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Adipose Triglyceride Lipase Is a Key Lipase for the
Mobilization of Lipid Droplets in Human B-Cells and Critical
for the Maintenance of Syntaxin 1a Levels in -Cells
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Lipid droplets (LDs) are frequently increased when ex-
cessive lipid accumulation leads to cellular dysfunction.
Distinct from mouse pB-cells, LDs are prominent in human
B-cells. However, the regulation of LD mobilization (li-
polysis) in human B-cells remains unclear. We found that
glucose increases lipolysis in nondiabetic human islets
but not in islets in patients with type 2 diabetes (T2D),
indicating dysregulation of lipolysis in T2D islets. Silenc-
ing adipose triglyceride lipase (ATGL) in human pseu-
doislets with shRNA targeting ATGL (shATGL) increased
triglycerides (TGs) and the number and size of LDs, indicat-
ing that ATGL is the principal lipase in human B-cells. In
shATGL pseudoislets, biphasic glucose-stimulated insulin
secretion (GSIS), and insulin secretion to 3-isobutyl-1-
methylxanthine and KCI were all reduced without altering
oxygen consumption rate compared with scramble control.
Like human islets, INS1 cells showed visible LDs, glucose-
responsive lipolysis, and impairment of GSIS after ATGL
silencing. ATGL-deficient INS1 cells and human pseudois-
lets showed reduced SNARE protein syntaxin 1a (STX1A),
a key SNARE component. Proteasomal degradation of Stx1a
was accelerated likely through reduced palmitoylation in
ATGL-deficient INS1 cells. Therefore, ATGL is responsible
for LD mobilization in human B-cells and supports insulin
secretion by stabilizing STX1A. The dysregulated lipolysis
may contribute to LD accumulation and B-cell dysfunc-
tion in T2D islets.

Overnutrition is the major risk factor of type 2 diabetes
(T2D) and causes lipid accumulation in insulin target

tissues resulting in insulin resistance by provoking inflam-
mation and other stress responses (1). Excessive lipid ac-
cumulation is also blamed for B-cell dysfunction in T2D
(2), the other key pathology of T2D (3). Although lipid
accumulation in nonadipocytes, including hepatocytes and
myocytes, manifests as increased lipid droplets (LDs) (4),
the presence of LDs in B-cells has been underappreciated
due to difficulty demonstrating LDs in mouse 3-cells (5-7).
Recently, LD and LD-associated proteins were shown to be
increased in human B-cells under fatty acid (FA) loading
(5), on high-fat diet (HFD) (6), and in T2D (8,9), indicating
that LD accumulation is a hallmark of nutritional overload
in human B-cells. However, little is currently known re-
garding factors that drive LD accumulation and mobiliza-
tion (lipolysis) in human B-cells.

LDs consist of a core of neutral lipids covered by a
phospholipid monolayer that is studded with proteins that
regulate lipid metabolism and the interaction of LDs with
other organelles (4,10). Although classically viewed as a static
storage organelle, LDs are now recognized to actively produce
lipid metabolites and interact dynamically with organelles,
including mitochondria and nuclei, to coordinate intracellular
lipid metabolism in a wide range of cells (10,11). Our previous
studies showed that the LD proteins perilipin (PLIN) 2 and
PLIN5 were dynamically upregulated in response to nutri-
tional influx in B-cells indicating that these LDs functioned
as active organelle (5,7). Since LD accumulation in B-cells, as
occurs with overnutrition or T2D, is likely due to an imbal-
ance between LD formation and mobilization, it is important
to improve our understanding of both processes.
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LD mobilization by lipolysis is initiated by adipose
triglyceride lipase (ATGL, aka PNPLA2) in most cells and
produces sn-1,3 diacylglycerides, sn-2,3 diacylglycerides,
sn-1 or 2-monoaclglycerides (MAG), glycerol, and FA after
stepwise removal of FA from TGs (10,11). In addition to its
potential role in determining the balance of LD accumu-
lation during overnutrition, there has been a strong in-
terest in lipolysis in (-cells historically (12,13). Lipolysis is
proposed to generate metabolites that support glucose-
stimulated insulin secretion (GSIS) based on acute reduc-
tion of GSIS in rat islets and B-cell lines by the pan lipase
inhibitor, orlistat (12,14). Two studies of B-cell-specific
ATGL knockout (KO) mice proposed that ATGL deficiency
blunts insulin secretion through two distinct mechanisms
(15,16). Tang et al. (15) demonstrated that RIP-Cre—
mediated ATGL deficiency impairs B-cell function through
downregulation of peroxisome proliferator-activated re-
ceptor (PPAR) 3 target genes leading to mitochondrial
dysfunction suggesting that FAs derived by lipolysis acti-
vate PPARS in B-cells. Attané et al. (16) proposed that MIP-
Cre-mediated ATGL deficiency blunts insulin secretion by
reducing the production of 1-MAG that activates mamma-
lian uncoordinated (MUNC) 13-1 to stimulate exocytosis
(17). In the study by Attané et al., mitochondrial dysfunction
was not observed in ATGL-deficient islets. At the same time,
a role for MAG in GSIS is inconclusive since the pharma-
cological inhibition of MAG lipase reduced GSIS in INS1
cells and rat islets despite the increase in MAG (18).
Collectively, the mechanism by which ATGL deficiency
impairs insulin secretion remains inconclusive and has
not been clarified in human B-cells.

In addition to the controversy regarding consequences
of impaired lipolysis, the regulation of lipolysis in (3-cells
remains unclear. In B-cells, glucose is believed to increase
lipolysis based on glycerol release measured in mouse (19)
and rat islets (14,20). However, it was recently found that
[B-cells generate glycerol from glycerol 3-phosphate bypass-
ing lipolysis (21). Surprisingly, there is little information
regarding the regulation of lipolysis in pancreatic islets and
B-cells if one excludes studies that used glycerol release as a
marker of lipolysis (14). Moreover, it is unknown whether
glucose regulates lipolysis in human islets.

