether any combination of physically close variants display more robust
association with age-at-onset of CFRD than individual variants, we conducted burden
testing using the SKAT-O algorithm on 5kb sliding windows (see Methods for details).
For reference, 5kb was sufficiently large to encompass all genome-wide significant
variants in the 5’ region of SLC26A9. Numerous combinations of common variants

(minor allele frequency; MAF>1%) in intron 1 and 5’ of SLC26A9 significantly associated
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with age-at-onset of CFRD (p<2.7E-4) but none achieved greater significance than
observed with individual common variants in this region (Figure 1B, top panel). Notably,
variant combinations that included rs7512462 in intron 5 generated less robust evidence
of association than variant combinations in intron 1 and &’ of SLC26A9. None of the rare
variants or 5kb windows containing only rare variants were significantly associated with
age-at-onset of CFRD (Figure 1B, bottom panel). These results show that neither a
single common or rare variant nor a combination of physically close variants solely
accounts for the association with age-at-onset of CFRD in this region. Consequently, we
tested the effects of association of the naturally occurring combinations of variants (i.e.,

haplotypes) with age-at-onset of diabetes.

CFRD-associated variants are in linkage disequilibrium and combine into
haplotypes that associate with either high risk or low risk of CFRD. The analysis of
single and small clusters of variants suggested that association with CFRD is likely due
to multiple variants, possibly distributed over several regions of SLC26A9. To address
this concept, we derived the haplotypes formed by common variants (MAF>15%) for all
762 individuals that were sequenced. Two ancestrally maintained regions (i.e., linkage
disequilibrium (LD) blocks) defined by a single recombination event between introns 5
and 8 were identified (Figure 2A bottom; note SLC26A9 is on the (-) DNA strand). All
CFRD-associated variants located in the region encompassing portions of intron 5 and
extending 9.9 kb &’ of the first exon of SLC26A9 were commonly inherited together (i.e.,
high LD; D’>0.80) (Figure 2A bottom). This LD block has two common haplotypes that

associated with CFRD; one associated with later onset of CFRD (Low Risk; LR; Minor
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Haplotype Frequency (MHF): 28.4%; p-value: 1.14E-03) while the second associated
with earlier onset of CFRD (High Risk; HR; MHF: 24.1%; p-value: 4.34E-03) (Figure 2A
top). The LR haplotype contains all the alleles of the variants that associated with later
onset of CFRD in the GWAS (8) (labeled with * in Supplemental Figure 1), and the HR
haplotype contains all alleles associated with earlier onset of CFRD. The finding that the
HR and LR haplotypes were associated with CFRD is based on 594 individuals with
phenotype information available, of which 457 have at least one HR or LR haplotype
and 137 did not. In addition to reporting the significance of the association of the LR and
HR haplotypes with age-at-onset of CFRD, we illustrated the strength of the clinical
association in the dataset by performing a log-rank test for difference in proportion with
CFRD in the 82 individuals carrying either two copies of the LR haplotype or two copies
of the HR haplotype. Using this subset of individuals, we show that the cumulative
incidence of CFRD differed significantly between individuals homozygous for the LR
haplotype (LR/LR) and those homozygous for the HR haplotype (HR/HR); log-rank p-
value: 6.5E-3; Figure 2B). From a clinical perspective, by age 40, >80% of individuals
with two copies of the HR haplotype (HR/HR) have developed CFRD compared to only
~25% of LR/LR individuals. A third less common haplotype (High Risk 2) that shares 11
of the 12 CFRD-associated alleles with the HR haplotype also associated with earlier
age-at-onset of diabetes (Supplemental Figure 1). These analyses indicated that the

SLCZ26A9 variants operate in concert to modify age-at-onset of diabetes in CF.

SLC26A9 mRNA transcripts from pancreas, lung and stomach contain non-

coding exon 1. Exon 1 of SLC26A9 is predicted to be non-coding contributing only to
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the 5’ untranslated sequence mRNA transcripts. As non-coding 5’ exons can play a role
in temporal or spatial gene expression (10), the location of the CFRD-associated
variants upstream and downstream of exon 1 suggested that they may influence
SLC26A9 expression. However, alternative splicing of the 5’ end of SLC26A9 leading to
exclusion of exon 1 has been reported by the Human and Vertebrate Analysis and
Annotation (HAVANA) project
(http://www.sanger.ac.uk/research/projects/vertebrategenome/havana/). Furthermore,
the transcription start site (TSS) of SLC26A9 has only been mapped in RNA from
human lung. Therefore, we sought to determine whether SLC26A9 transcripts in
additional tissues relevant to CF, contained non-coding exon 1 and if so, the exact
location of the TSS using 5’ Rapid Amplification of cDNA Ends (RACE). 5 RACE
products from three unrelated human lung samples (5, 16, 8 transcripts, respectively),
one human stomach sample (3 transcripts) and one human pancreas sample (2
transcripts) confirmed that SLC26A9 mRNA transcripts contain exon 1 and that the TSS
map in all three tissues to chr1:205,912,584 (hg19) (Figure 3). The major TSS is four
nucleotides 3’ relative to a previously reported TSS (10). The sequencing traces were
contiguous across 4 exon-exon junctions confirming that amplification was from mRNA
transcript. Four 5’ RACE transcripts from one of the 3 lung samples had an alternative
TSS beginning at position chr1:205,912,548 (hg19) which is 56 nucleotides upstream of
the exon1/exon 2 junction. It is not clear if this is a minor TSS or the result of incomplete
extension of the 5’ RACE. The establishment of the TSS confirmed that the first exon of

