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Abstract

Type 2 diabetes (T2D) is a metabolic disorder characterized by hyperglycemia, hyperinsulinemia,
and insulin resistance (IR). During the early phase of T2D, insulin synthesis and secretion
by pancreatic B cells is enhanced, which can lead to proinsulin misfolding that aggravates
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endoplasmic reticulum (ER) protein homeostasis in § cells. Moreover, increased circulating
insulin may contribute to fatty liver disease. Medical interventions aimed at alleviating ER stress
in B cells while maintaining optimal insulin secretion are therefore an attractive therapeutic
strategy for T2D. Previously, we demonstrated that germline Chop gene deletion preserved B cells
in high-fat diet (HFD)-fed mice and in leptin receptor—deficient ab/db mice. In the current study,
we further investigated whether targeting Chop/Ddiit3 specifically in murine § cells conferred
therapeutic benefits. First, we showed that Chgp deletion in B cells alleviated B cell ER stress

and delayed glucose-stimulated insulin secretion (GSIS) in HFD-fed mice. Second, p cell-specific
Chop deletion prevented liver steatosis and hepatomegaly in aged HFD-fed mice without affecting
basal glucose homeostasis. Third, we provide mechanistic evidence that Chop depletion reduces
ER Ca?* buffering capacity and modulates glucose-induced islet CaZ* oscillations, leading to
transcriptional changes of ER chaperone profile (“ER remodeling™). Last, we demonstrated that

a GLP1-conjugated Chop antisense oligonucleotide strategy recapitulated the reduction in liver
triglycerides and pancreatic insulin content. In summary, our results demonstrate that Chop
depletion in f cells provides a therapeutic strategy to alleviate dysregulated insulin secretion and
consequent fatty liver disease in T2D.

INTRODUCTION

Type 2 diabetes (T2D) is a metabolic disorder that poses a severe health challenge for
modern society, as it is estimated by the U.S. Centers for Disease Control and Prevention
that 30 million Americans are affected by this condition (1). T2D is characterized by

insulin resistance (IR), hyperglycemia, and hyperinsulinemia (2). At the same time, current
T2D therapeutics focus on achieving improved blood glucose homeostasis by improving
both insulin secretion and reducing peripheral IR. Pharmacological interventions such as
glitazones and glucagon-like peptide (GLP1) receptor agonists are limited in that, despite
achieving glucose control, there is insufficient clinical evidence to support a beneficial effect
on human pancreatic p cells (3).

Pancreatic B cell pathogenesis coupled with peripheral IR has been the traditional
explanation for T2D, although recent studies using mouse models and clinical findings
made in the Pima Indians (4) support an alternative hypothesis that hyperinsulinemia can
serve as a driving force for IR (5, 6). In the Mehran and Johnson paradigm (5), an excessive
amount of insulin secreted by pancreatic p cells is the cause of peripheral IR and fatty

liver development (7). In this model, reducing the insulin load would therefore alleviate IR.
However, experimental observations made using murine /ns gene knockout (KO) models
may not be relevant to human T2D, although a moderate reduction in insulin production
may be beneficial (7). Nevertheless, it is technically challenging to accurately manipulate
insulin mRNA abundance (8), especially because it is the most abundant g cell mMRNA,
accounting for ~30% of the total transcriptome in mature p cells based on our own RNA
sequencing (RNA-Seq) data (9) and others’ findings (10, 11). Therefore, no current means
exist to directly evaluate whether a reduction in insulin expression can achieve beneficial
metabolic effects.

Sci Transl Med. Author manuscript; available in PMC 2022 January 28.
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On the other hand, previous studies demonstrated that germline deletion of Chop, the

gene encoding transcription factor C/EBP (CCAAT/enhancer binding protein) homologous
protein (also known as Ddit3/Gadd153), prevents B cell failure in diabetes models (12-14). It
is unknown, however, whether Chop deletion protects  cells in a cell-autonomous manner,
especially considering the role of CHOP in reducing weight gain (12), regulating hepatic
lipid metabolism, and suppressing adipocyte development (12). We therefore generated a
conditional Chgp deletion model to critically evaluate the metabolic consequence of deleting
Chop in p cells.