Here, we addressed the roles of lipolysis in human
islets using TG reduction in the presence of Triacsin C to
measure lipolysis. We report that glucose increased lipol-
ysis in human islets from donors without diabetes but not
in human islets from T2D donors. We also found that
downregulation of ATGL increased TG and caused LD
accumulation confirming ATGL as a key lipase in human
B-cells. Additionally, ATGL deficiency impaired insulin
secretion in human pseudoislets providing evidence that
lipolysis maintains insulin secretion in a human B-cell
model. The impairment in insulin secretion in ATGL-
deficient human pseudoislets and INS1 cells was associ-
ated with the reduction of SNARE protein syntaxin la
(STX1A) (22) revealing a previously unidentified target of
ATGL.
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RESEARCH DESIGN AND METHODS

Human lIslets

Human islets from donors without diabetes and do-
nors with T2D (Supplementary Table 1) were cultured in
CMRL1066 containing 1% human serum albumin, 1% Pen-
Strep, and 1% L-glutamate for overnight at 37°C and 5%
CO, prior to analyses. The institutional review board at
University of Iowa determined this to be a nonhuman
study.

Mouse Studies

Experiments were approved by the University of Iowa In-
stitutional Animal Care and Use Committee. C57Bl/6NJ
(Bl6) mice were from The Jackson Laboratory. ATGLYA
(024278; The Jackson Laboratory) and INS1<¢ (026801;
The Jackson Laboratory) were crossed to create [(3-cell-
specific ATGL-deficient mice (INS1<"¥*ATGLY® ATGL
KO) and INS1™/*ATGLY® (wild type [WT]) as littermate
controls. Mice had free access to regular rodent chow. To
carry out the glucose tolerance test, 2-month-old male
ATGL KO and WT mice were fasted overnight and given
1.5 g/kg body weight glucose intraperitoneally followed by
measurement of tail blood glucose via a hand-held gluco-
meter at the indicated time points. Islets were isolated
from 12- to 16-week-old male mice by Ficoll density gra-
dient centrifugation of collagenase-digested pancreas (7)
and cultured in RPMI1640 with 10% FBS and 1% Pen-
Strep (mouse islet medium).

INS1 Cells

The 823/13 INS1 cells (INS1 cells, a kind gift from Dr. C.
Newgard of Duke University) were maintained in RPMI1640
supplemented with 10% FBS, 10 mmol/L HEPES, 2 mmol/L
L-glutamine, 1 mmol/L sodium pyruvate, 50 pmol/L
B-mercaptoethanol, and penicillin + streptomycin (INS1
medium) (23). Cells were used within 12 passages from the
original vial.

Bodipy C12 Labeling of LD and Confocal Microscopy
INS1 cells plated on a cover glass coated with HTB-9 cell-
derived matrix (23) were cultured in INS1 medium con-
taining 0.4 mmol/L oleic acid (OA) overnight. Human and
mouse islets cultured in respective medium containing
0.4 mmol/L OA overnight were plated on confocal dishes
after dispersion by Accutase (MilliporeSigma, St Louis,
MO). INS1 cells and islets were maintained in medium
containing 2 pwmol/L Bodipy 558/568 C;, (Bodipy C12;
Molecular Probes) for an additional 24 h and immuno-
stained with insulin antibody (Supplementary Table 2)
or 2 pmol/L Bodipy 493/503 (Bodipy 493, Molecular
Probes) as published (5) to image LD by a Zeiss LSM710
microscope.

Lipolysis Assay

INS1 cells in 12-well plates, 50 mouse islets, 50 islet equiv-
alents of human islets, or 120-150 human pseudoislets
were preincubated in Krebs-Ringer bicarbonate (KRB)
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buffer with 2 mmol/L glucose and 10 wmol/L Triacsin C for
60 min, and the time 0 group was harvested in radioimmu-
noprecipitation assay buffer with protease inhibitors. Then,
cells or islets were treated with 2 mmol/L or 16.8 mmol/L
glucose plus 10 pmol/L Triacsin C for 90 min with addition of
atglistatin in some INS1 cells. TGs extracted from the cell or
islet lysate by Folch buffer as published (7) was quantitated
by Infinity Reagents (Fisher Scientific) and corrected for mg
protein. Triacsin C blocks the activation of FAs to form Acyl-
CoA and prevents the synthesis of new TGs including
re-esterification of FAs released by lipolysis (24). Thus,
lipolysis can be calculated as the reduction of TGs during
the observation period (90 min in the current study).

Downregulation of ATGL and STX1A

Human pseudoislets transduced by lentivirus carrying scram-
ble (scr) shRNA ([scr], CCTAAGGTTAAGTCGCCCTCG) or
shRNA targeting ATGL ([shATGL], CCTGCCACTCTAT-
GAGCTTAA, TRCN0000222744 from Genetic Perturba-
tion Platform [https://portals.broadinstitute.org/gpp/
public]) under U6 promoters were created at 500 cell/
well in AggreWell 400 (STEMCELL Technology) as pub-
lished (25). In brief, human islets were incubated with
Accutase at 37°C for 5 min, pipetted 15 times through
a 1 mL tip, digested for an additional 4 min at 37°C, and
passed through a 40-pm strainer to make a single-cell
suspension in 10% FBS CMRL (human islet medium). A
40 transducing unit/cell of lentivirus was added to 6 X
10° single islet cells in a total of 1 mL of human islet
medium followed by incubation at 37°C for 1 h with
occasional gentle mixing. Then, the single-cell suspension
with virus was adjusted to 2 mL in 10% FBS CMRL,
transferred to one well of the AggreWell 400, and centri-
fuged at 100g for 3 min at room temperature to capture
cells in microwells. Thereafter, cells were cultured in
human islet medium for 7 days. The second shRNA
targeting ATGL (shATGL2, GCCACTCTATGAGCTTAAGAA,
TRCN0000078196 from Genetic Perturbation Platform)
was also used where indicated. A 2 X 10°/24 wells of INS1
cells plated the day before were transfected with 15 nmol/L
each of siRNA targeting ATGL (siATGL, rn.Ri.Pnpla2.13.2
and rn.Ri.Pnpla2.13.3 from IDT) or 30 nmol/L of non-
targeting RNA (scr, IDT) using DharmaFect (Dharmacon)
as published (23) and harvested 72 h later. To inhibit
proteasome, 10 pmol/L MG132 was added 8 h before
harvest. To downregulate Stx1a expression, INS1 cells were
transfected with either siRNA rn.Ri.Stx1a.13.3 or rn.Ri.
Stx1a.13.2 (both from IDT) at 30 nmol/L using scr siRNA
(IDT) as a control.