the SLC26A9 gene is embedded within the variants that form the CFRD risk haplotypes.
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Regulatory regions in the 5’ region and first intron of SLC26A9. The region 5’ of the
major TSS contains a TATA (TATAAAC) box 29 bp upstream as well as a CCATT
(GCCAATC) box 77 bp upstream. In addition, the region encompassing exon 1 and
extending approximately 550 bp upstream is highly conserved across species (Figure
4). These features are attributes of a basal promoter. To search for potential regulatory
regions encompassing exon 1 of SLC26A9, we used the Open Regulatory Annotation
database (ORegAnno) track on the UCSC genome browser, which contains curated
regulatory annotation derived from experimental data (41) (Figure 4). General binding
sequences (GBSs) that interact with transcription factors (TFs) GATAS3, NFYA and
NFYB were mapped to the immediate 5’ region (Figure 4, blue highlighted box). While
the CFRD-associated variant rs1342063 falls within a TF cluster in this region, it does
not affect any consensus TF binding motif according to the JASPAR core database
(42). Also present 5’ of exon 1 are GBSs that interact with FOS, JUNB, JUND, and
FOSLZ2 (Figure 4, yellow highlighted box) as well as for MAFF, MAFK, TFAPZ2C,
FOXA1, GATA3, and TFAPZ2A (Figure 4, green highlighted box). In intron 1, GBSs that
interact with FOXA1, STAT1, SP1, USF2, TFAP2C and MAX have been mapped.
CFRD-associated variant rs7555534 in intron 1 falls within the GBS of TFAP2C and
FOXA1 but it does not alter any consensus binding motifs for the TFs according to the
JASPAR core database (42). The location of ENCODE regulatory regions 5kb
upstream of exon 1 and within the first intron suggests that CFRD risk haplotypes

influence the expression of SLC26A9.

10



230 SLC26A9 and CFTR are co-expressed in a discrete population of pancreatic cells
231  with ductal characteristics. To assess which pancreatic cell types express SLC26A9,
232 and whether it is co-expressed with CFTR, we conducted single-cell RNA-sequencing
233 (scRNA-seq) of the pancreas obtained from a pediatric individual with early chronic
234 pancreatitis in the absence of CF. Using the Seurat pipeline (43), we were able to

235 identify all major pancreatic cell types in addition to a cell type that contained

236  characteristics of ductal and acinar cells (ductal/acinar; Figure 5A). Of the 2,999 of

237  pancreatic single cells, CFTR was expressed in 531 cells (86.5% ductal and

238  ductal/acinar), SLC26A9 was expressed in 15 cells, and 11 cells expressed both

239  SLC26A9 and CFTR (100% ductal and ductal/acinar; hypergeometric test for co-

240  expression p-value: 2.31E-07) (Figure 5B and C and Table 1). Re-analysis of sScCRNA-
241  seq data from four studies containing a total of 31 pancreatic samples obtained from
242  individuals of varying age and disease status (4 adults (44); 7 healthy adults, 1 T1D
243 adult, 3 T2D adults, 2 healthy children (45); 4 adults (46) and 6 healthy and 4 T2D

244  donors of varying BMI and age (47)) revealed that CFTR and SLC26A9 are co-

245  expressed in a small subset of ductal pancreatic cells in each dataset (Table 2). Data
246  from two studies (44, 47) also confirmed that the co-expressing cells were primarily
247  ductal (Figures 5D and E). The fraction of ductal cells that express CFTR ranges from
248  35.7% to 96.9% across studies. SLC26A9 expression is detected in a lower fraction of
249  ductal cells ranging from 1.4% to 17%. This variation likely reflects the different

250  pancreatic tissue sampling approaches in the three studies, as illustrated by their

251  differences in cellular composition (Supplemental Table 2). While CFTR is expressed at

252 relatively high levels in a fraction of ductal cells, both CFTR and SLC26A9

11
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demonstrated variable expression among acinar and acinar/ductal cells in our sample
(Supplemental Figure 2). It is important to mention that the co-expression of CFTR and
SLC26A9 is not merely due to the broad presence of CFTR in ductal cells and presence
of SLC26A9 in the same cell type. The hypergeometric test showed that the co-
occurrence of both transcripts in the same cells is highly significant given the distribution
of the two genes across all pancreatic cell types. Of note, CFTR RNA expression is very
low in beta cells (2/531 CFTR-expressing cells are beta cells) while prominently
transcribed in ductal cells (Table 2). This finding was consistent with our re-analysis of
data from other studies (10/478 (47) and 0/389 (44) of CFTR-expressing cells are beta

cells) (Figures 5D and E) and with re-analyses reported by other groups (48, 49).

We next determined whether pancreatic cells that express SLC26A9 also express the
TFs that have binding sites surrounding exon 1 (Figure 4). FOS, JUNB and JUND
transcripts were broadly expressed and found in the majority of cells expressing
SLC26A9 (Table 1). At the other end of the spectrum, FOXA1, TFAP2C, GATA3 and
TFAPZ2A transcripts were not detected in cells expressing SLC26A9 in our pancreatic
sample. Of the TFs expressed in fewer cells (32 to 296 out of 2999 cells), FOSL2, SP1,
and MAFK are co-expressed in a small but significant fraction of SLC26A9-expressing
cells (Table 1; above dotted line). Re-analysis of four published pancreatic sScRNA-seq
datasets (44-47) revealed similar patterns with FOS, JUNB and JUND being broadly
expressed and found in the majority of SLC26A9-expressing ductal cells while FOSL2
and SP1 were expressed in fewer cells but significantly co-expressed with SLC26A9

(Table 2) (44-47). Furthermore, FOXA1, TFAP2C, GATA3 and TFAP2A TFs were either

12
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absent or present in only a few cells that expressed SLC26A9. One notable difference
from our scRNA-seq data was that MAFF was present in a relatively high fraction of
SLC26A9-expressing cells in all four published datasets. From these results, we noted
that binding sequences of the four TFs consistently present in SLC26A9-expressing

cells (FOS, JUNB, JUND and FOSLZ2) occur in a cluster &’ of exon 1 (Figure 4).

