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ABSTRACT

Statins are a commonly prescribed cholesterol lowering drug class that can increase the risk of new-onset
diabetes (NOD). To investigate the molecular mechanisms underlying this effect, we generated human
induced pluripotent stem cells (iPSCs) from individuals identified from electronic health records of Kaiser
Permanente of Northern California who were susceptible to developing NOD after statin initiation or
controls who maintained stable fasting glucose on statin treatment. RNA-seq analysis of iPSCs incubated
with atorvastatin, simvastatin or mock buffer for 24 hours identified the long non-coding RNA MIR194-
2HG as a top candidate gene. Statin-induced increases in its expression were observed in NOD resistant
controls, while statin-induced reductions occurred in NOD susceptible cases. MIR194-2HG encompasses
two microRNA genes: MIR192 and MIR194-2. The mature microRNA miR-192-5p, derived from the 5’ arm
of MIR192, was predicted to bind the 3’UTR of the glucagon like peptide 1 (GLP-1) receptor (GLPIR)
transcript. Transfection of a rat insulinoma cell line INS-1 with a miR-192-5p mimic increased Glp1r
transcript (1.41-fold) and protein (1.51-fold) levels compared to a scrambled control. Using a luciferase
reporter containing the human GLP1R 3’UTR, miR-192-5p overexpression similarly increased luciferase
signal (1.44-fold). The miR-192-5p mimic enhanced glucose stimulated insulin secretion (GSIS) in response
to GLP1R agonists (1.64-1.81-fold) and rescued simvastatin-induced GSIS impairment in INS-1 cells. Wild-
type mice treated with miR-192 AAV8 had improved glucose sensitivity. Islets isolated from these mice
exhibited enhanced GLP-1 potentiated GSIS during perifusion ex vivo. These effects were absent in the
DIRKO (Glp1r/Gipr double knockout) mouse islets, consistent with the idea that miR-192 promotes GLP-1
mediated GSIS through GLP1R. These findings implicate MIR192 in statin-induced impairment of GSIS by
modulating GLP1R, potentially contributing to the susceptibility to NOD in statin users.
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INTRODUCTION

Statins, a class of HMGCR (3-hydroxy-3-methylglutaryl-CoA reductase) inhibitors, are widely prescribed
drugs for reducing lipid levels and cardiovascular events and mortality!. Despite the well-established
benefits, there is extensive evidence that statin use can accelerate the development of new-onset
diabetes (NOD)?, with up to a 36% increased risk in patients on high-intensity statin therapy>. This adverse
effect is recognized by the American College of Cardiology, the FDA, and the European Medicines Agency,
and has led to changes in statin use guidelines and warning labels on statin prescriptions*>. Recently,
genetically proxied HMGCR inhibition was reported to be associated with an elevated risk of type 2
diabetes mellitus (T2DM) in South Asian, East Asian and European populations using Mendelian
randomization analyses®, consistent with a causal relationship between HMGCR inhibition and diabetes.
While it has been emphasized that the new-onset of diabetes does not outweigh the benefits of statins
on cardiovascular disease risk3, these observations signify the potential for other long-term risks in a
relatively high proportion of statin users and highlight the need to elucidate the underlying mechanisms
responsible for statin-induced NOD.

A recent study revealed that statins induced hyperglycemia by altering gut microbiota composition and
bile acid metabolism, leading to a notable reduction in circulating glucagon-like peptide 1 (GLP-1) levels
and disturbed glucose homeostasis’. GLP-1, released from enteroendocrine L cells in the intestine in
response to a meal, exhibits its incretin activity through the GLP-1 receptor (GLP1R) in B-cells, augmenting
glucose-stimulated insulin secretion (GSIS)®. In addition to potentiating GSIS, GLP1R signaling also
promotes B-cell proliferation and insulin biosynthesis in the pancreas and reduces glucose production,
appetite, and gastric emptying in other tissues®. Recently developed GLP1R agonists, like semaglutide and
liraglutide, have proven to be extremely efficacious drugs for individuals with diabetes, by reducing blood
glucose levels and excess body weight and preventing cardiovascular disease, the major cause of mortality
in T2DM%23, These benefits point to the potential clinical significance of identifying mechanisms that may
augment GLP-1 agonism by upregulating GLP1R.

Multiple studies in B-cell lines and in human and mouse islet cells}*1® have demonstrated that statins
impair both endogenous and GLP1R mediated insulin secretion. In murine islet cells, this reduction is
rapid, reversible, and occurs even with high glucose, and without affecting Ca?* concentrations?*. Although
this effect is well documented, its molecular basis is not clear. While some studies have suggested a role
for statin inhibition of isoprenoid synthesis'® or mitochondrial function?®, others have disputed these
theories®. Thus, additional study is needed to elucidate both the mechanisms by which statin treatment
may impair insulin secretion and whether this effect is relevant to developing NOD in statin users.

Here, we employed transcriptomic profiling of patient-derived induced pluripotent stem cells (iPSCs) to
gain mechanistic insight into statin-induced NOD. iPSCs retain the genetic characteristics of the donor,
exhibit self-renewal, and can be cryopreserved, rendering them a highly versatile cellular model'”8, As
part of the Pharmacogenomics of Statin Therapy (POST) study, we created a repository of iPSCs derived
from statin users who were either susceptible to developing NOD or who maintained stable fasting
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glucose after statin initiation and discovered a novel molecular factor that regulates GLP1R levels and GLP-
1 mediated GSIS and may contribute to statin-induced NOD.

MATERIALS AND METHODS

Description of the Kaiser Permanente of Northern California Population (KPNC)

Kaiser Permanente of Northern California (KPNC) is a large group practice-based integrated healthcare in
the US. KPNC has well-developed guidelines and standards of care that are uniformly adopted across all
sites. In the geographic areas served by Kaiser, approximately 33% of the general population has KPNC
coverage. Sociodemographic characteristics are generally representative of the underlying population,
except for an under-representation of the extremes of income. For example, the KPNC vs. Bay Area
Metropolitan Statistical Area ethnic composition is as follows: white (66% vs. 58%), black (6% vs. 8%),
Asian (16% vs. 19%), and other (12% vs. 15%). 19% of the Bay Area Metropolitan Statistical Area self-
identifies as Hispanic/Latino, compared to 11% of KPNC members. The 5-year (2009-2013) membership
retention rates of persons over ages 40 and 66 are about 65 and 80%, respectively.