Chop deletion in B cells prevents liver triglyceride accumulation in male DIO mice

A conditional Chop deletion model was created by breeding a floxed Ddlit3 gene allele

(15) with a R/P-CreERT transgene (16). In this model, B cell-specific Chop deletion is
temporally controlled by tamoxifen (TAM) injections (referred to hereafter as “ Chop pKO”
mice; see Table 1 for breeding scheme).

To evaluate the primary effect of Chop deletion, we first assessed blood glucose and insulin
concentrations in normal diet-fed male Chop KO mice (with TAM administered to 21-
week-old mice) compared to the isogenic male littermates that received diluent as controls
(7= 4 males per group). Four months after Chop deletion, Chop KO mice had similar
fasting blood glucose concentrations and displayed similar responses to a glucose challenge
(intraperitoneally at 1.5 mg glucose per gram weight; Fig. 1A) compared to control
littermates. Fasting insulin concentrations were not reduced, whereas glucose-stimulated
insulin secretion (GSIS) was blunted at 30 min (P < 0.05 for 30 min; Fig. 1B). In addition,
we found a trend of reduced B cell function, by applying the homeostasis model assessment
of B cell function (HOMA-B) (P = 0.06; fig. S1A), but not of HOMA-IR (P = 0.31,; fig.
S1B) (17), suggesting that IR was unchanged in Chop KO mice. Nonetheless, there was a
significant linear correlation between fasting insulin and body weight (P< 0.01 by Ftest;
Fig. 1C). Furthermore, there was no difference in cumulative weight gain at 4 months in
Chop KO mice (P= 0.11; Fig. 1D), although reduced weight gain became significant when
we included the non-CreERT littermates in comparison (P < 0.05; fig. S1C). Cumulative
weight gain as a function of time was not affected by CreERT gene expression, as we
previously reported (9).

Aging is a known risk factor for nonalcoholic fatty liver disease (NAFLD) development
in humans (18-20) and C57BL/6 mice (21). To test whether pancreatic p cell-specific
Chop KO was capable of correcting age-associated NAFLD in male mice, we examined
another cohort of Chop BKO and wild-type (WT) littermates, sacrificed at 11, 14, and 17
months of age. Pancreatic B cell-specific Chop KO was mediated by TAM injections at 5
months before sacrifice, whereas the isogenic littermates received phosphate-buffered saline
(PBS) as controls. Mice gained weight during aging, and Chop KO had minimal effect
on cumulative weight gain [P < 0.05 by two-way analysis of variance (ANOVA) but not
by post hoc ttest; fig. S2]. Consistent with a previous report (21), aging (with normal diet
feeding) caused liver fat accumulation in mice sacrificed at 14 and 17 months of age, as
evidenced by hematoxylin and eosin staining of enlarged hepatocytes, increased oil red O
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staining (fig. S3A), and increased liver weight (P < 0.05 by two-way ANOVA,; fig. S3B).

In contrast, Chop KO mice displayed reduced fasting serum insulin concentrations that
correlated with reduced NAFLD in aged mice, as reflected by normal-sized hepatocytes (fig.
S3A) and decreased liver weight (£ < 0.05 by two-way ANOVA; fig. S3B). Last, pancreatic
B cell-specific Chop KO significantly reduced triglyceride (TG) content in aged mouse
livers (P< 0.01 by ttest; fig. S3C), supporting the notion that C/iop KO in f cells corrected
aging-induced NAFLD.