To characterize the pancreatic ductal cells that express SLC26A9, we evaluated
expression of apical and/or basolateral channels and bicarbonate transporters using our
scRNA-seq data and the four publicly available data sets. We focused our search on
genes encoding proteins that have been detected in pancreatic ductal cells by
biochemical and electrophysiological methods (50-52). We also examined the
expression of selected genes relevant to SLC26A9 and CFTR (e.g. WNK family and
FOXI1+). Our analysis revealed that cells expressing CFTR and SLC26A9 also
consistently express Aquaporin 1 (AQP17) and SLC4A4 (NBCe1-B) in our scRNA-seq
study and the four publicly available datasets (Supplemental Table 3). In most studies,
SCNN1A (ENaC alpha subunit), SLC4A2 (AE2) and activators (STK39 (SPAK) and
WNKT) appear to be expressed in ductal cells that co-express SLC26A9 and CFTR.
Notably absent (or very minimally expressed) are WNK4 and other SLC26 transporters
(A3, A4 and A6). We did not find evidence of a cell population that expressed high
levels of CFTR along with FOXI1+ or vATPase genes (ATP6V1C2 and ATP6V0D?2)

similar to ionocytes that have been reported in the lung (53, 54).
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DNA fragments 5’ of SLC26A9 bearing CFRD low risk haplotype generate higher
levels of reporter gene expression than high risk CFRD haplotype. To determine if
the region containing the diabetes-associated variants drive expression at different
levels in the pancreas, four DNA fragments from the 5’ region of SLC26A9 (Figure 6A)
containing either HR and LR variants were cloned into a firefly luciferase reporter
construct (pGL4.10, Promega) in the native orientation (SLC26A9 resides on the
negative strand). All SLC26A9 constructs were tested in the PANC-1 cell line, a human
pancreatic adenocarcinoma cell line that is of ductal cell origin (55) but also is a
surrogate for pancreatic progenitor cells since they can be induced to differentiate into
insulin-producing cells (56). A renilla construct (pRL-TK, Promega) was included to
normalize for transfection efficiency. Analysis of RNA-seq data available on the
sequence read archive demonstrated that PANC-1 cells express TFs FOS, JUNB,
JUND and FOSLZ2 that have putative binding sites in the 5’ region of SLC26A9 (Table
1). Both SLC26A9 and CFTR are expressed in PANC-1 cells, albeit at low levels
relative to the aforementioned TFs (Table 1) likely due to inactivation of their promoters,

as observed in other immortalized cell lines (57).

The 1.172 kb DNA fragment immediately adjacent to exon 1 generated robust luciferase
expression consistent with our expectation that this region encompassed the basal
promoter of SLC26A9. Although 2 CFRD-associated variants are in this region, no
differences in expression levels were noted when DNA fragments bearing the LR (blue)
or HR (red) alleles were analyzed (Figure 6B). We next examined the region

immediately adjacent and upstream of the 1.172 kb region that contains 3 CFRD-
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associated variants. Constructs containing the 1.173kb region displayed little to no
luciferase expression, similar to negative controls (Figure 6B). However, when fused to
the 1.172 kb region to form a contiguous 2.3 kb fragment, we noted that 3 out of the 4
LR 2.3kb clones consistently differed in luciferase expression levels from clones with
HR alleles (Figure 6B). Combined analysis of the normalized data from 3 independent
transfections with 4 biological clones per haplotype (technical replicates: transfection
well N=71 for LR and N=72 for HR; Supplemental Figure 3) revealed that the fragment
containing variants associated with LR of diabetes had a difference in means of 12%
higher activity compared to HR (p-value: 5.15E-09). Addition of 2.5 kb of sequence from
the region immediately adjacent and upstream of the 2.3 kb regions formed a 4.8 kb
fragment containing all 6 of the CFRD-associated variants residing 5’ of SLC26A09.
Notably, both clones bearing the LR haplotype generated an overall difference in means
of 19% higher expression level compared to clones bearing the HR haplotype (p-value:

6.28E-07) (Figure 6B).

We also tested the 2.3 kb LR and HR constructs in a second cell line, CFPAC-1, a
pancreatic ductal adenocarcinoma cell line derived from an individual with CF (58, 59).
CFPAC-1 cells express TFs FOS, JUNB, JUND and FOSLZ2 and have very low levels of
endogenous CFTR and SLC26A9 expression, as noted for PANC-1 cells (Table 1). LR
constructs demonstrated significantly higher expression than HR constructs in two
independent transfections of 4 clones per construct (Figure 6C). Overall, LR exhibited
20% higher expression than HR (p-value: 2.00E-03 (N=48 for LR, N=47 for HR)) in

CFPAC-1 cells. From these results, we concluded that CFRD-associated variants in the
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5’ region act in concert with its basal promoter to alter the expression of SLC26A9 in

pancreatic cells.

eQTL analysis suggests that low risk alleles of CFRD variants are associated with
increased expression of SLC26A9. We downloaded publicly available data from the
Genotype-Tissue Expression (GTEx, v7) portal to determine whether the CFRD risk
variants associate with SLC26A9 RNA expression in the pancreas. Results show that
the CFRD-associated variants associate with SLC26A9 RNA expression in the
pancreas. Alleles on the LR haplotype were associated with increased expression of
SLCZ26A9 in the pancreas, but it did not correlate with expression in the lung

(Supplemental Table 4), as recently reported (31).
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Discussion

The goal of this study was to determine if variants associated with age-at-onset of cystic
fibrosis-related diabetes (CFRD) affected the expression of SLC26A9. We discovered
that the alleles of the CFRD-risk variants are co-inherited as two common haplotypes,
one that is associated with later onset of CFRD (Low Risk; LR), and the other that is
associated with earlier onset of CFRD (High Risk; HR). A third less common haplotype
similar to HR also associated with earlier onset of diabetes and it is possible that other
less common haplotypes bearing the majority of the CFRD-risk variants also correlate
with CFRD, but are not sufficiently frequent to allow detection of association in the 762
individuals studied here. There was no evidence that a coding or rare variant accounted
for the CFRD association. Mapping of the major TSS indicate that the non-coding first
exon of SLC26A9 is placed in the middle of the cluster of CFRD-risk variants in the 5’
region of SLC26A9. These results suggested that the HR and LR CFRD haplotypes
affect transcriptional regulation of SLC26A9. Characterization of the transcription factor
binding sites 5’ of exon 1 and profiling of the transcriptome of the ductal pancreatic cells
that express SLC26A9 indicated that the TFs FOS and JUN likely direct SLC26A9
expression. DNA fragments derived from the 5’ region of SLC26A9 were
transcriptionally active in pancreatic ductal cell line models (PANC-1 and CFPAC-1) that
express FOS and JUN TFs. Reporter assays showed that the presence of variants
corresponding to the LR haplotype showed 12-20% higher levels of expression
compared to the HR haplotype in both pancreatic ductal cell lines. The CFPAC-1 cell
line demonstrated that absence of CFTR (as seen in CF) did not alter the difference in

expression between the LR and HR constructs. Collectively, our findings indicate an
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increase in the expression of SLC26A9 in ductal cells of the pancreas delays the age-

at-onset of diabetes in individuals with CF.