Imaris Analysis of LDs in Human Islets

The 200 human pseudoislets created in AggreWell were
dispersed, plated on confocal dishes, and stained for insulin
and Bodipy 493 as above. Nine fields containing insulin-
positive cells were randomly chosen, and Z-stack images
of the entire z-axis of each insulin-positive cell were ob-
tain by a Zeiss LSM710 microscope and three-dimensional
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reconstruction was performed using Imaris software (Bit-
plane) with measurement of integrated fluorescent inten-
sity and volume of each LD in a surpass mode.

Transmission Electron Microscopy

Pseudoislets were fixed with 2.5% glutaraldehyde in 0.1
mol/L sodium cacodylate buffer (pH 7.4) overnight at 4°C,
then postfixed with 1% Osmium tetroxide for 1 h. Fol-
lowing serial alcohol dehydration (50%, 75%, 95%, and
100%), the samples were embedded in epon 12. The 70-nm
sections poststained with uranyl acetate and lead citrate
were examined with a JEOL 1230 transmission electron
microscope (EM).

Quantitative PCR

RNA isolated from islets using TRIzol reagent (Thermo
Fisher) or from INS1 cells using RNeasy kit (Qiagen) was
reverse-transcribed into cDNA using Superscript IV VILO
Master Mix (Thermo Fisher). Quantitative PCR (qPCR)
used TagMan commercial primers (Applied Biosystems).
Cycle threshold value (Cp) for each gene was obtained
using Applied Biosystems 7900HT and the expression
levels of each gene was calculated as 27 @A €D that is
a power of 2 of the difference between Cr value of a gene of
interest and PPIB (26). C for PPIB did not differ between
groups treated with scr and siATGL/shATGL in both hu-
man pseudoislets and INS1 cells when Cr significantly
increased with siATGL/shATGL (Supplementary Fig. 14, B,
D, and E). AA Ct between PPIB and B-Actin (ACTB) did not
differ between scr- and siATGL/shATGL-treated human
pseudoislets and INS1 cells either (Supplementary Fig. 1C
and F), indicating that PPIB expression was not affected by
siATGL/shATGL and served as an appropriate housekeep-
ing gene.

Insulin Secretion and Oxygen Consumption Rate

Pseudoislets were perifused at 0.12 mL/min in KRB buffer
containing 2.8 mmol/L glucose for 52 min followed by
16.7 mmol/L glucose, 100 pmol/L 3-isobutyl-1-methylxanthine
(IBMX) in 8.3 mmol/L glucose, or 30 mmol/L KCl in
2.8 mmol/L glucose using a Perifusion System (Biorep
Technologies) as published (27). The stimulation index
(SD) is defined as a ratio of average insulin secretion during
16.7 mmol/L glucose to that at 2.8 mmol/L glucose. For
INS1 cells or mouse islets, insulin secreted into the KRB
buffer at the indicated concentration of glucose during 1 h
was measured after 1 h preincubation in glucose-free KRB
buffer. Ten size-matched islets in triplicates per condition
were used for mouse islets. Insulin was extracted from
islets or INS1 cells by acidified ethanol as published (7). A
stock solution of 100 mmol/L 1-palmitoyl-glycerol (Milli-
poreSigma), a 1-MAG species previously shown to augment
GSIS (17), was prepared in DMSO and added at a final
concentration of 0.1 mmol/L for the duration indicated
in the figure legends. DMSO alone was used as a vehide
control. Insulin was measured using human STELLUX
ELISA kit (ALPCO) or mouse ultrasensitive insulin ELISA
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kit (ALPCO). The oxygen consumption rate (OCR) was
obtained using an XF24 Seahorse extracellular flux ana-
lyzer (Seahorse Bioscience) from 150 islets/well of human
pseudoislets as published (28).

Immunoblotting

INS1 cell or islet lysates in radioimmunoprecipitation assay
buffer were separated on 4-12% Bis-Tris Gel and trans-
ferred to polyvinylidene fluoride membranes. Membranes
were incubated with primary antibodies followed by sec-
ondary antibodies (Supplementary Table 2) and visualized
by SuperSignal West Pico chemiluminescent detection sys-
tem as published (5). Densitometric analyses were per-
formed by ImageJ software (ImageJ.nih.gov). GAPDH and
B-tubulin expression was similar between the control group
and ATGL-deficient human pseudoislets and INS1 cells
supporting the use of GAPDH as a loading control (Sup-
plementary Fig. 1G and H).

Acyl-PeGyl Exchange Gel Shift Assay

Acyl-PeGyl exchange gel shift (APEGS) assay of scr or
siATGL transfected INS1 cell followed a published pro-
tocol (29). In brief, 190 pg of protein lysate reduced by
25 mmol/L Tris(2-carboxyethyl)phosphine was treated
with 50 mmol/L N-ethylmaleimide to block free thiols.
Then, lysates were mixed with 1 mol/L hydroxylamine
that cleaves s-palmitoylated FA from cysteine or with 1
mol/L Tris, pH 7 (negative control). Newly exposed free
thiols were labeled with 20 mmol/L of maleimide-conjugated
methoxy polyethylene glycol (mPEG-2k, SUNBRIGHT
ME-020MA; NOF corporation).

Statistics

Data are presented as mean * SEM. Numeric differences
between the two groups were assessed with Student ¢ tests
with Welch correction when indicated. A one-way ANOVA
with Dunnett test was performed for data consisting of
three groups, and a two-way ANOVA test was performed
to assess perifusion and the glucose tolerance test. All data
analyses were carried out using Prism 8 (GraphPad). A P
value of <0.05 was considered significant.

Data and Resource Availability

The data sets generated during and/or analyzed during the
current study are available from the corresponding author
upon reasonable request.