Because diet-induced obesity (DIO) is a known risk factor for NAFLD, we tested whether
Chop KO in p cells could correct DIO-induced NAFLD. Mice were challenged with a
high-fat diet (HFD; 45% fat in kcal) for 20 weeks, starting at 9 weeks of age, with

Chaop deletion induced by TAM at 10 weeks of HFD feeding (Fig. 1E). In addition, we
selected littermates harboring WT Chop alleles as a TAM-treated control group. Before
Chop deletion, the two groups were metabolically indistinguishable with no significant
difference in body weight or blood glucose concentrations, either before or after 10 weeks
of HFD (Fig. 1, F and G). After Chop deletion, a moderate but significant decrease in

body weight was observed in Chop BKO mice (P< 0.01 at week 20; Fig. 1F), which had
no effect on blood glucose (Fig. 1G). After 20 weeks of HFD feeding, murine livers were
dissected for visual inspection and liver TG analysis. HFD feeding caused hepatomegaly
and liver discoloration associated with fatty deposits in control littermates (Fig. 1H) as well
as for a Chop B heterozygous (BHet) mouse in the litter (Fig. 1H). In contrast, the three
Chop BKO mice had normal-sized livers and appeared healthy (Fig. 1H). The morphological
impression was further confirmed quantitatively by significantly reduced liver weight and
TG content in Chop BKO mice compared to littermates (P < 0.05 for both; Fig. 1, |

and J). We surmised that chronically reduced B cell insulin secretion may prevent fatty
liver development in the HFD-fed C57BL/6 mice, as previously proposed by others (5, 6).
Supporting this hypothesis, pancreatic insulin content (standardized by tissue wet weight)
in the Chop BKO mice was not different (P=0.11; Fig. 1K), which nonetheless positively
correlated with TG content (P< 0.05 by Ftest; Fig. 1L). Consistent with a recent report
that demonstrated IR as a causal factor for hepatic de novo lipogenesis in human NAFLD
(7), it will be of interest to investigate whether the reduced fatty liver that we observed here
reflects reduced de novo hepatic lipogenesis or increased export from hepatocytes or fatty
acid oxidation.

Chop deletion in B cells improves insulin secretion under glucose clamp without altering
general glucose metabolism

Observing the blunted GSIS response and the protection from HFD-induced hepatic
steatosis in the Chop KO mice, we further investigated whether the reduced pancreatic
insulin content negatively affected general glucose metabolism. For this purpose, a follow-
up 22-week HFD experiment was performed using male mice, during which body weight,
food intake, and nonfasting blood glucose were monitored. We found no significant
differences in these variables at any time point when comparing Chop KO to their Chop
BHet littermates (Fig. 2, A to C, respectively), whereas glucose tolerance in all the HFD-
fed mice exhibited a significantly increased glucose excursion from baseline regardless of
Chop status [area under the curve—intraperitoneal glucose tolerance test (AUC-IPGTT); P

Sci Transl Med. Author manuscript; available in PMC 2022 January 28.
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= 0.0001 by two-way repeated-measures (RM)-ANOVA and P= 0.88 for Chop; Fig. 2D].
Comparison of IPGTT curves also revealed no difference at every time point, confirming
that the blunted GSIS response in Chgp BKO mice did not cause glucose intolerance (fig.
S4). In the same experiment, Chop pKO HFD mice were similarly sensitive to insulin after
18 weeks of HFD feeding (with TAM administered at 8 weeks after initiation of HFD;
compare fig. S5, A and B). Consistent with the insulin measurements made in mice fed
normal diet (Fig. 1B), Chop pKO HFD-fed mice had similar serum C-peptide compared to
Chop BHet littermates, both before and after glucose stimulation (fig. S5C). Furthermore,
in another independent cohort where Chop was deleted by TAM before HFD feeding, there
was no difference in blood glucose or free fatty acid concentrations in response to a bolus
of insulin injection between Chop BKO mice and their littermates, either on normal chow or
HFD (fig. S6), confirming that insulin sensitivity did not change in Chop BKO mice.

Because we observed no adverse effects of Chop deletion on mouse whole-body
metabolism, we performed a hyperglycemic clamp test on a different HFD-fed cohort using
Chop BKO mice of both sexes (Fig. 2E) again using age-matched Chop pHet littermates as
controls. Although no differences were observed in body weight or fasting blood glucose
(Table 2), both insulin and C-peptide secretion in Chop KO mice were significantly slowed
after hyperglycemia clamping, with delayed, increased secretion of both after 40 min (P