KPNC Electronic Databases
Each Kaiser member is assigned a lifetime unique identifier that is used throughout all databases.
Information was drawn from one of three databases:

KP HealthConnect® is a fully integrated electronic health record that documents ambulatory visit check-
in, hospital-based utilization, clinical documentation of diagnoses, orders for tests and procedures, and
prescribed medications. Other functions include documentation of labs, radiology, oncology, and other
diagnostic testing, as well as tracking of outside claims and referrals.

KP’s Pharmacy Information Management System contains prescription medications dispensed at KPNC
hospitals, medical centers, and medical offices for either inpatient or outpatient use. Implemented in all
facilities in 1994, the database contains, but is not limited to, medical record number, cost, prescribing
practitioner, medicine name, National Drug Code, date of prescription, date medication was dispensed,
and dosage and refill information with generation of labels used for dispensing drugs. These data are
collected in real time and are considered extremely accurate.

Laboratory Utilization and Reporting System captures all ordered and performed laboratory tests from
KPNC hospitals, medical centers, and medical offices. The database was created in 1994 and contains, but
is not limited to, medical record number, facility code, name of ordering provider, test or procedure name,
results, date of test/procedure/result, and abnormal or out-of-range flags.

Identification of statin users with (NOD susceptible case cohort) or without (NOD resistant control
cohort) new-onset diabetes

Using the pharmacy records, we identified individuals who received their first statin prescription between
the ages of 40-75 and documented continuous statin use for 3 years. Continuous statin use was defined
as having greater than eight 30-day prescription refills per year or at least three 90-day prescription refills
per year. Individuals prescribed statin combinations, such as Advicor (niacin/lovastatin) or Vytorin
(ezetimibe/simvastatin) as their first prescription were excluded. All statins included in the KPNC
formulary are listed in Table S1. Individuals were required to have at least two fasting glucose measures
in the 3 years prior to the start of statin treatment. The range of these values for each individual had to
be within 30 mg/dL, and all values had to fall between 50-110 mg/dL (Fig. S1).
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The following criteria within 3 months to 3 years after statin initiation were used to identify and recruit
NOD susceptible cases: 1) two or more fasting glucose > 126 mg/dL, 2) one fasting glucose > 126 mg/dL
plus a diabetes diagnosis based on ICD (International Classification of Diseases) codes (Table S2), 3) one
fasting glucose > 126 mg/dL plus any prescription of glucose lowering drugs, or 4) a fasting glucose
increase of > 13 mg/dL (Fig. S1A). Individuals with diabetes ICD codes prior to their first statin prescription
or within the first 3 months of statin use were excluded. Additionally, anyone with a fasting glucose
measurement > 126 mg/dL within the first 3 months on statin was excluded. Any prescription for glucose
lowering drugs such as anti-hyperglycemic agents (alpha-glucosidase inhibitors, dipeptidyl peptidase-4
inhibitors, meglitinides, sulfonylureas, biguanides, and thiazolidinediones) and insulin (Table $3) in the 3
years before and 3 months after statin initiation was also an exclusion criterion. Furthermore, individuals
were excluded who had prescriptions for drugs that may raise glucose, such as oral corticosteroids (Table
S4) or who had ICD/CPT codes for bariatric surgery (Table S5), in the 3 years before or 3 years after starting
statin treatment.

NOD resistant controls were statin users with at least three fasting glucose measures during the first 5
years of treatment, all of which had to be between 50-110 mg/dL (Fig. S1B). Individuals with a diabetes
or bariatric surgery ICD code or use of glucose-modifying drugs (Tables S2-S5) during the 3 years prior to
and the first 5 years of statin treatment were excluded from the NOD resistant control cohort.

Individuals who met the specified criteria were contacted and recruited for the Pharmacogenomics of
Statin Therapy (POST) study. A total of 185 statin-induced NOD susceptible cases and 320 NOD resistant
controls consented to participate. Written informed consent was obtained from all participants, and the
study was conducted with IRB approval, including authorization to access protected health information
within the electronic health record.

Creation and authentication of iPSCs

iPSCs were reprogrammed from CD34* peripheral blood mononuclear cells (PBMCs) isolated from blood
samples of study participants and validated as previously described®. Briefly, CD34* PBMCs were
expanded, nucleofected with episomal vectors of POU5F1 (aka OCT-4), SOX2, KLF4, L-MYC, LIN28, EBNA1,
and shRNA for TP53%°, and seeded onto mitomycin C treated SNL feeder cells. After emergence of iPSC
colonies, TRA-1-60 expressing cells were selected using Magnetic Activated Cell Sorting to obtain one
pooled cultured iPSC line per study participant. Expression levels of pluripotency markers POU5F1 or TRA-
1-60, and differentiation marker SSEA-1 in iPSCs were visualized with immunohistochemistry and
quantified with flow cytometry. Representative lines were sent for KaryoStat, PluriTest (Thermo Fisher
Scientific), or karyotype (Cedar Sinai RMIiPSC Core) analyses. The pluripotency of certain iPSCs was further
confirmed by positive differentiation of representative lines into endoderm, mesoderm and ectoderm
using the STEMJiff Trilineage Differentiation Kit (StemCell Technologies, #05230) followed by
immunostaining and flow cytometry analyses using a BD LSR Fortessa flow cytometer at the UCSF MLK
Cores Research Facility®.

Cell culture

The INS-1 rat insulinoma cell line was maintained in RPMI 1640 media with 10% fetal bovine serum (FBS),
1 mM sodium pyruvate, 10 mM HEPES, and 55 uM 2-Mercaptoethanol. The BTC3 mouse insulinoma cell
line was maintained in DMEM containing 25 mM glucose, 1mM pyruvate, 2mM GlutaMax, 15% heat-
inactivated horse serum, and 2.5% FBS. HEK293T cells were maintained in DMEM containing 25 mM
glucose, 10% FBS, and 1% penicillin/streptomycin. All cell lines were kept at 37 °C in a humidified incubator
containing 5% CO..
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iPSCs were cultured on plates coated with Cultrex reduced growth factor basement membrane (Trevigen
# 3533-001-02), fed daily with mTeSR1 (StemCell Technologies # 85850), passaged routinely using ReLeSR
(StemCell Technologies # 05872), and kept at 37 °C in a humidified hypoxia incubator with 5% O, and 5%
CO,.