RESULTS

Glucose Increases Lipolysis in Human Islets and INS1
Cells but Not in Mouse Islets

Because LD size reported in B-cells differs depending on
species (5,6,9,30), LDs actively formed during culture in
human {-cells, INS1 cells, and mouse B-cells were com-
pared in parallel by Bodipy C12, a bioortholog of C16 FA
that preferentially labels TGs (31) (Fig. 1A-C). Human
B-cells and INS1 cells, but not mouse B-cells, formed visible
LDs under confocal microscopic observation (Fig. 14-C).
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Visibility of LDs did not correlate with TG contents since
TG contents of mouse and human islets were comparable
and higher than in INS1 cells (Fig. 1D). There was a trend
toward increased TG content in human T2D islets com-
pared with islets from donors without diabetes (Table 1) in
agreement with a reported increase in lipid accumulation
in T2D islets (8,9) (Fig. 1D). When lipolysis was measured
as the reduction of TGs under the inhibition of TG syn-
thesis by triacsin C, 16.8 mmol/L of glucose increased
lipolysis compared with 2 mmol/L of glucose in human
islets from donors without diabetes. This did not occur in
T2D islets, suggesting that dysregulated lipolysis might
contribute to TG accumulation in T2D (Fig. 1E and F). The
reduction in glucose stimulated lipolysis in T2D islets
was not due to the reduction of ATGL protein (Fig. 1G).
Glucose increased lipolysis by 2.1-fold in INS1 cells, an
effect that was blocked by the rodent-specific ATGL in-
hibitor atiglistatin (32), indicating that ATGL is primarily
responsible for lipolysis in INS1 cells (Fig. 1H). High glu-
cose mobilized >30% of TGs over 90 min in both human
islets from donors without diabetes and INS1 cells, in-
dicating high TG turn over in the presence of glucose. In
contrast, mouse islets showed high rate of lipolysis at
low glucose that did not increase further at high glucose
(Fig. 1D).

ATGL Deficiency Increases LD in Human Pseudoislets

While the reduction of lipolysis by atglistatin indicated
ATGL is the key TG lipase in INS1 cells, the lack of a
human-specific ATGL inhibitor prohibited similar phar-
macological studies in human islets (32). The pan lipase
inhibitor, orlistat, is relatively specific for human ATGL,
but also inhibits FA synthase (33,34). Furthermore, to
understand the consequence of dysregulated TG lipolysis
in human T2D islets, the impact of continuous suppression
of LD mobilization in human islets needs to be addressed.
Previous studies by ourselves and others have demonstrated
that human pseudoislets maintain dynamic insulin secre-
tion during culture (27), show similar expression of markers
of cell type and B-cell function by qPCR (27), and have
a distribution of B-cells and non-f-cells similar to original
human islets (35). ATGL expression tested by qPCR was
comparable between human islets without dispersion and
pseudoislets as well (Supplementary Fig. 1I). Thus, we
created human pseudoislets in which ATGL was efficiently
reduced both at mRNA (Fig. 24) (P < 0.05) and protein
levels (Fig. 2B) (P < 0.05). We did not observe compen-
satory increases in mRNA coding LIPE or the ATGL acti-
vator, ABHDS5 (Fig. 2C). For mRNA coding genes involved
in TG synthesis and LD proteins, shATGL islets showed
~1.7-fold increase of DGAT2 and slightly reduced PLINS
compared with control, while DGAT1, PLIN2, and PLIN3
were unchanged (Fig. 2C and Supplementary Fig. 2A and
B). Interestingly, CPT2 and ACDVL, mitochondrial genes
downregulated in islets from RIP-Cre 3-cell-specific ATGL-
deficient mice (15), were not altered in ATGL-deficient
human islets (Fig. 2C). PLIN2, the major LD protein in
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human islets (5,7), was significantly increased in shATGL As expected, since ATGL is a TG lipase and in agreement
islets by immunoblot (Fig. 2D) but not at the mRNA level ~with the increase in PLIN2, TG contents were increased
(Fig. 20), which may reflect posttranslational stabilization in shATGL-treated human pseudoislets (Fig. 2E). When
typically seen when neutral lipid storage is increased (36). the change in lipolysis by high glucose is measured as in
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Figure 1—Human islets and INS1 cells, but not mouse islets, showed distinct LD and increased lipolysis in response to glucose. A-C:
Confocal images of human B-cells (A), INS1 cells (B), and B-cells from BIENJ (BI6BN) mouse islets (C) incubated with 0.4 mmol/L OA + 2 wmol/L
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and absence of atglistatin. n = 8. I: Lipolysis measured as in E in BI6N islets. n = 7. All data are mean = SEM. *P < 0.05 by Student t test.
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Table 1—Human islet donor information
n Age (year)

Sex (male/female)

Liu and Associates 1183

BMI (kg/m?) HbA . (%)

Without diabetes 5 47.4 = 8.4 (18-69)
With T2D 4 50.3 = 6.1 (34-63)

3/2
2/2

26.1 + 2.3 (19-33.3)
325 + 1.3 (29.5-35.4)

52 + 0.2 (4.7-5.7)
9.3 + 1.0 (7.3-11.9)

Data are presented as mean = SEM (range).

Fig. 1F, glucose increased lipolysis in the scr control group
indicating that human pseudoislets maintain lipolytic re-
sponse to glucose as in human islets from donors without
diabetes (Fig. 2F). In contrast, the response to glucose was
significantly blunted in shATGL islets suggesting that
ATGL plays a key role in lipolysis in human islet cells (Fig.
2F). ATGL-deficient human B-cells showed prominent LDs
by EM and confocal microscopy (Fig. 3A and B). The num-
ber of LDs per cell and volume distribution of LDs was
shifted to higher values in the shATGL group compared
with control in all three donor islets tested (Fig. 3C and D).
As a result, the volume of all LDs combined in each cell was
greatly increased in shATGL 3-cells indicating that ATGL is
essential to mobilize LDs in human B-cells (Fig. 3E).

ATGL-Deficient Human Pseudoislets Exhibit Impaired
GSIS Without Mitochondrial Dysfunction

ATGL downregulated pseudoislets showed significantly re-
duced GSIS expressed as area under the curve (AUC) or SI
(Fig. 4A and B). GSIS was also reduced when ATGL was
downregulated using a separate shRNA (shATGL2) con-
firming the specificity of the finding (Supplementary Fig.
3A and B). Both first and second phases of GSIS were
reduced in shATGL islets (Fig. 4C and D). Furthermore,
insulin secretion to IBMX and KCl was lower in shATGL
compared with control (Fig. 4E-G). Total insulin content was
comparable between shATGL and scr islets (data not shown).
Although there was a mild but significant increase in the
expression of GCG, expression of INS, PDX1, and MAFA
were unchanged in shATGL islets (Fig. 4H and Supple-
mentary Fig. 2C-E). Markers for endoplasmic reticulum
stress (HSPAS, DDIT3), cell stress (TXNIP), hypoxia (HIF1a),
and inflammation (CCL2) were likewise not increased in
shATGL islets (Fig. 4I and Supplementary Fig. 2F and G).
We did not observe defects in OCR in response to glucose,
oligomycin, FCCP, or rotenone/antimycin in ATGL-deficient
human pseudoislets either (Fig. 4J). Along with unchanged
CPT2 and ACDVL, impaired insulin secretion in human
ATGL-deficient islets occurred via a mechanism distinct
from the reduced activation of PPARS reported in RIP-Cre
ATGL KO mice (15).