< 0.01 by two-way RM-ANOVA; Fig. 2, F and H). The control Chop BHet mice showed
basal hyperinsulinemia and reduced first-phase responses to glucose, demonstrating that the
HFD model properly replicated the phenotype of humans during the prediabetic and early
T2D phases. Chop KO mice required a significantly higher glucose infusion rate (GIR) to
maintain their blood glucose target at ~300 mg/dl (=16.7 mM; Fig. 2G) (P = 0.0001; Fig.
21), suggesting that the increased glucose clearance was due to increased insulin secretion
and not altered insulin sensitivity (P= 0.82; Fig. 2J). Similar to the normal diet—fed cohort
(fig. S1, A and B), there was a significant difference in p cell function defined by HOMA-B
(P<0.05; fig. S7A), whereas there was no difference in HOMA-IR (P=0.68; fig. S7B).
Furthermore, the differences found in the hyperglycemic clamp study were not due to altered
B cell mass of the Chop KO mice, because no statistical significance was found in the
fractional insulin immunopositive (insulin*) areas (with representative islet morphologies
shown in fig. S8 and the total surveyed pancreata areas reported in fig. S9A; Fig. 2K).
Similarly, no differences were observed in the two groups with regard to a cell distribution
in the islets (fig. S8, B versus D), a cell mass, or the relative ratio of a cells to a cells

(fig. S9, B to D). To investigate whether the in vivo effect of B cell-specific Cigp KO

was associated with altered B cell turnover in islets, such as cell proliferation (using the
proliferating cell antigen Ki67 as a marker) or apoptosis [using terminal deoxynucleotidyl
transferase—mediated deoxyuridine triphosphate nick end labeling (TUNEL) as a marker;
fig. S10A], we stained pancreas sections from aged Chop BWT and Chop KO male mice
sacrificed at 11 months of age and found no change in the percentage of Ki67* or TUNEL*
within the pancreatic B cell population (fig. S10, B to D). Consistent with the large body of
experimental evidence that suggests that there is either low or no pancreatic g cell turnover
in islets of humans (22) and in adult mice (23, 24), there was generally a low number

of both Ki67* and TUNEL™ cells among pancreatic p cells in Chgp BKO mice and in
littermates. Electron microscopy also revealed no gross changes in insulin granule density or

Sci Transl Med. Author manuscript; available in PMC 2022 January 28.
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ER morphology ER in Chop BKO islets (fig. S11). Last, we ruled out the possibility of an
indirect effect of B cell Chop deletion on hepatic gluconeogenesis using a pyruvate tolerance
test (fig. S12).

Furthermore, correction of hyperinsulinemia is often associated with metabolic fitness

in general (25, 26). To evaluate whether Chop KO in B cells also conferred general
metabolic fitness in these animals beyond correcting hepatic steatosis, we measured the
metabolic rate of Chop KO mice using metabolic cages. Consistent with the notion that
correcting hyperinsulinemia confers resistance to metabolic abnormalities caused by aging
and obesity, oxygen consumption rates (VO,) and carbon dioxide production rates (VCOy)
were significantly higher in KO animals (P = 0.02 for both parameters; fig. S13A), although
these values did not reach significance after body weight normalization with a boundary
Pvalue (fig. S13B). These findings indicate that Chop KO mice displayed a beneficial
increase in energy expenditure and heat production compared to WT mice (P = 0.02; fig.
S13C). There was no difference in respiratory exchange ratio (fig. S13D), indicating that
there was no change in substrate utilization (carbohydrate versus fat catabolism). Last, there
were no significant changes in food or water intake between genotypes. Circadian rhythm is
known to regulate feeding behavior, and correctly timed feeding is associated with metabolic
health and longevity (27). The pattern of food and water consumptions suggests that Chop
BKO mice may be protected from obesity-associated circadian rhythm dysregulation (fig.
S13, E and F). In addition, there was a slight increase in total body fat in Chgp BKO mice
(P=0.04; fig. S14A), suggesting a metabolically healthy distribution of body fat, favoring
adipose tissue storage over metabolically harmful ectopic lipid deposition (fig. S14B).