Locating the 5’ TSS was essential to establish whether the non-coding exon 1 was
included in SLC26A9 RNA transcripts. Mapping to the same nucleotide in multiple
independent transcripts from three different tissues (pancreas, lung and stomach)
confirmed that the full-length transcript had been obtained. As the previously reported
TSS was also determined using RNA from the lung, the inconsistency between the
major TSS we found and the previously reported TSS (4 base pairs longer (10) is likely
due to technical reasons. Placement of the TSS upstream of exon 2 verifies inclusion of
a non-coding first exon in the majority of SLC26A9 transcripts. Non-coding first exons
have been generally thought to fulfill regulatory roles in gene expression (e.g. by
controlling translation efficiency and mRNA stability). This control may occur through the
primary sequence of the 5’UTR as well as secondary structure of the RNA. The latter
governs the recognition and interaction with a combination of factors important for
translation and stability (60, 61). However, we did not discover any variants in the
5'UTR of SLC26A9 encoded by exon 1 that might be postulated to affect transcript

stability, leading us to focus on upstream sequences.

To assess the appropriate cellular context for evaluating the putative regulatory regions
and the effect of the CFRD-associated variants, we established the pancreatic cell types
that express SLC26A9. Single-cell RNA-sequencing (sScCRNA-seq) revealed that

SLC26A9 is expressed in a minor fraction of ductal cells. Since our study was
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performed on a single pediatric chronic pancreatitis case, we confirmed and extended
our findings using scRNA-seq data from four additional publicly available studies of 31
pancreas tissues from children and adults (44-47). We have not been able to evaluate
the expression profile of SLC26A9 during development when exocrine pancreatic
damage first occurs in individuals with CF. This is likely to be relevant as observations
in mice indicate that SLC26A9 expression is considerably higher in utero and decreases
shortly after birth (22). Notably, CFTR is present in the majority of the pancreatic cells
that express SLC26A9 and 100% of the cells expressing both genes are ductal or
ductal/acinar. Evidence of co-expression supports the concept that SLC26A9 and CFTR
interact in vivo, as suggested by in vitro and cell-based studies (13, 19, 62). We have
further evaluated the expression level of key genes in the WNK pathway whose proteins
regulate SLC26A9 activity. Among the five scRNA-seq studies, there was evidence of
WNK1 and STK39 (SPAK) being expressed in cells with SLC26A9 while WNK4 was

almost absent.

How could variation in SLC26A9 expression in a small subset of ductal cells affect risk
for diabetes in CF? First, it has been shown that transcript copy number correlates
modestly with protein concentration (63). Thus, SLC26A9 protein levels might be
considerably higher in ductal cells than the levels implied by counts of RNA transcript.
Second, it is possible that the SLC26A9 expressing cells play a critical role in ductal ion
transport, perhaps by being anatomically clustered in one portion of the pancreatic duct.
This situation might be analogous to ionocytes in the lung, a rare cell type that

expresses high levels of CFTR (53, 54). We did not, however, consistently observe
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expression of FOXI1+ or vATPase genes (ATP6V1C2 and ATP6V0D?2) that
characterize ionocytes in the SLC26A9/CFTR co-expressed pancreatic cells
(Supplemental Table 3). Third, the cells that express SLC26A9 may have other key
roles in the pancreas, such as that reported for centroacinar cells (CACs), a specialized
ductal cell-type found near acini that express CFTR in fetal and adult pancreas (64, 65)

that can replenish beta cells in zebrafish and mammals (64, 66, 67).

Though the etiology of CFRD is incompletely understood and is likely multifactorial, it
has been documented that insulin secretion diminishes as individuals with CF age due
to inflammation and destruction of pancreatic islet cells (49). Other studies report that
CFTR plays a direct role in the release of insulin and glucagon as well as in the
protection of beta cells from oxidative stress and in controlling the resting potential of
alpha and beta cells in rats (68). CFTR has also been proposed as a glucose-sensing
negative regulator of glucagon secretion in alpha cells in mice, a defect postulated to
contribute to glucose intolerance in CF and other forms of diabetes (69). However,
several observations question whether CFTR plays a direct role in insulin release from
beta cells (36, 38, 40, 44, 47-49, 70, 71). Whether loss of CFTR function in beta cells
does or does not contribute to the development of diabetes in CF, there is growing
evidence that variation in the risk of CFRD correlates with ductal (i.e., exocrine)
dysfunction. For example, the CFRD-associated variant rs7512462 in intron 5 of
SLC26A9 has been associated with variation in newborn immunoreactive trypsinogen
levels, a biomarker of prenatal exocrine pancreatic disease (29). Of note, exocrine

pancreatic dysfunction has been observed in 10-30% of individuals with T1D and T2D
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(72, 73). Furthermore, loss of function of the pancreatic enzyme carboxyl ester lipase
due to deleterious genetic variants were associated with exocrine pancreatic disease
and diabetes in two families (74). Together, these studies support the concept that
aberrant exocrine ductal function can be a major contributor to reduced insulin secretion

and the development of diabetes.