Primary mouse islets were isolated as previously described?. Briefly, after mice were sacrificed with
isofluorane and cervical dislocation, the common bile duct was clamped off at the duodenum and
collagenase (7.5 mg/mL, Sigma, #C7657) in HBSS (5 mM glucose, 1 mM MgCl,) was injected into the
common bile duct. The pancreas was removed and digested at 37 °C for 12 minutes. Digested tissue was
washed with ice-cold HBSS (5 mM glucose, ImM MgCl,, 1 mM CacCly) 3 times. Islets were separated by
Histopaque (Sigma, #10771) gradient and hand-picked in complete RPMI (10% FBS, 1%
penicillin/streptomycin).

RNA-seq

iPSCs from 24 NOD susceptible cases and 24 NOD resistant controls were exposed to 250 nM atorvastatin,
500 nM simvastatin, or a mock buffer for 24 hours before total RNA was isolated using RNeasy Mini Kit
(Qiagen, #74106). PolyA-selected, strand-specific paired-end RNA-seq libraries were prepared at the
Northwest Genomics Center and sequenced using Illumina technology. Sequences were aligned to the
human (GRCh38) genome and transcriptome (GENCODE) using STAR??, fragment counts aligning to genes
were quantified using FeatureCounts?®, and gene expression levels were adjusted for library size and
variance stabilized (~log, transformation) using DESeq2?*. Statin-induced changes in gene expression were
calculated as statin-mock variance stabilized deltas for each statin type, and differential changes in gene
expression between NOD susceptible cases and NOD resistant controls were identified using t-tests. The
RNA-seq data is being deposited into dbGaP under the POST study ID phs003596.

Transfection of miRNA mimic and inhibitor

INS-1 and BTC3 cells were transfected with mirVana miRNA mimic (Invitrogen, #4464066) for hsa-miR-
192-5p (Assay ID MC10456) or hsa-miR-204-5p (Assay ID MC11116), mirVana miRNA inhibitor (Invitrogen,
#4464084) for hsa-miR-192-5p (Assay ID MH10456) or hsa-miR-204-5p (Assay ID MH11116), or equal
concentration of negative control mirVana miRNA mimic (Invitrogen, #4464058) negative control inhibitor
(Invitrogen, #4464076) using Lipofectamine RNAIMAX (Invitrogen, #13778075).

Primary islets were dispersed by trypsin (0.25% in Trypsin/EDTA) digestion for 15 minutes at 37 °C and
transfected with either mirVana miRNA mimic (Invitrogen, #4464066, Assay ID MC10456) or negative
control mirVana miRNA mimic (Invitrogen, #4464058) using Lipofectamine RNAIMAX (Invitrogen,
#13778075) in Optimem media and shaken gently overnight in the incubator (37 °C, 5% CO,). Twelve to
eighteen hours after transfection, 2X RPMI media (20% FBS, 2% penicillin/streptomycin) was added to the
plates. Forty-eight hours after transfection, islet cells from 4-5 mice were pooled and reaggregated into
pseudoislets per manufacturer's instructions (AggreWell™400, StemCell Technologies). After harvesting,
pseudoislets were incubated in complete RPMI overnight before perifusion.

RNA isolation and qPCR

Total RNA was isolated from cells with mirVana miRNA Isolation Kit (Thermo Fisher Scientific, #AM1560)
or Quick-RNA Miniprep Kit (Zymo, #R1054) 48 hours after transfection. The cDNA was prepared from 10
ng of total RNA from cells with a TagMan advanced miRNA cDNA synthesis kit (Thermo Fisher Scientific,
#A28007). Real-time PCR with TagMan advanced miRNA assays (Thermo Fisher Scientific, #A25576) was
used to quantify mature miRNA in the samples: hsa-miR-192-5p (478262_mir), hsa-miR-204-5p
(478491_mir), or hsa-miR-16-5p (477860_mir). Reverse transcription was done with High-Capacity cDNA
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Reverse Transcription Kit (Fisher Scientific, #43-688-14). Glp1r (Rn00562406_m1 or Mm00445292 _m1)
and Clptm1 (Rn01457493 _m1 or MmO01321458 m1) transcript levels were determined by qPCR on a
QuanStudio 6 Pro (Thermo Fisher Scientific).

For primary mouse islets, miRNAs were isolated per TagMan® Advanced miRNA Assay (Thermo Fisher
Scientific, #A25576) instructions and reverse transcription per TagMan® Advanced miRNA cDNA Synthesis
Kit (Thermo Fisher Scientific, #A28007). RT-gPCR was performed on QuantStudio 5 and miR-192 (Thermo
Fisher 478262_mir, hsa-miR-192-5p) and miR-16 (Thermo Fisher 477860_mir, hsa-miR-16-5p) expression
were quantified as fold change compared to controls. mRNA was isolated with TRIzol reagent per
manufacturer’s instructions. Reverse transcription was done with High-Capacity cDNA Reverse
Transcription Kit (Fisher Scientific, #43-688-14). mRNA abundance of Glplr (Thermo Fisher,
MmO00445292 m1) and Actb (Thermo Fisher, Mm00607939_s1) were determined with QuantStudio 5 and
quantified as fold change compared to controls.

Western blots

Protein extracts were prepared using RIPA buffer (Thermo Fisher Scientific, #89900) with Halt protease
inhibitor cocktail (Thermo Fisher Scientific, #78429), and protein concentration was determined with
Pierce BCA protein assay (Thermo Fisher Scientific, #23227). Equal amounts of protein samples were
separated by electrophoresis on a 4% to 20% Tris-Glycine gel (Thermo Fisher Scientific, #XP04202BOX)
and transferred to a PVDF membrane. Antibodies used in the current study include anti-GLP1R (Abcam,
#ab218532, 1:1250), anti-GAPDH (Santa Cruz Biotechnology, #sc-166545, 1:1400), goat-anti-rabbit 1gG
(Thermo Fisher Scientific, #31460, 1:6000), and m-lgGk BP-HRP (Santa Cruz Biotechnology, #sc-516102,
1:6000).