Chop deletion in B cells reduces insulin transcripts and ER stress in male DIO mice

To confirm that Chop deletion in B cells reduces ER stress (12), we performed molecular
analysis of unfolded protein response (UPR) markers using quantitative reverse transcription
polymerase chain reaction (QRT-PCR) and subsequently whole transcriptomic profiling by
RNA-Seq (9, 28) on RNA extracted from the islets of male HFD-fed mice. Molecular
assays revealed greatly decreased insulin-encoding transcripts for both /nsZ and /ns2 (~75%
reduction in Chop BKO islets; Fig. 3A) associated with reduced UPR markers, for example,
Atf4, Bip, and spliced Xbp1 (sXbpl), in KO islets compared to BWT littermates (Fig.
3B). Furthermore, supporting our findings by gRT-PCR, transcriptome profiling showed

a significant reduction in other UPR markers, represented by Atf3, Bip/Hspa5, Sec23b,

and ERdj4/Dnajb9 (P < 0.05; Fig. 3C). Chop deletion did not affect  cell identity,

because key B cell transcription factors including Pax, Nkx6.1, Mafa, Is/1, and Ngn3
were not altered in Chop BKO islets (Fig. 3D), consistent with our histological findings

of unchanged B cell mass and islet morphology. In addition, Chop deletion did not alter

the abundance of mRNAs encoding Cpe, Glut2, or PC1/2 (fig. S15), further supporting

the hypothesis that C/op deletion did not impair B cell differentiation status. In contrast,
Wis1, Gadd34/Ppplrisa, and Bip/Hspas (encoded by two alternatively spliced isoforms,
namely, NM_022310and NM_001163434), representing the UPR target genes for the
IREla, PERK, and ATF6 branches of the UPR, respectively, were all significantly reduced
except for Gadd34 (P< 0.05; Fig. 3E). Reductions in UPR transcript abundance were
supported further by our finding that a subset of mMRNAs that encode ER proteins were

Sci Transl Med. Author manuscript; available in PMC 2022 January 28.
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altered (Fig. 3F), suggesting that CHOP has a long-term effect on ER remodeling. Because
the UPR is an adaptive response to ER stress, we biochemically tested whether Chop-
deleted B cells exhibited reduced ER stress by probing the interaction between proinsulin
and BiP (binding immunoglobulin protein). BiP binding to misfolded proinsulin is the

gold standard biochemical indicator for proinsulin misfolding in p cells (29-31). By BiP
coimmunoprecipitation (co-IP) assay, we confirmed that less BiP protein was associated
with proinsulin in the Chop BKO islets (Fig. 3G) compared to BHet islets, consistent with
reduced ER stress in Chop BKO islets. Furthermore, to investigate whether the altered
insulin secretion in response to the hyperglycemic clamp was an islet-autonomous effect, we
isolated islets from a batch of lean Chop KO mice and their age-matched littermates (Chop
BHet mice) and performed an in vitro GSIS assay along with metabolic pulse-chase labeling
of nascent proinsulin using 3°S-methione + 35S-cysteine to track the intracellular proinsulin
processing. Fully supporting the in vivo clamp study, Chop BKO islets displayed a delayed,
increased insulin secretion dynamics, evidenced by the cumulative insulin secretion into

the conditioned media (Fig. 3H). Specifically, although there was a discernible reduction in
insulin release from Chop-null islets at 1 hour after 16.7 mM glucose stimulation, prolonged
incubation of the islets in glucose for 2 hours stimulated a greater amount of insulin
secretion from BKO islets (Fig. 3H) compared to fHet islets. In the same experiment, pulse-
chase labeling with 35S-Met/35S-Cys also suggested that the nascent proinsulin molecules
were less retained in the Chop BKO islets at the end of the 2-hour chase period (Fig.