Based on crowd-sourced assessments provided in the Open Regulatory Annotation
database, we suspected that the cluster of transcription factor binding sites for FOS,
JUNB, JUND, and FOSL?Z2 act as enhancers for SLC26A9 expression. This assertion
was supported by the observation that the DNA fragment containing these putative
binding sites drives expression only when fused to the native SLC26A9 promoter (2.3kb
fragment). Members of the FOS and JUN family are well known to dimerize via leucine
zippers to create the AP-1 TF complex (75). AP-1 activity has been implicated in a
variety of normal cellular function such as proliferation, differentiation and apoptosis as
well as abnormal processes, in particular, neoplastic transformation (76). Thus, the
expression of FOS and JUN in a cancer cell line such as the pancreatic
adenocarcinoma (PANC-1) cell line used in our studies is expected. However, we posit
that these TFs have a physiologic role in SLC26A9 expression as RNA encoding these
TFs are consistently expressed in the subset of ductal cells that express SLC26A9 (44-
46). Furthermore, we observed that the SLC26A9 2.3 kb construct expressed in the
CFPAC-1 cells, a pancreatic adenocarcinoma cell line derived from an individual with
CF (58, 59). FOS TFs have been implicated in diabetes and glucose homeostasis.

Computational analysis has suggested that FOS plays a role in the pathogenesis of
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T2D (77) and FOSLZ2 in T2D individuals has been shown to be hypermethylated leading
to lower mRNA and protein expression levels (78). Finally, we observed that TFs
FOXA1, TFAP2A and 2C and GATAS3 that are known to be associated with type 2
diabetes risk (79), development and subsequent maintenance of beta cells (80) and
insulin secretion (81) were absent in SLC26A9-expressing pancreatic cells in our study
and in two of the four published studies (44, 45). The absence of these TFs likely
explains why the 4.8kb fragment containing the 2.5 kb region (that has binding sites for
FOXA1, TFAP2A and 2C and GATAQ3) displayed a similar level of reporter expression
and maintained the allele-dependent expression observed with the 2.3 kb fragment.
Together, these findings support a role for FOS and JUN in the transcriptional regulation

of SLC26A9 in the post-natal pancreas.

Age-at-onset of diabetes in CF is a complex trait modified by multiple genes that
develops over the lifetime of individuals with CF (8). As such, the ~20% difference
between the expression level of LR and HR haplotypes in PANC-1 and CFPAC-1 cells
is consistent with the modest effect size attributable to a gene operating in the context
of a complex disorder (35, 82). Indeed, more substantial changes in SLC26A9
expression cause distinct intestinal and pulmonary phenotypes in knock-out mouse
models (17, 20). Although we have not yet been able to determine the precise
element(s) that is responsible for the difference observed between LR and HR
haplotypes, this information is not essential for moving forward with a strategy to treat
CFRD. There is growing evidence that provision of alternative pathways for chloride

transport via channels such as TMEM16A (83) or small molecule ion channels (84) can
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493  restore anion secretion in CF tissues. Likewise, several studies suggest that SLC26A09,
494  a chloride/bicarbonate transporter may be able to compensate for the loss of CFTR

495  function in individuals with CF (15, 85, 86). Consequently, our results indicate that

496  strategies that increase the level and/or function of SLC26A9 provide a viable approach

497  to delaying the onset of diabetes in CF.
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498  Material and Methods

499 Diagnosis of CFRD

500 The CFRD phenotype was defined using data extracted from medical charts or CFF
501 Patient Registry. Minimum criteria include clinical diagnosis of CFRD and at least 1 year
502 insulin use (9). Supporting lab data was used when available including glucose

503 tolerance and hemoglobin A1c (the HbA1c is not used to rule out diabetes but can be
504 used torule it in; as per CFRD guidelines). Fasting glucose was found to have low

505  specificity for CFRD after review of chart data and was not used in the definition of

506 CFRD.

507

508 Resequencing Cohort and Capture

509 A total of 762 p.Phe508del homozygotes recruited as a part of the Johns Hopkins Twin
510 and Sibling Study (TSS) and University of North Carolina’s Genetic Modifiers Study
511 (GMS) were analyzed. Cohort selection, sample consent and DNA preparations were
512 previously described (87). A total of 47.7kb encompassing SLC26A9 and extending
513 9.9kb 5’ and 7.4kb 3’ of the gene were deep sequenced (Capture design, library prep,
514  sequencing, variant call and annotation and data cleaning as reported by Vecchio-

515 Pagan et al., 2016 (87)).

516

517 Linkage Disequilibrium, Haplotype Block Analysis and Association Testing

518 Each variant was associated with the martingale residual phenotype for cystic fibrosis-
519 related diabetes (CFRD) using a linear regression in the PLINK software package v1.07

520 (88). Data was initially cleaned for individual and variant missingness and IBD structure
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to remove related samples. Individual variants association with CFRD was conducted
using --assoc command on PLINK. Log transformed p-values were plotted as a locus
zoom plot using LocusZoom (89) in Figure 1A. For haplotype-based association testing,
the analysis was conducted in PLINK using the --chap and --each-vs-others commands.
Only haplotypes with frequencies >2% containing variants with frequencies >15% were
derived. LD blocks and haplotypes were confirmed and visualized using Haploview

(Figure 2; Supplemental Figure 1).

Common and Rare Variant Burden Testing

To check for association between sets of variants and CFRD, a 5kb sliding window was
moved across the entire 47.7kb capture region in 1250bp increments, and common and
rare variants (MAF cut-off: 1% in our population) falling within these regions were
grouped for region-based burden testing using the SKAT-O algorithm (90). In the 47.7kb
captured region encompassing the SLC26A9 locus and surrounding genes, a total of 36
windows were present. The SKAT-O algorithm was implemented in R, using the “SSD”
commands which allow for loading of a plink formatted dataset, and the “optimal.adj”

method, representing the optimized method.