3’ UTR reporter constructs

The LightSwitch luciferase reporter construct, pLS-GLP1R-3’UTR, was purchased from SwitchGear
Genomics (#5810047), and encompasses bases 1411-3187 of the GLP1R transcript NM_002062.5. The
following pairs of primers were used to mutate the predicted miR-192 binding site AGGTCAA at
NM_002062.5 position 1813-1819 to GTAGTGC: 5'-GTGCCGGCTTATTAGTGAAACTGGGGCTTG-3’ and 5'-
TACTGAGTTTGAGTCTGGGGTTGATTTGCGGC-3’. An empty LightSwitch 3'UTR reporter vector (SwitchGear
Genomics, #S890005) was used as a control construct in luciferase reporter assays. The positive control
SCD 3’ UTR reporter construct was a kind gift from Dr. Vesa M. Olkkonen.

Luciferase reporter assay

Cells were plated in white 96-well plates overnight and co-transfected for 24-48 hours with each luciferase
reporter construct and miR-192-5p mimic, inhibitor, or non-targeting negative controls using DharmaFECT
DUO transfection reagent (Dharmacon, #T-2010-02) following manufacture’s instruction. Luciferase
activity was measured with LightSwitch assay reagents (SwitchGear Genomics, #.5100) on a Synergy H1
microplate reader.

Insulin secretion assays

INS-1 cells were plated in 96-well plates and transfected the next day with various miRNAs for 48 hours.
For the statin study, transfected cells were treated 24 hours after transfection with either 500 nM or 1000
nM of simvastatin or a mock buffer for 24 hours. On the day of the insulin secretion assay, transfected
INS-1 cells were pre-incubated in KREBS-Ringer Bicarbonate (KRB) buffer containing 1% BSA for 30 min at
37 °C and then incubated with 3 or 17.8 mM glucose and 50 nM GLP-1 in KRB buffer containing 1% BSA
for 30 min. The insulin containing buffer was then collected from each well and centrifuged at 450 x g for
5 min. The resulting supernatant was stored at —20 °C until ready for insulin measurement, whereas the
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cells were washed with DPBS and lysed in CellLytic M for protein quantification using a Bradford protein
assay. Insulin concentrations were measured using a rat/mouse insulin ELISA kit (Millipore, #£ZRMI-13K)
following the manufacturer’s instructions.

Perifusion studies were performed by placing 80-100 primary mouse islets (or pseudoislets from
transfected islets after aggregation) in a Biorep (Biorep Technologies) perifusion chamber and stimulated
with low glucose (2.8 mM, equilibration 40 minutes), very high glucose (16.7 mM), and high glucose (10
mM) with and without GLP-1 (0.3 puM, Bachem #4034865), GIP (100 nM, D-Ala2-GIP, Bachem #4054476),
and KCI (30 mM) in KRBH (115 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 24 mM NaHCO3, 10 mM HEPES, and
1% BSA; pH = 7.4). The flow rate was 100 ul/minute, and the chamber temperature was 37 °C. Perifusion
effluents were stored at -80°C until insulin quantification with ALPCO High Range Insulin ELISA (80-
INSMSH).

Animal studies

Animal studies were approved by either the Institutional Animal Care and Use Committee at the University
of California San Francisco or the Animal Care Committee (UOHI-AUP-2909) in accordance with the
Canadian Guide for Care and Use of Laboratory Animals. Mice were group housed in standard cages in
climate-controlled facilities on a 12-hour light/dark cycle and given ad libitum access to food and water
unless otherwise indicated.

Wild-type C57BL/6J male mice were put on a GAN diet (Research Diets, #D09100310, 40 kcal% fat, 20
kcal% fructose and 2% cholesterol) at 7-week-old for 4 weeks before receiving either miR-192 (AAVS8-
EFla-mmu-mir-192-eGFP, Vector Biolabs) or control (scAAV8-EF1a-ctrl-miR-eGFP, Vector Biolabs) AAV
vectors (8x10*2 viral genomes/kg) via intraperitoneal injection. Four more weeks later, an intraperitoneal
glucose tolerance test was performed with 1.5 g/kg glucose after a 6-hour fast, and plasma glucose levels
were determined over a 2-hour period. Additional cohorts of male C57BL/6J wild-type or double incretin
receptor knockout (DIRKO)?*® mice were fed a high fat diet (HFD; TD88137, 42 kcal% fat and 0.2%
cholesterol) starting at 12 weeks of age. After 8 weeks on HFD, mice received a tail vein injection of a miR-
192 (AAV8-EFla-mmu-mir-192-eGFP, Vector Biolabs) or control (scAAV8-EFla-ctrl-miR-eGFP, Vector
Biolabs) AAV (1 x 10X GC/mouse in 200 pl). To quantify glucose tolerance, mice were fasted for 5 hours,
injected with glucose solution (2 g/kg) intraperitoneally and blood glucose was measured by glucometer
both prior to glucose injection and every 15 minutes for 90 minutes post-injection.

RESULTS

Generation of iPSCs from NOD susceptible cases versus NOD resistant controls

Peripheral blood mononuclear cells (PBMCs) were collected from cohorts of NOD susceptible cases and
NOD resistant controls in the Pharmacogenomics of Statin Therapy (POST) study (Fig. S1). PBMC-derived
iPSC lines were generated from 24 NOD susceptible cases and 24 NOD resistant controls using methods
we previously described®. Immunohistochemistry and flow cytometry were used to verify iPSC marker
expression, with greater than 90% of cells positive for the pluripotency markers TRA-1-60 or POU5F1 (aka
OCT-4), and fewer than 5% positive for the differentiation marker SSEA-1 (data not shown).

The demographic and clinical characteristics of the 48 donors are summarized in Tables 1, S6-S7. Prior to
statin initiation, both groups had similar plasma total and LDL cholesterol levels. However, pre-statin
triglyceride levels trended higher in the NOD susceptible cases (174.96 + 128.61 vs 123.79 + 58.70 mg/dL,
p = 0.086). Average baseline fasting glucose was significantly higher in the NOD susceptible cases (99.54
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+ 6.45 vs 94.00 + 5.94 mg/dL, p = 0.004). The magnitudes of statin-induced changes in total cholesterol,
LDL cholesterol, and triglyceride levels did not differ significantly between the two groups. As expected,
the NOD susceptible cases exhibited significantly greater statin-induced fasting glucose changes
compared to the NOD resistant controls.