31). Scintillation quantification independently confirmed that there was proportionally less
retained 3°S radioactivity in the Chop BKO islets (Fig. 3J) compared to BHet islets, with the
assumption that most of the reduced 3°S radioactivity reflects secretion of newly synthesized
insulin. Theoretically, newly synthesized insulin contributes proportionally more to the
second phase of insulin release from B cells (32). In conclusion, the in vitro GSIS assay
performed on isolated islets reproduced the in vivo insulin secretion pattern revealed by
hyperglycemic clamp, thereby providing a potential mechanism of action for in vivo insulin
reduction and hyperinsulinemia correction. Collectively, these results led us to hypothesize
that, under physiological conditions, CHOP serves as a transcriptional hub in  cells that
can alter ER function by increasing the expression of genes encoding ER structural, ER
functional, and ER-to-Golgi trafficking proteins to accommodate proinsulin synthesis (fig.
$18). Conversely, Chop deletion in B cells decreased proinsulin mRNA accompanied by
more efficient folding as indicated by faster proinsulin processing and less BiP interaction
due to reduced ER stress.

ER stress up-regulates insulin mRNAs, and GLP1-Chop ASO corrects liver TG
accumulation

A missing mechanistic link, however, is that CHOP does not directly bind to the promoter
regions of all of these affected genes (Fig. 3F), as we demonstrated previously using
chromatin IP sequencing (ChIP-Seq) (28). Thus, we wondered how Chop deletion could
result in changes in ER function without altering the promoter activity of ER-related genes.
The ER is the major intracellular Ca2* storage organelle, and both ER and cytosolic Ca2*
as well as adenosine 5’-triphosphate (ATP)-to—adenosine 5’ -diphosphate (ADP) ratios can
be profoundly affected by physiological ER stress (33, 34). Ca2* has a crucial physiological
role in pancreatic islets, because glucose-dependent cytosolic Ca2* oscillations driven by

Sci Transl Med. Author manuscript; available in PMC 2022 January 28.
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membrane electrical activity trigger insulin exocytosis (35-37) and /ns gene transcription
is positively regulated by cytosolic Ca2* concentrations (38, 39). We therefore tested
whether the Chop deletion—dependent changes in islets were associated with altered ER
Ca?* signaling, representing a logical outcome from reduced ER stress.

For this purpose, we tested the effect of a membrane-permeable intracellular Ca2* chelator,
BAPTA-AM [1,2-bis(2-aminophenoxy) ethane- N, N, , V' -tetraacetic acid acetoxymethyl
ester] (abbreviated as “BAPTA” hereafter), on islets isolated from C57BL/6 mice. When
islets were exposed overnight to BAPTA (10 uM), we observed reductions in both /nsZ and
Ins2mRNA (Fig. 4A). At the same time, Chop and sXbp1 abundance were also reduced by
BAPTA treatment, suggesting that lowering g cell Ca2* reduced UPR induction in these WT
islets, possibly by decreasing the proinsulin translation burden placed on the ER (Fig. 4A).
Tunicamycin (Tm; 0.5 pg/ml), in combination with BAPTA treatment, rescued the decrease
in both /nsZ and /ns2 mRNA abundance, showing that the effect of Ca2* chelation on g

cell ER stress could be overcome by pharmacological ER stress induction, indicating that
ER stress induction of /7s mRNA expression involves other factors independent of Ca*
signaling. Concomitantly, Chop and sXbpI mRNAs, as well as B/ mRNA were induced by
Tm treatment (BAPTA columns versus BAPTA + Tm columns; Fig. 4A).

The previously reported positive regulation of /ns1//ns2transcription by ER stress (9) was
further confirmed in a separate batch of W7 and Chop BKO islets treated with Tm (5 pg/ml)
(fig. S16). In contrast, induction of Chop mRNA by activating GCN2 using halofuginone
(HFn; 50 nM), a potent transfer RNA (tRNA) synthetase inhibitor (40, 41) to induce elF2a
phosphorylation, reduced /ns and /ns2transcripts, as well as SXBP1, despite pronounced
Atf4and Chopinduction (Fig. 4A). Under HFn treatment, Chop induction is partially
attributable to the amino acid response element sequence in the Chop promoter (42). Last,
addition of cyclosporine A (CsA; 200 nM) to islet media induced both /nsZ and /ns2
transcripts, suggesting that the ER Ca2* effect on /ns1//ns2 expression was unlikely due to a
direct consequence of activation of the calcineurin/NFAT (nuclear factor of activated T cells)
pathway (43) by Ca?*.