Determination of transcription start site of SLC26A9

5’ Rapid Amplification of cDNA Ends (RACE) was performed using the SMARTer
(“Switching Mechanism At RNA Termini”) RACE cDNA Amplification Kit (Clontech).
RNA isolated from primary tissue (pancreas, lung and stomach) obtained from the

Johns Hopkins Pathology Department was used to synthesize the first-strand cDNA and
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5-RACE-Ready cDNA with the SeqAmp™ DNA Polymerase in accordance with the
manufacturer’s instructions. The gene-specific primer
(5’GATTACGCCAAGCTTGGCAGGCTAGCGTAGCTGACACG-3’) sitting in exon 5 of
SLC26A9 was used for RACE PCR and the products containing the 15 bp overlap
(GATTACGCCAAGCTT) were cloned into the linearized pRACE vector with In-Fusion®

HD Cloning. Plasmids were sent for Sanger sequencing with M13F and M13R primers.

Single-cell RNA-sequencing of pancreatic cells

Preparation of single cells and processing of RNA-Seq reads: Supplemental Section.
Following processing of RNA-Seq reads, a total of 2,999 cells and 16,884 genes were
retained. Gene counts were log-normalized following filtering of the gene-barcode
matrix. Seurat was used to identify highly variable genes (default parameters, except
dispersion selection method), perform principal component analysis (with n=1000 highly
variable genes), and determine significant principal components. The t-SNE projection
was generated with the first 12 principal components. Graph-based clustering with K-
nearest neighbor was used to predict cell populations. Cell specific expression markers
identified from previous single cell papers (46) were then used to define and divide
predicted clusters—acinar (PRSS1, PNLIP), beta (INS), alpha (GCG), delta (SST), PP
(PPY), ductal (KRT19, SPP1, ATP1B, SLC4A4), endothelial (ESAM), mesenchyme

(THY1, COL1A1).

Reanalysis of published single-cell RNA-Sequencing of the Pancreas
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Single-cell RNA-sequencing of the pancreas conducted by the studies referenced in
Table 2 were reanalyzed. Data was downloaded from the gene expression omnibus
repository (accession numbers GSE84133, GSE83139, GSE85241) and the
ArrayExpress (EBI) (E-MTAB-5061), and analyzed in R. Significance of co-expression
was determined with a hypergeometric test, using the phyper function (phyper(# of cells
co-expressing SLC26A9 and gene B, number of cells expressing SLC26A9, # of cells
that don’t express SLC26A9, # of cells expressing CFTR)). Expression of a gene was
defined by having a gene count >1 for data downloaded from the gene expression

omnibus repository, and a log-normalized gene count >0.5 for our data.

Reanalysis of publicly available RNA-Sequencing data of PANC-1 and CFPAC-1
cells

RNA-sequencing data available in the sequence read archive were used (accession IDs
SRR5171012, SRR5171013, SRR1172002, SRR3615309, SRR5952226; CFPAC-1:
SRR1736491). Raw reads were aligned to the reference genome (hg19) using the
Bowtie2 algorithm (91) and splice junctions were identified via Tophat2 (v2.0.13) (92)
from the Tuxedo software suite. CuffQuant and Cuffdiff (Cufflinks v2.2.1) (93) were then
used to assemble transcripts, estimate their abundances, and test for differential

expression among samples.

Mammalian cell culture, transfection and Dual Luciferase-Renilla Reporter Assay

PANC-1 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM,

Invitrogen) supplemented with 10% v/v fetal bovine serum (FBS) and 1% Penicillin-
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Steptomycin (PS). CFPAC-1 cells were maintained in Iscover’s modified Dulbecco’s
medium (IMDM, ThermoFisher Scientific) also supplemented with 10% v/v FBS and 1%
PS. When PANC-1s/CFPAC-1s were approaching 70%-80% confluency, they were
transfected with LR or HR reporter plasmids (Supplemental Figure 2) with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions and then
placed in antibiotic free medium/FBS for 48 hours. As transfection and expression
efficiency can vary due to the structure of the plasmids (e.g. coiled, supercoiled), we
used up to 4 independently derived plasmid clones for each SLC26A9 DNA fragment
tested. A spectrophotometer was used to quantify DNA concentration. The number of
plasmids used was calculated based on the concentration of the plasmid adjusted for
size (molecular molar mass) thus, all transfections contain equal number of plasmid
copies per technical replicate/well in each independent transfection (1.7E-13 mol or
~1.0E11 copies). To address biological variation, transfections were performed in 6-
wells for at least 2-3 independent transfections per construct. As a control for the
normalization of transfection efficiency, same amount of the renilla luciferase encoding
plasmid pRL-TK (3.4E-15 mol or approximately 2.0E9 copies), is added to all
transfection wells (94, 95). The neutral constitutive expression of Renilla luciferase was
used as an internal control value to which expression of the experimental firefly
luciferase reporter gene was normalized. Whole cell lysates were harvested after 15-
minute incubation with 1x passive lysis buffer (Promega). All samples were centrifuged
at maximum speed for 15 minutes at 4°C and plated onto a 96-well plate in triplicates
with 20 uL lysate per well then analyzed using the Dual-Luciferase® Reporter Assay

System (Promega) on a BioTek plate reader (BioTek Instruments, Inc.). The
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luminometer was set to inject 50 uL of Luciferase Assay Buffer Il (LARIIl) and 50 uL Stop
& Glo Reagent sequentially into each sample for independent measurement of fLUC
and rLUC activities. Each injection was followed by slow shake for 3 seconds followed
by an integration period allotted by a 2 seconds delay. Luminescence for both fLUC and

rLUC, and the relative ratio of fLUC/rLUC activity was recorded in an excel file.