Table 1. Demographic and Clinical Characteristics

‘ NOD' Resistant Controls Nop' Susceptible Cases p-valuez
Population
Total Count (n) 24 24
Age’ (years, mean + SD) 61.54 1 6.83 60.79 £ 6.69 0.708
Gender
Male / Female (n) | 11/13 11/13
Race and Ethnicity
White / Asian / Black / Hispanic (n) | 18/3/2/1 19/3/1/1
Statin Type: Atorvastatin / Lovastatin / Simvastatin
Initial Statin (n) 0/17/7 0/15/9
Statin at Time of max FG (n) 1/15/8 0/14/10
Statin Dose (DDDA)
Initial Dose (mean + SD) 0.99 £0.90 1.15+0.94 0.567
Dose at Time of max FG (mean + SD) 1.21+1.01 1.44+0.91 0.423
Pre-Statin’ Clinical Characteristics (mg/dL)
Fasting Glucose (mean * SD) 94.00 +5.94 99.54 + 6.45 0.004
Total Cholesterol (mean + SD) 235.71 +38.66 244.25 +33.01 0.425
LDLC (mean £ SD) 154.50 +32.63 155.29 £29.91 0.932
HDLC (mean £ SD) 53.92 +16.78 54.04 £17.41 0.980
Triglyceride (mean + SD) 123.79 +58.70 174.96 +128.61 0.086°
On-statin® Clinical Characteristics (mg/dL)
Fasting Glucose (mean  SD) 92.58 £ 5.60 129.25 +18.10 4.14E-12
Total Cholesterol (mean % SD) 185.81 +35.89 186.58 + 33.95 0.941
LDLC (mean £ SD) 106.50 + 31.42 100.17 £ 25.75 0.459
HDLC (mean * SD) 54.63 £ 14.60 51.54 +14.99 0.483
Triglyceride (mean £ SD) 122.85 +58.80 197.04 +182.35 0.050§
Percent Change7 Clinical Characteristics (%)
Fasting Glucose (mean * SD) -1.43 +£3.49 30.21 +£18.75 3.44E-10
Total Cholesterol (mean + SD) -20.18 + 14.69 -23.28 +10.92 0.422
LDLC (mean +SD) -28.39+25.72 -34.47 £15.31 0.336
HDLC (mean £ SD) 2.96 +11.59 -1.64 +17.91 0.307
Triglyceride (mean + SD) 0.83 +22.27 16.06 + 62.83 0.506"°

! NOD, new onset diabetes.

2 Unpaired t-test was used to determine significant differences between controls and cases.

3Age at statin initiation.

¢ DDD, revised defined daily dose (Supplemental Table 4 in PMC6214660, Oni-Orisan A, Circ Genom Precis Med., 2019).

Pre-statin clinical characteristics are vales taken closest and prior to statin initiation.

® On-statin clinical characteristics are values taken around the time of maximum fasting glucose during the 3 - 36 months after statin initiation.
" Percent change clinical characteristics are calculated as [(on-statin values - pre-statin values) / pre-statin values * 100].
S Statistics was done on natural log transformed triglyceride values.

88 statistics was done on the delta of natural log transformed triglyceride values.
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Identification of MIR194-2HG as a putative factor underlying statin-induced dysglycemia

We performed RNA-seq on iPSCs from NOD susceptible cases and NOD resistant controls (n=24/group)
incubated with 250 nM atorvastatin, 500 nM simvastatin, or a mock buffer for 24 hours. These statin
concentrations were determined using dose-response analyses as the lowest concentrations that
generated a robust and reproducible increase in HMGCR and decrease in MYLIP, well-known effects of
statin®®?’ (Fig. S2). The different doses of atorvastatin and simvastatin accounts for their relative LDL
cholesterol lowering potency®. From RNA-seq analysis, the MIR194-2 host gene (MIR194-2HG) on
chromosome 11 emerged as a transcript of interest, as it was among the most differentially changing
transcripts between the two groups that also exhibited opposite directionality of statin-induced changes
between case and control lines (Table S8). Specifically, exposure to either simvastatin or atorvastatin
increased MIR194-2HG expression in the NOD resistant controls, but reduced MIR194-2HG in the NOD
susceptible cases (p < 0.01, unpaired t-test, Fig. 1A). In contrast, statin treatment increased HMGCR (Fig.
1B) and decreased MYLIP (Fig. 1C) gene expression as expected in both groups. In a subset analysis of
iPSCs from donors who met the strict normal fasting glucose levels (< 100 mg/dL) prior to statin initiation
(19 NOD resistant controls and 13 NOD susceptible cases), we observed similar trends in the differential
regulation of MIR194-2HG by statins (Fig. S3).

MIR194-2HG encodes two miRNA genes, MIR192 and MIR194-2 (Fig. 1D). Notably, MIR194-2HG is the
only source of MIR192, whereas MIR194 can also be transcribed from chromosome 1 (MIR194-1).
Elevated levels of circulating miR-192-5p, the mature microRNA derived from the 5" arm of MIR192, have
been observed in individuals with diabetes (type 1 or 2) or impaired fasting glucose compared to those
with normal fasting glucose?*=32, Therefore, we focused additional studies on miR-192-5p, which we will
refer to as miR-192 hereafter.

miR-192 increases GLP1R levels in B-cell models

miR-192 has been shown to downregulate GLP1R in the human renal tubular epithelial cell line HK-233 and
the human enteroendocrine cell line NCI-H71634. miR-192 exhibits tissue-restricted expression but is
present in the human pancreas, islets and B-cells*?. To test whether miR-192 regulates GLP1R in
pancreatic -cells, we transfected INS-1 cells, a rat pancreatic B-cell line, with a miR-192 mimic or a non-
targeting control. Surprisingly, Glp1r transcript levels were upregulated 1.41 + 0.03-fold by the miR-192
mimic (Fig. 2A-B), an effect that was confirmed in the mouse B-cell line BTC3 (Fig. S4). This induction was
reversed upon addition of a miR-192 inhibitor (Fig. 2A-B), while treatment with the miR-192 inhibitor
alone reduced Glp1r transcript levels (0.84 + 0.01-fold, Fig. 2C-D). Since miRNAs typically downregulate
mRNAs, the unexpected upregulation of Glp1r by miR-192 prompted us to treat INS-1 cells with a miR-
204-5p mimic, previously reported to target Glp1r®’, and observed the expected reduction in Glp1r levels
(Fig. 2E). The miR-192 mimic did not increase transcript levels of glucose-dependent insulinotropic
polypeptide (GIP) receptor (Gipr), another G-protein coupled receptor involved in insulin secretion (Fig.
S5).