Insulin granule secretion from mature p cells is dependent on cytosolic Ca2* oscillations,
and Chop BKO islets exhibited reduced cytosolic Ca2* concentration in response to 11

mM glucose (P< 0.0001; Fig. 4B). ER Ca?* content was also reduced in these islets (Fig.
4C). Furthermore, GLP1-conjugated antisense oligonucleotides (GLP1-ASOs) demonstrated
efficient gene knockdown in rodent islets (44), providing an attractive, independent strategy
to mediate Chop knockdown to test our hypothesis. We therefore treated mice with floxed
Chop alleles (15) (on the C57BL/6 background without CreERT) with GLP1-Chop ASO

in vivo (Fig. 4D) by subcutaneous injections in young mice of both sexes. Control group

of littermates received GLP1-conjugated control ASO (a sequence not homologous to any
known gene in the murine genome). As expected, GLP1-Chop-ASO administration was well
tolerated by the mice and specifically reduced islet Chop transcripts by >60% (Fig. 4E),
with minimal effects on other C/EBP family members (Cebpa, Cebpb, and Cebpg) in either
islets or liver tissue, demonstrating p cell selectivity as reported (44). Further supporting our
hypothesis, treatment with GLP1-Chop-ASO reduced the ER Ca2* pool without secondarily
affecting the relative cytosolic Ca* concentrations stimulated by 11 mM glucose (Fig.

Sci Transl Med. Author manuscript; available in PMC 2022 January 28.
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4, F and G), suggesting that the change in ER Ca?* was a primary event immediately

after Chop knockdown. This is proof of principle that the GLP1-ASO strategy can be
exploited to alter islet physiology and Ca2* dynamics. These results support our working
hypothesis featuring an ER-centric role of CHOP in pancreatic B cells (fig. S18). Because
GLP1-Chop ASO-treated islets displayed ER Ca2* changes analogous to Chop BKO islets,
we investigated whether GLP1-Chop ASO also reduced liver TGs analogous to the Chop
BKO mice. We tested GLP1-Chop ASO in two widely used murine NAFLD models. For

the DIO model, male C57B1/6 mice received 10 weekly GLP1-Chop ASO (1 mg/kg per
week), GLP1-scrambled ASO (1 mg/kg per week), or unconjugated Chop ASO doses (0.5
mg/kg per week), starting from 12 weeks after 45% HFD initiation (22 weeks total of HFD).
For the Lpr??/@ model, male Lpr®@% mice received eight weekly GLP1-Chop ASO (3.2
mg/kg per week), GLP1-scrambled ASO (3.2 mg/kg per week), or unconjugated Chop ASO
(1.6 mg/kg per week) doses, starting from 5 weeks of age with standard diet (Fig. 4H).
GLP1-Chop ASO-treated mice had reduced liver TGs, which became significant when the
two control groups were pooled for comparison with GLP1-Chop ASO group (P < 0.05; Fig.
41), and significantly reduced pancreatic insulin (P < 0.05; fig. S17, A and B), without an
effect on their body weight (fig. S17, C and D). In summary, analogous to Chop BKO, Chop
GLP1-Chop ASO dosing reduced liver TGs in orthogonal NAFLD models, apparently as a
result of reduced pancreas insulin but not of reduced body weight.

DISCUSSION

In summary, we propose that CHOP is activated by UPR signaling through the PERK
branch, as a response to increased proinsulin synthesis and misfolding (45). In turn, CHOP
serves as a transcriptional hub to maintain ER proteostasis. This process also controls
insulin transcription, partially via Ca2* signaling, from the ER to the nucleus, although

this is unlikely directly mediated by CHOP. Furthermore, ER remodeling, in turn, has a
profound effect on ER Ca2* that subsequently regulates the increase in cytosolic Ca2* that
occurs in response to elevated glucose. At the same time, comparison of the genetic Chop
BKO model versus the GLP1-ASO-mediated Chop knockdown model demonstrated that the
Chop deletion-induced GSIS change is a chronic complex event in B cells, with the ER Ca%*
pool change preceding the insulin mRNA reduction and GSIS decrease.