Study approval

Samples were obtained under approved research protocols from Johns Hopkins
Pathology Department (IRB00157289, Date of Acknowledgement is 8/16/2018. Date of
Expiration is 8/16/2021) and the University of Pittsburgh (IRB# PRO16030614 for
demographic information and PRO13020493 for genetic evaluation of pancreatic

surgical waste).
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930 Figure 1. Association of SLC26A9 variants with age-at-onset of CFRD in 762

931 p.Phe508del (F508del) homozygous individuals. Variants within a 47.7 kb region

932  encompassing SLC26A9 (shown to scale at bottom) were tested. (A) Manhattan plot for
933  association with CFRD (points, left y-axis) and recombination ratio plotted by genomic
934  location (blue line, right y-axis). (B) SKAT-O test for association of sets of common (top)
935 and rare (bottom) variants with CFRD. All variants within each 5 kb window, moved

936  across the entire region in increments of 1,250 bp, were tested for a combined

937  association with CFRD via SKAT-O test. The x-axis denotes position on chromosome 1
938 (hg19), y-axis is —log10 of the regional p-value. Association values were plotted at the
939  center of each 5 kb window. Common and rare variants were assigned based on a MAF
940  cut-off of 1%. Red line indicates significance threshold Bonferroni corrected for the

941  number of sliding windows (p=0.01/36=2.7E-4). No other RefSeq genes are present in
942  this region other than SLC26A9.
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Figure 5 Co-expression of SLC26A9 and CFTR in pancreatic cells. Results were
obtained from scRNA-seq. (A) t-SNE plot of scRNA-seq data. Each data point
represents a cell, colored by its cell type. (B) t-SNE plot of scRNA-seq of the pancreas,
with cells expressing CFTR and/or SLC26A9 with a log-normalized expression >0.50
are colored (C) Venn diagram representing the number of cells that express CFTR,
SLC26A9, or both, and the percentage of cell types in which these genes are
expressed. The number of cells per compartment are shown in parentheses. (D) and
(E) Venn diagrams showing the number of cells expressing CFTR, SLC26A9 or both
and the percentage of cell types in which these genes are expressed based upon a
reanalysis of two publicly available scRNA-seq datasets (44, 47).
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1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011

PANC-1 CFPAC-
scRNA-seq (n=2,999) lih::- 1 :;A-
(n=95) (n=1)

Cells expressing

Proportion of
SLC26A9-expressing

Significance

Gene B Gene B cells that express of . Gene expression
(Du;ta_I/DuctaI Gene B (Ductal/Ductal co-expression (FPKM)
cinar) Acinar) (p-value)
CFTR 531 (461) 11(11) / 15(13) [73.4%)] 2.31E-07 0.02 0.04
FOS 2633 (599) 15(13) / 15(13) [100%] <2.26-16 5494  325.72
JUND 2251 (568) 14(12) / 15(13) [93.4%)] 1.34E-02 56.17  123.31
JUNB 935 (340) 11(10) / 15(13) [73.4%)] 1.34E-04 6471  218.20
FOSL2 284 (91) 4(4) 1 15(13) [26.7%] 9.95E-03 1295  9.26
SP1 101 (51) 3(3) / 15(13) [20%] 1.24E-03 2448 2912
MAFK 275 (144) (3)/ 15(13) [20%] 4.20E-02 5066  17.88
STAT1 181 (96) 2(2) 1 15(13) [13.4%] 5.75E-02 4441  66.18 |
NFYA 32 (22) 1(1) 1 15(13) [6.7%] 1.06E-02 142 10.11
NFYB 139 (63) 1(1) 1 15(13) [6.7%] 1.51E-01 1425  5.02
MAX 156 (59) 1(1) 1 15(13) [6.7%] 1.82E-01 233 4268
USF2 265 (84) 1(1) 1 15(13) [6.7%] 3.88E-01 7265  40.46
MAFF 296 (202) 1(1) 1 15(13) [6.7%] 4.44E-01 552  46.05
GATA3 0 (0) 0(0) / 15(13) [0%] NA 357 1750
TFAP2A 0 (0) 0(0) / 15(13) [0%] NA 3461 5562
FOXA1 3(2) 0(0) / 15(13) [0%] NA 155 1058
TFAP2C 7(2) 0(0) / 15(13) [0%] NA 3.15 1.82

Table 1. Expression of transcription factors and CFTR in the pancreas, PANC-1
and CFPAC-1 cells. Number of cells co-expressing SLC26A9 and other genes in the
pancreas was quantified using scRNA-seq. Cells were determined to express the
respective gene for normalized log-transformed gene expression > 0.5. Number of
ductal and ductal/acinar cells expressing respective gene are shown in parenthesis.
Fraction of cells co-expressing SLC26A9 and respective gene are shown in brackets.
Significance of the co-expression of two genes were determined with a hypergeometric
test. NA indicates that a significance test was not applicable. Rightmost column
indicates average gene expression in PANC-1 and CFPAC-1 cells determined by
publicly available RNA-sequencing data. SLC26A9 is expressed in PANC-1 and
CFPAC-1 cells with 0.01 and 3.0003 FPKM, respectively.
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1013  Figure 6. Reporter gene expression driven by DNA fragments derived from the 5’
1014  region of SLC26A9. (A) Diagram depicting the location and length of the regions

1015  studied relative to SLC26A9. (B) Luciferase expression levels obtained from PANC-1
1016  cells transfected with various SLC26A9 DNA fragments bearing either LR or HR risk
1017  variants for CFRD. The 1.172 kb region generated robust expression of luciferase

1018  consistent with a promoter. Levels do not differ between the LR and HR bearing

1019  fragments. The 1.173 kb region generated little to no activity, similar to negative

1020  controls. The 2.3 kb region composed of the 1.172 kb and 1.173 kb region generated a
1021  combined expression of luciferase that was 12% higher for LR compared to HR

1022 haplotype (p-value: 5.15E-09). The 4.8kb region generated a combined 19% higher
1023  expression level compared to HR (p-value: 6.28E-07). (C) Transfections in CFPAC-1
1024  cells resulted in same trend being observed. The 2.3 kb region drove a combined

1025  expression of luciferase that was 20% higher for LR compared to HR haplotype (p-value
1026  2.00E-03). For plots in (B) and (C): Results are shown for 2-3 separate transfections
1027  of PANC-1 and CFPAC-1 cells with 2-4 independent plasmid constructs (A-D); each
1028  containing alleles corresponding to the LR (blue) or HR (red) haplotypes in their native
1029  orientation. For each transfection, the data points to the left of the vertical line are

1030  results from each independent clone. On the right, data points from all clones are