We next confirmed that the miR-192 mimic increased GLP1R protein levels by 1.51 + 0.17-fold using
western blot analysis (Fig. 2F, S6A-B). Since many GLP1R antibodies have poor specificity®, we used a
commercially available antibody (Abcam, # ab218532) thoroughly validated in mouse pancreatic islets,
cellular models, and rat tissues using immunohistochemistry staining and western blot3*%, To further
confirm the antibody specificity, we assayed HEK293T cells and found no detectable GLP1R protein (as
expected) and reduced GLP1R protein abundance in INS-1 cells treated with a Glp1r siRNA compared to
scrambled control (Fig. S6C-E).
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Figure 1. Identification of MIR194-2HG as a putative factor underlying statin-induced new-onset Type 2
diabetes. (A-C) Change in transcript levels in iPSCs derived from statin users categorized as NOD
susceptible cases (n=24) or NOD resistant controls (n=24) after 24hr incubation with 500 nM simvastatin,
250 nM atorvastatin or mock control buffer. Values were variance stabilized (~log2 transformation) in
DESeq2 and deltas were calculated as statin-control expression levels. Data are presented as mean +/-
SEM, significance was determined by unpaired t-test, **p < 0.01. (D) Schematic of the MIR194-2HG, which
encompasses two miRNA genes, MIR192 and MIR194-2.

To examine whether miR-192 upregulates GLP1R through the 3’ UTR, we cotransfected INS-1 cells with a
luciferase reporter containing 1777 bp of the human GLP1R 3’ UTR with the miR-192 mimic or a non-
targeting control. Prior reports identified a miR-192 binding site in the GLP1R 3’ UTR at position 1813-
1819 of the GLP1R transcript NM_002062.5 (Fig. 2G)3*34. The miR-192 mimic significantly increased the
luciferase signal by 1.44 + 0.12-fold in cells transfected with the GLPIR 3’ UTR compared to the empty 3’
UTR vector (Fig. 2H). Notably, miR-192 increased the luciferase signal even after disruption of the reported
binding site (mutGLP1R 3’UTR, Fig. 2G-H). As a positive control, we tested the effect of the miR-192 mimic
on aluciferase construct containing the 3’ UTR of SCD, a direct target of miR-192%!, and found the expected
reduction in luciferase levels (Fig. 2H). miR-192 effects on luciferase levels with either the GLP1R or SCD
3’ UTR vectors were reversed upon the addition of the miR-192 inhibitor (Fig. 2H).
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Figure 2. miR-192 mimic upregulates GLP1R in INS-1 cells and miR-192 inhibitor reversed the effect. (A,B)
INS-1 cells were transfected with 10 nM miR-192 mimic, 10 nM miR-192 mimic plus 10 nM miR-192
inhibitor, or non-targeting controls for 48 hours, and transcript levels of miR-192 (A) and Glp1r (B) were
quantified. (C,D) INS-1 cells were transfected with 30 nM miR-192 inhibitor or a non-targeting control for
48 hours, and transcript levels of miR-192 (C) and Glplr (D) were quantified. (E) INS-1 cells were
transfected for 48 hours with 10 nM miR-204-5p mimic or a non-targeting control, and Glp1r transcript
levels were quantified. For panels A-E, Glp1r transcript levels were normalized to Clptm1, miR-192 levels
were normalized to miR-16-5p, and all transcripts were quantified by gPCR (F) INS-1 cells were transfected
with 10 nM miR-192 mimic or a non-targeting control for 48 hours, and GLP1R protein levels normalized
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to GAPDH were quantified by western blot analysis. (G) A schematic of the sequence predicted to be
targeted by miR-192 in unedited and mutant human GLP1R 3’UTR luciferase constructs. (H) INS-1 cells
were co-transfected with luciferase constructs containing part of the human GLP1R 3’ UTR either unedited
or after mutagenesis (mutGLP1R3’UTR) of the predicted miR-192 binding site, SCD 3’ UTR, or an empty
vector (EV), along with 10 nM miR-192 mimic, 10 nM miR192 mimic plus 10 nM miR-192 inhibitor, or non-
targeting controls. Luciferase signal ratios for miR-192 mimic over non-targeting control in cells transfected
with different plasmids were compared to those in cells transfected with EV. Data are presented as mean
+/- SEM, statistical significance was determined by unpaired t-test, *p < 0.05, **p < 0.01, ***p < 0.001,
**x*p < 0.0001.