GSIS Is Blunted in ATGL-Deficient INS1 Cells but Not in
ATGL KO Mouse Islets

The impairment in insulin secretion to various stimuli
without mitochondrial dysfunction we observed in ATGL-
deficient human pseudoislets agrees with reported pheno-
types of INS1 cells after ATGL downregulation (37). We
could reproduce blunting of GSIS in siATGL INS1 cells (Fig.

5A-D) along with normal OCR measured by Seahorse an-
alyzer (data not shown). As 1-palmitoyl-glycerol, one of
lipolytic metabolites, increases insulin secretion acutely by
the activation of MUNC13-1 (17,38), we tested whether
addition of 1-palmitoyl-glycerol for 1 h restores insulin
secretion in ATGL-deficient INS1 cells (Fig. 5E). In agree-
ment with previous reports in mouse islets (17,38), 1-
palmitoyl-glycerol acutely increased GSIS in INS1 cells by
40-50% compared with glucose alone in both scr control
and siATGL INS1 cells (Fig. 5F and Supplementary Fig. 3C).
However, 1-palmitoyl-glycerol was not sufficient to restore
insulin secretion in siATGL INS1 cells to the level of the scr
control group indicating that an additional mechanism
accounts for the reduction of GSIS in ATGL-deficient INS1
cells (Fig. 5E). A 24-h incubation with 1-palmitoyl-glycerol
did not prevent the reduction of GSIS in ATGL-deficient
INS1 cells (Fig. 5G) and did not augment GSIS in either scr-
or siATGL-treated INS1 cells (Fig. 5H). When tested in two
donor islets, 1-palmitoyl-glycerol was not sufficient to re-
store GSIS in ATGL-deficient human pseudoislets either
(Supplementary Fig. 3D). Next, we analyzed islets from
mice in which ATGL is downregulated in 3-cells by INS1-
Cre (39). We did not observe significant differences in body
weight, fasting glucose, or glucose tolerance between INS1-
Cre ATGL KO mice compared with WT littermates
on regular chow (Fig. 6A-C). Unexpectedly, islets from
B-cell-specific ATGL KO mice exhibited GSIS comparable
to the control group despite clear reduction of ATGL protein
in isolated islets (Fig. 6D-F) suggesting that effect of ATGL
deficiency is similar in human islets and INS1 cells but not in
mouse islets. Collectively, the impaired insulin secretion
seen in ATGL-deficient human pseudoislets and INS1 cells
cannot be fully accounted for by the decreased activation of
MUNC13-1 by reduction of 1-MAG, a mechanism proposed
for impaired insulin secretion in MIP-Cre ATGL KO mice
(17,38).

ATGL Deficiency Reduces Stx1a Protein in INS1 and
Human Islet Cells

As potential targets that explains impaired insulin secre-
tion at exocytosis, expression of SNARE complex proteins
was assessed in ATGL-deficient INS1 cells and human
pseudoislets. Although synaptosome-associated protein
25 (SNAP25) and MUNC18-1 were not altered, STX1A was
significantly reduced in ATGL-deficient human pseudo-
islets and INS1 cells (Fig. 7A-F). Stxla mRNA was not
reduced in either INS1 cells or human pseudoislets after
ATGL downregulation (Fig. 7G and H). ATGL was reduced
in INS1 cells using a mixture of 15 nmol/L each of two
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Figure 2—ATGL downregulation in human pseudoislets elevated
the levels of PLIN2 without altering genes involved in lipid metabolic
and B oxidation. A: Expression of ATGL in human pseudoislets
transduced with lenti-shATGL (shATGL) was compared with those
treated with lenti-Sh Scramble (scr) by gqPCR. n = 11. B: An
immunoblot comparing ATGL expression in shATGL and scr human
pseudoislets. GAPDH served as the loading control, and densitom-
etry data were expressed as ATGL/GAPDH. n = 4. A and B: Each dot
represents a single donor, and data points from the same donor are
connected by lines. C: gPCR probed human pseudoislets for ex-
pression levels of genes related to lipid metabolism using PPIB as
the internal control. Data are expressed as % scr value. Each dot
represents the value for the shATGL islets from one donor. n = 6 for
LIPE and ABHD5, n = 7 for ACDVL, n = 8 for CPT2,n = 9 for PLIN3
and PLIN5,n = 10for DGAT1,DGAT2,and PLIN2,andn = 11 donors
for ATGL. D: PLIN2 expression compared between shATGL and scr
human pseudoislets by immunoblot as in B. n = 4. E: TG contents of
shATGL and scr human pseudoislets. n = 4 donors. F: The increase
in lipolysis in response to glucose measured in shATGL and scr
human pseudoislets. Data are expressed taking TG contents per mg
protein at time 0 as 100%. n = 4 donors. D-F: Each dot represents
a value from a single donor, and data points from the same donor are
connected by lines. All data are mean + SEM. *P < 0.05, #P < 0.05
vs. scr by Student t test.

siRNAs targeting different regions of Atgl mRNA (Figs. 5
and 7). To rule out off-target effects, we also downregu-
lated ATGL using each siATGL at 30 nmol/L and confirmed
that each siATGL individually reduces GSIS and STX1A
protein levels, suggesting that these phenotypes are spe-
cific consequences of reduced ATGL expression in INS1
cells (Supplementary Fig. 4A-D). In contrast, Stxla
in islets from INS1-Cre ATGL KO mice was not reduced
compared with WT (Supplementary Fig. 4E) in agreement
with the preservation of GSIS in ATGL-deficient mouse
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islets (Fig. 6E). MG132 restored STX1A levels in siATGL
INS1 cells indicating that ATGL deficiency accelerates pro-
teasomal degradation of STX1A (Fig. 7I). Since lipolytic
metabolites, such as FA, may affect protein stability
through s-palmitoylation (40), we measured palmitoyla-
tion of STX1A using the APEGS assay that differentiates
the degree of palmitoylation as mobility shift in immuno-
blotting (29). As shown in Fig. 7J, the ratio of palmitoy-
lated/nonpalmitoylated STX1A was reduced in siATGL INS
cells indicating reduced palmitoylation. To confirm that
the reduction of STX1A is sufficient to reduce GSIS, Stxla
was downregulated using two separate siRNAs each target-
ing different regions of StxIa (Sil and Si2) in INS1 cells.
STX1A-deficient INS1 cells indeed showed lower GSIS com-
pared with the scr control group for both siRNAs (Fig. 84-D).