1031  combined and asterisks indicate significance (* = p-value <0.05; *** = p-value <0.001).
1032  Negative controls (pGL4.10 empty vector and renilla) are shown in gray. Total data
1033  points (N) are listed below each construct. Significance was assessed using Student’s t-
1034  test. Error bars with SEM.
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1035

1036
1037
1038
1039
1040
1041
1042
1043

Baron(n=8,569) Wang(n=635) Muraro(n=3,072) Segerstolpe(n=2,209)
Proportion of . . Proportion of
Cells SLC26A9- Pr‘gfg;sl:g? ' Prsol?g?c:‘:r;-o ' Cells SLC26A9-
expressin expressing Significance of Cells expressin Significance of Cells expressin Significance of expressin expressing Significance of
Gene B gene B 9 cells co-expression expressing pcells 9 co-expression expressing pcells 9 co-expression gene B 9 cells co-expression
that express (p-value) Gene B (p-value) Gene B (p-value) that express (p-value)
(Ductal) Gene B that express that express (Ductal) Gene B
4 4
(Ductal) [%] Gene B [%] Gene B [%] (Ductal) [%]
CFTR 389 (384) O (9)[(’5(},2 ](15) 1.02E-23 348 16/19 [84.3%] 1.27E-03 604 28/34 [82.4%] 1.92E-16 478 (373) 8 (?.% ’58/31 (66) 3.16E-34
13(13)/15 61 (37)/ 93 (66)
FOs 3855 (591) (15) 2.53E-03 613 19/19 [100%] <2.2e-16 1848 24/34 [70.6%] 7.46E-02 1215 (244) 4 1.31E-02
86.7%] [65.6%]
1@ /1s 86 (60) / 93 (66)
JUND 5354 (768) (15) 2.26E-02 618 19/19 [100%] <2.2e-16 1851 27/34 [79.5%] 4.97E-03 1752 (327) el 1.08E-04
[73.3%] :
1@ /1s 78 (56) / 93 (66)
JUNB 5300 (844) (15) 4.97E-01 465 10119 [52.7%] 9.59E-01 1848 25/34 [73.6%] 3.47E-02 1660 (330) oo 0o 1.41E-02
[73.3%] 7
FOSL2 954 (278) 0 (5[%; 13%1 5 2.33E-04 103 5/19 [26.4%] 7.09E-02 514 19/34 [55.9%] 2.90E-08 372 (206) 57 (‘Eé) ’3%2] (66) 5.20E-24
SP1 168(53) (0)[82/05] (15) NA 390 16/19 [84.3%] 6.96E-03 1381 30/34 [88.3%] 1.58E-08 823 (213) 61 (ng %%/f] (66) 4.07E-09
MAFK 257(102) 2 (2[1) ] 13%15) 2.25E-02 133 6/19 [31.6%] 8.02E-02 28 0/34 [0%] NA 123 (41) " (3)1’ goz ](66) 4.53E-03
STAT1 624 (101) 2 (2[1)é 13%1 5) 1.40E-02 457 15/19 (78.9%) 1.73E-01 1873 32/34 [94.1%] 1.02E-06 1511 (326) ” (5[88% %%Z] (66) 4.36E-04
NEYA 51 (16) 0 (0)[32/5] (15) NA 285 8/19 [42.2%] 5.02E-01 770 22/34 [64.8%] 1.78E-07 704 (200) 56 <ng’;;3] (66) 2.35E-00
0, .. 0,
NFYB 165017) ° (0)[82/05] (15) NA 261 5/19 [26.4%] 8.64E-01 923 20/34 [58.9%] 1.17E-04 863 (196) 58 (Tg% ’4%2] (66) 1.05E-06
MAX 555 (70) 1 (1[)6’ 713 ](15) 9.82E-01 243 6/19 [31.6%] 6.38E-01 1516 23/34 [67.7%] 9.63E-03 1314 (204) 77 (5[53 %%3] (66) 2.14E-07
. 0 . 0,
USF2 1339 (132) 2 (2[1) ) 13%1 5 5.42E-01 226 7119 [36.9%] 3.53E-01 718 /34 [26.5%] 2.57E-01 1302 (196) 45 (2{1& ’4%2] (66) 9.77E-01
MAFF 505 (264) O (3)2’0102 (15) 9.77E-06 147 9/19 [47.4%] 4.37E-03 602 16/34 [47.1%] 6.14E-05 471 (174) 33 (?g%g%/f] (66) 4.14E-04
GATA3 1(0) 0 (0)[82/05] (15) NA 2 0/19 [0%] NA 8 1134 [3%] 3.19E-03 8(3) ! (1[)1’ 192 ](66) 4.16E-02
TFAP2A 11 (10) 0 (0)[62/05] (15) NA 9 2/19 [10.6%] 1.71E-03 4 5/34 [14.8%] 3.95E-06 67 (46) o (7[)9’ 7902 ](66) 3.65E-04
FOXA1 10 (5) 0 (0)[82/05] (15) NA 21 0/19 [0%] NA 04 4134 111.8%] 3.32E-03 37 (10) 4 (3[)4’ ?Z ](66) 1.78E-02
TFAP2C 4(1) 0 (0)[62/05] (15) NA 10 1119 [5.3%] 3.31E-02 56 4/34 [11.8%] 3.12E-04 31 (15) o (7[)9’ 79(;;'0](66) 2.30E-07

Table 2. SLC26A9 and relevant gene expression in pancreatic cells. Results were derived from 4 scRNA-seq

datasets involving 31 subjects downloaded from the gene expression omnibus repository (accession numbers GSE84133,

GSE83139, GSE85241) and the ArrayExpress (EBI) (E-MTAB-5061). Number of cells expressing respective genes are

listed, with the number of ductal cells expressing that gene listed in parentheses. Fraction of cells co-expressing SLC26A9

and respective gene are shown in brackets. Cells were determined to express respective gene for gene count >1.
Significance of the co-occurrence of two genes were determined with a hypergeometric test. NA indicates that a
significance test was not applicable.
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