miR-192 increases GLP-1 augmented GSIS and rescues statin-induced impairment of GSIS in INS-1
Based on the increase in GLP1R levels, we hypothesized that miR-192 may enhance the effects of GLP-1
on GSIS. Media insulin levels were elevated after stimulation with 17.8 mM glucose plus 50 nM GLP-1 or
25 nM exendin-4 (Ex4, a GLP1R agonist) in INS-1 cells transfected with miR-192 mimic compared to control
(Fig. 3A). In contrast, there was no effect of miR-192 on insulin levels with non-stimulatory glucose
concentrations (3 mM), or after the addition of a GLP1R antagonist (exendin 9-39, or Ex9) (Fig. 3A). Prior
reports have shown that statin treatment can inhibit insulin secretion'*8, Indeed, simvastatin treatment
dose-dependently reduced GLP-1 mediated GSIS in INS-1 cells transfected with non-targeting controls
(Fig. 3B). Notably, the reduction in media insulin observed in simvastatin-treated INS-1 cells was rescued
by miR-192 overexpression, while the addition of the miR-192 inhibitor reversed this effect (Fig. 3B).
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Figure 3. miR-192 mimic increases Glp-1 augmented glucose-stimulated insulin secretion (GSIS) in INS-
1 and protects against statin-induced reductions in GSIS. (A) INS-1 cells were transfected with the miR-
192 mimic or scrambled control for 48 hours, stimulated for 30 minutes with glucose (3 mM or 17.8 mM)
and a GLP1R agonist (50 nM GLP-1 or 25 nM exendin-4) or GLP1R antagonist (100 nM exendin 9-39), and
insulin in the media was quantified by ELISA, n=6-12/treatment. (B) INS-1 cells were transfected with the
miR-192 mimic, mimic + inhibitor, or scrambled controls for 24 hours, after which cells were treated with
simvastatin or a mock buffer for 24 hours. GSIS was then performed with 17.8 mM glucose + 50nM GLP-
1in corresponding simvastatin or mock buffer. After 30 minutes media insulin was quantified. Values were
calculated as a fold change from the mock treatment. Data are presented as mean +/- SEM, and
significance was determined by two-way ANOVA adjusted for multiple comparisons, *p <0.05, **p < 0.01,
****p < 0.0001.
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Figure 4. miR-192 overexpression in vivo. At 12 weeks of age, male C57BL/6J wild-type and double
incretin receptor knockout (DIRKO) mice were placed on a high-fat diet (42 kcal% fat, 0.2% cholesterol).
Following 8 weeks of dietary exposure, mice were administered once via tail vein injection with either
miR-192 or a scrambled control AAV8 construct. Intraperitoneal glucose tolerance test was performed 4
weeks after the AAV treatment. (A) Blood glucose levels during i.p. glucose tolerance test (2 g/kg) in
wildtype mice. (B) Area under the curve (AUC) glucose during i.p. glucose tolerance test (2 g/kg) in
wildtype mice. (C) Insulin measured during dynamic perifusion (PF) experiment of wildtype and DIRKO
mouse islets. (D) Total AUC insulin during perifusion experiment shown in (C). (E-H) Perifusion incremental
AUC during treatment of 16.7 mM glucose (E), 10 mM glucose and 0.3 uM GLP-1 (F), 10 mM glucose and
100 nM GIP (G), or 10 mM glucose and 30 mM KCI (H) in wildtype and DIRKO mouse islets. (1) Correlation
analysis of islet Glp1r transcript levels normalized to ActB and total perifusion AUC in wildtype miR-192
mice. Data are presented as mean +/- SEM, significance was determined by unpaired t-test (B), one way
ANOVA adjusted for multiple comparisons (D-H), or correlation analysis (l). *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001. Abbreviation: PF, perifusion.

miR-192 upregulates GLP-1 augmented islet GSIS ex vivo and may improve glucose tolerance in vivo

To evaluate the effects of miR-192 in vivo, wild-type C57BL/6J male mice were fed a GAN diet for 4 weeks
after which animals were injected once intraperitoneally with a miR-192 versus a scrambled control AAVS.
After an additional 4 weeks, the miR-192 AAVS8 treated animals had significantly improved glycemic
control during an intraperitoneal glucose tolerance test (IpGTT) compared to control-treated mice (Fig.
S7). We next tested the effects of miR-192 in HFD-fed male wild-type C57BL/6J mice and DIRKO
(Glp1r/Gipr double knockout?®) mice. Four weeks after a one-time tail vein injection of miR-192 or control
AAVS8 vectors, miR-192 treated wild-type mice trended toward lower weight gain (unpaired t-test p =
0.063, Fig. S8A), improved glucose tolerance via IpGTT (p = 0.0675, Fig. 4A-B), and displayed higher total
insulin secretion during a perifusion assay in isolated islets (Fig. 4C-D). These effects were not seen in the
DIRKO mice (Fig. S8A, 4C-D). Closer evaluation of the dynamic insulin secretion assay revealed that
compared to islets from control-treated animals, the islets from the miR-192 treated wild-type animals
had higher insulin secretion in response to 10 mM glucose plus 0.3 uM GLP-1 or 100 nM GIP (Fig. 4F-G),
but not to 16.7 mM glucose (Fig. 4E) or KCI (Fig. 4H). In wild-type animals, miR-192 and Glp1r transcripts
were insignificantly trending to higher levels in miR-192 islet samples (Fig. S8B-C). GIpir mRNA was
undetectable in DIRKO islet samples (Fig. S8C). Lastly, in the miR-192 treated wild-type animals, there was
a statistically significant correlation between islet Glp1r mRNA levels and total perifusion AUC (Fig. 4l).

Finally, as an alternative model, we tested the effects of miR-192 overexpression in primary murine islets
transfected ex vivo. Islets from wild-type or DIRKO mice were dispersed into single cells, transfected with
either miR-192 mimic or a non-targeting control, and reaggregated into pseudoislets. The miR-192 mimic
increased transcript levels of both miR-192 and Glp1r transcripts in wild-type islets (Fig. S9A), with a very
similar magnitude of effect on Glp1r as seen in the INS-1 cells (Fig. 2B). miR-192 overexpression was also
achieved in DIRKO islets with no detectable Glp1r transcripts as expected (Fig. S9B). We confirmed that
pseudoislets displayed distinct first and second phases of insulin secretion with high glucose (16.7mM),
and a transient and discrete increase upon the addition of 0.3 uM GLP-1 (Fig. S9A). Notably, we observed
a sustained increase in GLP-1 augmented GSIS in the miR-192 treated islets from wild-type animals (Fig.
S9A), while there was no effect of miR-192 in DIRKO pseudoislets from the DIRKO mice (Fig. S9B). These
findings agree with the AAV8 animal studies and together suggest that miR-192 elevates GLP-1
potentiated GSIS through up-regulation of GLP1R and may improve glucose tolerance in vivo.
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4. DISCUSSION

Using our unique resource of iPSCs from statin users who had worsened fasting glucose measures on
statin (NOD susceptible cases) versus those whose fasting glucose remained stable despite statin
treatment (NOD resistant controls), we have identified MIR192 as a novel regulator of pancreatic GLP1R.
To our knowledge, this observation is the first identification of an intrinsic molecular factor that can
contribute to differences in susceptibility to statin-induced diabetes.

While a variety of mechanisms have been proposed to contribute to impaired glucose metabolism and
risk for NOD with statin treatment***, the supporting evidence in humans has been inconclusive. Through
electronic health records from the members of KPNC, we identified a well-defined cohort of statin users
to assess statin effects on NOD. The NOD susceptible cases had higher fasting glucose levels and non-
significantly higher triglyceride levels prior to statin initiation compared to the NOD resistant controls,
suggesting greater underlying metabolic dysregulation in patients who were susceptible to developing
diabetes on statin. This is consistent with the finding that having elevated baseline glycemic markers is a
risk factor for developing statin-induced NOD?3. The similarity of statin-induced lipid changes between NOD
susceptible cases and NOD resistant controls strongly suggests that the risk of NOD was not due to greater
statin exposure but rather to inherently heightened susceptibility to developing diabetes that was
exacerbated by statin use.