DISCUSSION

“Glycerolipid/FA cycle” consisting of TG formation and
lipolysis has been proposed to support insulin secretion
through the provision of lipolytic metabolites (12). Con-
sidering that TG synthesis and lipolysis involve LD for-
mation and mobilization and that LDs are prominent in
human B-cells (5,6,9), we sought to understand the reg-
ulation of LD turnover in a human (3-cell model. We found
that ATGL is a key lipase for LD mobilization. The im-
pairment of insulin secretion in ATGL-deficient human
pseudoislets was in agreement with previous studies of ro-
dent islets and B-cell lines (15,16,37). However, our study
identified the reduction of SNARE protein, STX1A, as
a previously unrecognized mechanism. Thus, chronic im-
pairment of LD mobilization impacts -cell function by a
mechanism separate from the proposed acute effect of
lipolysis on insulin secretion. Interestingly, glucose in-
creased lipolysis in human islets from donors without
diabetes but not in human T2D islets, implicating the
dysregulation of lipolysis as a contributing factor for -cell
dysfunction in T2D.

STX1A binds SNAP25 and VAMP-2 to form the SNARE
complex that upon protein kinase C-dependent phosphor-
ylation of MUNC18-1 triggers exocytosis (22,41). Although
it is debated whether STX1A regulates the first phase or
both phases of GSIS (42,43), a key role for STX1A in in-
sulin secretion is well accepted (22,41). The reduced STX1A
seen in ATGL-deficient human pseudoislets and INS1 cells
may explain the global defect in insulin secretion in these
models. In support of this, downregulation of Stxla in
INS1 cells impaired GSIS in our study. Interestingly, re-
duction of SNARE complex proteins including 79% re-
duction of Stxla was reported in human T2D islets (44).
Thus, sustained suppression of lipolysis may impair B-cell
function partly by reducing STX1A in T2D.

Independent from a previously reported acute activa-
tion of MUNC13-1 by a lipolytic metabolite 1-MAG (17,38),
chronic ATGL deficiency appears to impact GSIS by ac-
celerating degradation of STX1A associated with reduced
palmitoylation. Also, 1-MAG was not sufficient to rescue
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Figure 3—Reduction of ATGL in human pseudoislets increased LD accumulation. A: The representative EM images of scr- and shATGL-
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scr- and shATGL-treated human pseudoislets captured by a confocal microscope. Scale bar = 5 um. C-E: The number of LDs per cell (C), the
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impaired insulin secretion in ATGL-deficient INS1 cells
and appeared to have little effect on GSIS of ATGL-
deficient human pseudoislets either. S-palmitoylation is a
highly prevalent posttranslational modification and attaches
a long chain FA, predominantly palmitic acid, to cysteine
increasing hydrophobicity and affecting stability of pro-
teins in some cases (40,45,46). Although protein acylation
has been proposed to mediate lipolytic signaling in B-cells
(10,47), our study demonstrates lipolysis-dependent pal-
mitoylation in a protein that directly regulates insulin
secretion. Further studies are required to confirm whether
the reduced palmitoylation is sufficient to accelerate deg-
radation of STX1A in -cells and how lipolytic signal(s)
select target proteins. Notably, palmitoylation is known to
be required for membrane association of SNAP25 (48), but
SNAP25 expression was not reduced in our study.

The marked increase in LDs in ATGL-deficient human
B-cells confirms that LD represents a dynamic organelle
whose mobilization is regulated by ATGL in human B-cells.
It was reported that human but not mouse islets trans-
planted into immunodeficient mice increased LDs in re-
sponse to HED (6). Collectively, the dynamic formation of

LD is a feature of human B-cells not shared with mouse
islets despite TG accumulation upon lipid load being
reported in mouse B-cells (5,7). Although it is premature
to conclude that size of LDs affects lipolysis, significant
dissimilarities in glucose-responsive lipolysis and the im-
pact of ATGL deficiency on GSIS were noted between Bl6
and human islets. As LDs are demonstrable in rat (3-cells
(30,49) and INS1 cells, the lack of visible LDs is not a
universal feature of rodent (-cells. Interestingly, INS1 cells,
like human B-cells, increased lipolysis by glucose and
decreased GSIS and STX1A after ATGL downregulation.
Overall, it seems that the regulation of lipolysis relevant to
the pathophysiology of human B-cells is better studied in
a model that captures features of human B-cells. This is
a significant point considering the increase in lipid accu-
mulation in human T2D islets (8,9) and dysregulation of
lipolysis in T2D. Hence, LDs in B-cells represent a highly
relevant organelle in the pathogenesis of T2D.

ATGL mutations in humans cause neutral lipid storage
disease with myopathy, a disease with progressive muscle
dystrophy and heart failure (50,51). An increased suscep-
tibility to T2D is also noted in neutral lipid storage disease
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Figure 4—Insulin secretion was impaired in human pseudoislets transduced with shATGL. A: Perifusion profile of GSIS from pseudoislets
transduced by lenti-shATGL (shATGL) and those transduced by lenti-shScr (scr) in response to 16.7 mmol/L glucose expressed as % of total
insulin. The glucose ramp is indicated in a bar on the top. The line graph was analyzed by two-way ANOVA, P < 0.05. AUC during the glucose
ramp is also shown. n = 4 donors. B: S| of GSIS in A. Each dot represents a single donor and data from the same donor are connected by
lines. C and D: AUC during the first phase (C) and the second phase (D) of GSIS during glucose ramp in A. E: Representative profile of insulin
secretion from scr and shATGL human pseudoislets sequentially perifused with 8.3 mmol/L glucose, 8.3 mmol/L glucose + 0.1 mmol/L
IBMX, and 30 mmol/L KCl expressed as % of total insulin. Mean = SEM of duplicates from a single donor. AUC for IBMX treatment (F) (n = 5)
and for KClI treatment (G) (n = 7) during glucose ramp in E. For A-D, data represent mean + SEM. *P < 0.05 vs. scr by Student t test. Hand I:
gPCR probed human pseudoislets for expression levels of genes related to endocrine cell types (H) and stress markers (/) using PPIB as
internal control. Data are expressed as % scr. Each dot represents value for shATGL islets from one donor. Data are mean + SEM. n = 6 for
PDX1, MAFA, HSPAS5, and DDIT3; n = 7 for SST, TXNIP, and HIF1a; n = 9 for INS; n = 10 for GCG; and n = 11 donors for CCL2. *P < 0.05.
#P < 0.05 vs. scr by Student t test. J: Sequential change in OCR in response to 22.2 mmol/L glucose, oligomycin, FCCP, and rotenone +
antimycin are compared between scr and shATGL pseudoislets. Data are corrected for DNA contents and mean = SEM, n = 4. Data are
representative of experiments repeated in three donors.

with myopathy (50), in which case islet ATGL may directly considered to be a key factor by which ATGL regulates lipid
contribute based on observations of islet dysfunction in accumulation in the heart, at least in mice (51,52). In-
ATGL-deficient human pseudoislets (50). As PPAR« acti-  terestingly, blunted activation of the FA target, PPARS,
vation by an agonist was sufficient to improve TG accu- and subsequent mitochondrial dysfunction were noted in
mulation and cardiac function in ATGL-deficient heart islets of RIP-Cre ATGL KO mice on HFD (15). However,
in mice, generation of FA as a signaling molecule is our current study and a previous study of MIP-Cre ATGL
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Figure 5—ATGL reduction impaired GSIS in INS1 cells that was not fully restored by addition of 1-palmitoyl-glycerol. A-H: ATGL was
downregulated in INS1 cells by SIATGL (15 nmol/L each of rm.Ri.Pnpla2.13.2 and rn.Ri.Pnpla2.13.3 combined) using 30 nmol/L of
nontargeting RNA (scr) as a control. A: gPCR compared Atgl mRNA expression between scr- and SIATGL-treated INS1 cells. B:
Representative immunoblot and densitometry analysis of ATGL/GAPDH. Data from paired samples are connected by lines. n = 3. C:
Insulin secretion measured by static incubation at indicated concentration of glucose in SIATGL INS1 cells and the scr control group. D: Total
insulin contents corrected for protein. A, C, and D: n = 3, representative of six experiments. A-D: *P < 0.05 by Student t test. E-H: Insulin
secretion as measured by static incubation at indicated concentration of glucose with or without 0.1 mmol/L 1-palmitoyl-glycerol (1-MAG) for
1h(EandF)or24 h (G andH) inINS1 cells treated with siATGL and the scr control group. E and G: Data are expressed per protein contents
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1-MAG treatment) taking average insulin secretion at 12 mmol/L glucose as 1.n = 9. F and H: *P < 0.05 for data = 1-MAG by Student t test.
All data represent mean = SEM.

KO mice (16) showed that ATGL deficiency in B-cells but it can partly be affected by improved insulin sensitivity
impairs GSIS without mitochondrial dysfunction evi- in this model (16). In our study of young INS1-Cre ATGL
denced by normal OCR and normal expression of PPARS KO mice on regular chow, there was not clear reduction of
target genes. In MIP-Cre ATGL KO mice, lower insulin ~ GSIS to the extent seen in ATGL-deficient human pseu-
secretion is attributed to reduced production of 1-MAG, doislets and INS1 cells despite marked reduction of ATGL
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by Student t test.

in islets. Species, genetic background, Cre models, dietary
FA load, housing environment including gut microbiota,
and age could all potentially contribute to the absence and
presence of mitochondrial changes and secretory defects
among three different mouse models of B-cell-specific
ATGL KO. Further study is required to test whether the
prolonged downregulation of ATGL or exposure to FA
causes mitochondrial dysfunction in human islets as was
seen in RIP-Cre ATGL KO mice on HED (15).

Although phosphorylation of PLIN1 by protein kinase A
is a well-characterized trigger of lipolysis in adipocytes
(11,53), regulation of lipolysis in nonadipocytes remains
undefined (11,53). ATGL phosphorylation, association be-
tween ATGL and colipases, and profiles of PLIN on the
surface of LD are proposed to modulate lipolysis in

nonadipocytes that express little PLIN1 (11,51,53,54). As
PLIN1 overexpression in INS1 cells reduced lipolysis (55)
and PLIN5 overexpression in MIN6 cells increased basal
and cAMP stimulated lipolysis (5), each PLIN likely affects
lipolysis differently in 3-cells. However, further studies are
needed to determine whether PLINs or other factors me-
diate the upregulation of lipolysis by glucose in B-cells, an
issue critical to understanding the mechanism by which
glucose-stimulated lipolysis is impaired in T2D islets. Of
note, dysregulation of lipolysis in T2D islets cannot be
attributed to the reduction in ATGL based on our Western
blot and single-cell RNA sequencing data that did not
identify ATGL as T2D-associated genes (56).