We observed that elevated miR-192 in B-cell models enhanced GLP-1 mediated GSIS, which is
counterintuitive to the reports in which higher circulating miR-192 levels have been associated with type
1 and type 2 diabetes?*32. However, it remains unclear whether elevated serum miR-192 leads to diabetes
or, as our results implied, acts as a compensatory mechanism in response to impaired glycemic control to
boost insulin secretion. The only other study that examined the effects of miR-192 in the pancreas
concluded that miR-192 suppresses B-cell proliferation and inhibits insulin secretion using an autoimmune
type 1 diabetes model of mouse pancreatic B-cell line, NIT-1 3*. The discrepancy with our results regarding
the effects of miR-192 on GSIS may be attributed to the use of an atypical model, as we demonstrated
that miR-192 increased GLP-1 potentiated GSIS in multiple in vitro and ex vivo rodent B-cell models.

Glycemic control following a meal relies on the secretion of GLP-1 and GIP, incretin hormones released by
the intestine. Upon binding to their respective receptors, GLP1R and GIPR, in pancreatic B-cells, these
hormones enhance GSIS*. Under normal conditions, GIP is the primary hormone facilitating GSIS*.
However, in the diabetic state, GIPR becomes insensitive, while GLP1R remains functional®. Two classes
of agents commonly used to treat T2DM function through activation of GLP1R. First, GLP1R agonists (e.g.
semaglutide, liraglutide), are GLP-1 mimics that induce a more robust increase in GSIS than GLP-1, which
is subject to rapid enzymatic decay by dipeptidyl-peptidase-IV (DPP-1V). Importantly, GLP1R agonists have
been shown to not only reduce blood glucose, but also to reduce obesity”” and to protect against
atherosclerotic cardiovascular disease®, the leading cause of death in patients with T2DM*. Second, DPP-
IV inhibitors (e.g. sitagliptin, vildagliptin) reduce degradation of GLP-1, and therefore their clinical benefit
is also mediated by GLP1R®. The discovery of novel regulators of GLP1R could be used to inform the
development of new therapeutics designed to enhance the effects of GLP1R agonists and reduce the risk
of developing common gastrointestinal adverse effects associated with these drugs®® by enabling lower
effective doses.

Interestingly, although we didn’t observe a direct effect of miR-192 on Gipr transcript levels in INS-1 cells,
ex vivo perifusion of islets from miR-192 AAV treated mice secreted more insulin upon stimulation of GIP
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in GSIS. This GIP response could be due to overall improvements in B-cell function and survival mediated
by GLP1R activation, as previously suggested>?.

The molecular basis of the GLP1R signaling cascade has been extensively studied®, however, considerably
less is known regarding the regulation of GLP1R levels. At the protein level, GLP1R is known to undergo
rapid homologous desensitization in response to agonist stimulation®, while N-glycosylation enhances
receptor stability and prolongs its half-life>. In vitro studies have found that Glp1r transcript levels are
modulated by high dose (but not low dose) glucose®®, androgens®, and agents that increase cAMP,
including GLP-1%%. In addition, recently miR-204-5p, a highly B-cell enriched miRNA, has been shown to
directly target the 3’ UTR of GLP1R and downregulate its expression in INS-1 cells and primary mouse and
human islets®’. Importantly, in vivo deletion of Mir204 enhanced responsiveness to GLP1R agonists,
resulting in improved glucose tolerance, insulin secretion, and protection against diabetes. These findings
demonstrate that GLP1R modifiers can impact key physiological processes in the maintenance of glucose
homeostasis in vivo. Identifying molecular regulators of GLP1R expression may yield important new insight
into factors underlying B-cell dysfunction and variation in response to GLP1R agonists and may inform the
development of novel therapeutics to elevate GLP1R agonist efficacy.

The effect of miR-192 on GLP1R was at least in part mediated via the interaction with the GLP1R 3’ UTR,
as indicated by our luciferase reporter assays. This interaction could involve direct binding of miR-192 to
the GLPIR 3’ UTR or an indirect effect through miR-192 regulation of, or competition with, another
miRNA. The upregulation of GLP1R by miR-192 occurred through a different regulatory site than the one
previously reported in the human renal tubular epithelial cell line HK-23 and the human enteroendocrine
cell line NCI-H716%, indicating tissue specificity. The exact sequence within the GLP1R 3’ UTR that
mediates the miR-192 effect, as well as the mechanism by which miR-192 upregulates GLP1R, requires
further investigation. The most well-understood mechanism by which miRNAs regulate gene expression
is through their partnering with members of the argonaute (AGO) protein family and other associated
proteins, like TNRC6 (aka GW182), to form a miRNA-ribonucleoprotein complex (microRNP), known as
RNA-induced silencing complex (RISC), and cause gene repression®®. Instances of miRNAs upregulating
gene expression are relatively scarce in the literature, although not entirely absent, and there are several
proposed mechanisms underlying this phenomenon. First, miRNAs have been shown to interact with the
5’ UTR of their target mRNA and promote mRNA association with ribosomal proteins resulting in
upregulated protein levels®>®, Second, miRNAs could compete with factors mediating mRNA degradation
or translational inhibition which leads to the loss of repression of gene expression®®2, Finally, depending
on its components, microRNP can also facilitate translation activation. For instance, it has been shown
that MIR369 recruits the activating microRNP consisting of AGO2 and fragile X mentalretardation—related
protein 1 (FXR1), leading to the up-regulation of TNFalpha translation®,

In summary, we have identified a novel role for MIR192 in statin-induced NOD through its regulation of
B-cell GLP1R and GLP-1 mediated GSIS. This mechanism may have broader relevance to the pathobiology
of T2DM and could inform new therapeutic strategies, such as developing agents to increase miR-192
levels in pancreatic B-cells to improve disease management, given the pivotal role of GLP1R activation in
the effectiveness of GLP1R agonists. More generally, this study demonstrates the power of transcriptomic
analysis in iPSCs derived from well-defined case and control patient cohorts to identify causative
mechanisms for individual variation in the effects of drug treatment.
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