The difficulty in demonstrating LDs in mouse B-cells is
puzzling because they express key genes for TG synthesis
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Figure 7—The downregulation of ATGL decreased the levels of Stx1ain INS1 and human islets. A-C: Immunoblot probed INS1 cells treated
with siATGL (15 nmol/L each of r.Ri.Pnpla2.13.2 and rn.Ri.Pnpla2.13.3 combined) and 30 nmol/L of scr control for STX1A (A), MUNC18-1
(MUNC18) (B), and SNAP25 (C). Representative blot from four experiments. Densitometry data from the paired samples are connected by
lines. D-F: Immunoblot probed human pseudoislets treated with shATGL and scr control for STX1A (D), MUNC18 (E), and SNAP25 (F).
Representative blot from n = 4 donors. Each dot represents densitometry data from each donor and data from the same donor are connected
by lines. Bar graphs indicate mean = SEM of the densitometry data. G and H: Stx7a mRNA levels compared between INS1 cells treated with
siATGL (15 nmol/L each of rm.Ri.Pnpla2.13.2 and m.Ri.Pnpla2.13.3 combined) and 30 nmol/L of scr control. n = 6 (G) and between control
and ATGL silenced human pseudoislets, n = 4 (H). I: Immunoblot of STX1A and B-tubulin (3-tub) in scr and siATGL INS1 cells (15 nmol/L each
of r.Ri.Pnpla2.13.2 and rn.Ri.Pnpla2.13.3 combined) treated with or without 100 wmol/L MG132 for 8 h prior to harvest. Representative blot
and densitometry data taking average for scr without MG132 as 1. Mean = SEM. n = 8 for without MG132, and n = 10 for with MG132. J:
APEGS assay of STX1A comparing protein lysate from INS1 cells treated with 15 nmol/L each of rn.Ri.Pnpla2.13.2 and rn.Ri.Pnpla2.13.3
combined (Si) and 30 nmol/L of the scr control group. Protein lysate untreated with hydroxylamine is the negative control (Un). A
representative Western blot from three independent experiments and densitometry data are shown. The black arrow shows a nonpalmitoy-
lated band, and the white arrow shows a palmitoylated band. *P < 0.05 by Student ¢ test.
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Figure 8 —The downregulation of Stx1a decreased GSIS in INS1 cells. A: gPCR compared Stx7a mRNA expression corrected for Ppib in
INS1 cells. The scr control group is compared with cells treated with two separate SiStx1a (1,2). B: Immunoblot probed STX1A in INS1 cells
treated with two separate SiStx1a and scr control. Representative blot and densitometry data from three experiments each performed in
triplicates. C: Insulin secretion measured by static incubation expressed per total insulin content. D: The total insulin content for data in C
corrected for protein. Representative data from three experiments each performed in triplicates. All data are mean = SEM. *P < 0.05 by one-

way ANOVA with Dunnett multiple comparisons test.

(Dgatl and Dgat2), LD formation (Plin2, Plin3, and Plin5),
and lipolysis (Atgl, Lipe, and Abhd5) (5,7). Deep sequencing
data of purified B-cells reports similar expression of Atgl,
Dgat1, Plin2, and Abhd5 between human and mouse
B-cells, while Plin3 is higher in human and Lipe is higher
in mouse B-cells (57). It will require further studies to
determine whether the differential expression of Plin3 or
Lipe translates into differences in protein levels and altered
kinetics of LD formation and mobilization between human
and mouse B-cells. Considering relatively high basal lipol-
ysis at low glucose in mouse islets, LDs in mouse B-cells
may be rapidly mobilized before expanding size.

We measured lipolysis as the reduction of TG in the
presence of triacsin C to inhibit TG synthesis (24) since
glycerol is reported to be an inaccurate measure of lipolysis
in B-cells (21). We observed that glucose mobilizes >30%
of TG in human pseudoislets and INS1 cells over 90 min
revealing highly dynamic turnover of LDs. To complete the
picture of LD turnover, it is important to recognize that TG
is constantly added to LDs by TG synthesis, a process also
upregulated by glucose at a rate likely higher than lipolysis,
thereby, expanding the total TG pool under high glucose
(10). This seemingly futile glycerolipid/FA cycle may allow
distribution of lipolytic metabolites to a specific intracel-
lular component through the mobility of LDs and contribute
to the stability of STX1A through protein palmitoylation.
It also needs to be noted that our lipolysis measurement
did not assess total lipolytic metabolites. Considering that

the rate of lipolysis is markedly blunted, we estimate that
an approximately twofold increase in TG would not be
sufficient to maintain the production of lipolytic metab-
olites in T2D islets. However, it warrants metabolome-
based quantification of lipolytic metabolites between islets
from donors without diabetes and those from donors with
T2D to draw conclusions regarding the impact of dysregu-
lated lipolysis on total metabolite production in T2D islets.

Our studies have several limitations. We have previ-
ously shown that human pseudoislets maintain features of
original intact human islets over time (27). However, this
cultured islet model might not fully recapitulate all fea-
tures of human islets in vivo. Also, ATGL was downregu-
lated in both non-B-cells and B-cells in human pseudoislets
(58). While the imaging study selectively monitored 3-cells,
the change in GSIS may reflect the impact of ATGL down-
regulation in (3-cells and non-B-cells. gPCR data showed an
increase in GCG without change in INS in shATGL pseu-
doislets (Fig. 4H). Although we did not see decreases in
other B-cell markers (Fig. 4H) or increases in stress markers
(Fig. 4I) with shATGL treatment, we cannot rule out selec-
tive loss of insulin-positive cells, increased « cell prolifer-
ation, and/or transdifferentiation of insulin-positive cells
to glucagon-positive cells in ATGL-deficient human pseu-
doislets; considering that a cells also express ATGL at
comparable level as B-cells (56,57). However, our prelim-
inary data showed that LDs are richer in B-cells than a
cells, the second most abundant cells in human islets. Also,
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we have utilized INS1 cells to supplement findings in hu-
man islets. To ensure the specificity of siRNA/shRNA, we
tested two independent siRNAs/shRNAs that target dif-
ferent regions of ATGL and STX1A. However, re-expression
of ATGL and STX1A to rescue the phenotype would be
needed to further confirm the specificity of phenotypes.
While ATGL deficiency reduced insulin secretion and
STX1A in both human pseudoislets and INS1 cells, INS1
cells differ from human pseudoislets in the reduction of
total insulin by siATGL. As insulin secretion was lower in
ATGL-deficient INS1 cells even after correction for total
insulin, lowering of total insulin in INS1 cells does not
change our interpretation. However, we do not have an
explanation why ATGL deficiency in INS1 cells reduced
insulin content. One possibility is that change in insulin
secretion secondarily affects total insulin content in INS1
cells but not in human pseudoislets. We have observed
a correlation between insulin secretion and total insulin
when other targets were manipulated in INS1 cells. Total
insulin content increases when PLIN2 downregulation
increases insulin secretion (Y.I., unpublished data) and
total insulin contents decrease when STX1A (Fig. 8) and
DHHC1 (Y.I., unpublished data) reduce insulin secretion in
INS1 cells.

In summary, ATGL is a principle lipase in human 3-cells
and is indispensable for normal insulin secretion in human
pseudoislets. STX1A is a previously unrecognized target of
ATGL in supporting insulin secretion by human pseudois-
lets and INS1 cells. Interestingly, human islets from T2D
donors showed dysregulation in lipolysis indicating a po-
tential contribution of lipolysis to the B-cell dysfunction in
T2D.
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