Because the pancreatic islet is a nutrient sensing organ and f cells secrete insulin to

increase anabolic metabolism upon nutrient availability, we speculate that, when there is

a surfeit of nutrition, increased insulin secreted into the circulation exacerbates IR and
promotes fatty liver in humans (7), although there was a dissociation between HOMA-IR
(17) and hyperinsulinemia in Chop KO mice. We were initially intrigued to find that a
75% reduction in /ns1 and Ins2 mRNA by Chop deletion did not produce a strong metabolic
phenotype in mice, although this was not unprecedented (5, 6, 11). Insulin mMRNA may be in
excess in P cells and crucial for glucose sensing. This may be better explained by a model
proposing that ER stress due to increased proinsulin synthesis is coupled to insulin secretion,
mediated through an ER Ca?* response in B cells. In the UPR signaling cascade, however,
Perk deletion (46), elF2a phosphorylation site mutation (47, 48), /rela deletion (9), sXbp1
deletion (49), and Atf6 deletion (50) all caused deleterious outcomes in B cells and were
thus unsuitable therapeutic targets. Chop deletion may be the only example that can safely
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reduce ER stress in p cells (12) by exemplifying a “thrifty gene” providing an evolutionary
advantage during famine (51). This hypothesis is more attractive, given our finding that
cell-specific Chop deletion prevented HFD-induced hepatic steatosis, echoing recent human
findings (7).

Despite the profound changes in insulin secretion induced by Chop deletion (via the
genetic CreERT-LoxP system) and the subsequent pronounced reduction in liver TG, such
a murine model has limitations. First, the selected transgene combination determined by
Mendelian ratio governs the experimental animal yield (Table 1), which is not particularly
high, considering the typical C57BL/6J litter size. Therefore, at any given time, only a
small number of experimental and control animals are available for direct comparison. In
addition, we determined that it is essential to compare littermates for a robust analysis.
Second, measurements of insulin concentrations in blood are inherently “noisy,” and
insulin concentrations sampled from peripheral blood are an approximation of direct insulin
secretion, with liver filtration and clearance as main complexing factors (52). Addressing
these limitations would require further experiments. Alternative experimental procedures,
such as blood sampling directly from the portal vein while animals are maintained under
normal feeding conditions, would be desired for more accurate estimates of insulin secretion
with genetic/pharmacological manipulation of islets.

Last, inspired by the unique phenotype of Chop-deleted B cells, we discovered that a
GLP1-conjugated Chop ASO could partially recapitulate “ER remodeling” characterized
by a reduced ER Ca?* pool, thereby providing a promising therapeutic strategy for further
pharmacological characterization and refinement to combat human T2D and fatty liver
disease.

MATERIALS AND METHODS

Study design

The purpose of this study was to critically evaluate the metabolic consequence in mice of
deleting Chop in B cells and subsequently to investigate whether GLP1-Chgp ASO could
also reduce liver TGs analogous to Chop BKO mice. For the first aim, we carried out

the conditional Chop deletion model that was created by breeding a floxed Ddiit3 gene
allele (15) with a RIP-CreERT transgene (16). In this model, B cell-specific Chop deletion
is temporally controlled by TAM injections (referred to as Chop KO mice; see Table 1

for breeding scheme). All available mice with predefined genotypes are included with no
further selection. For the second aim, two widely used murine NAFLD models, namely,

the male DIO-C57BL6/J model and the £,pr%/@% model, were applied for GLP1-Chop ASO
treatment. All HFD mice were males, to eliminate any potential confounding influences of
gender differences, because females have been documented to be inconsistently responsive
to DIO manipulation (17). All mice were randomly assigned to treatment groups, and all
analyses were performed blinded to treatment conditions. The number of biologic replicates
is specified in the figure legends. Sample size for each experiment including number of mice
per group was initially based on historical data and was subsequently estimated by power
analysis (with a = 0.05 and power = 0.80; http://biomath.info/power/ttest.ntm) to ensure
adequate power for main conclusions.
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Mouse diet and husbandry

Standard mouse diet (Teklad Global Irradiated Diet) and water were available ad libitum at
all times, except for a 4- to 6-hour fasting period before IPGTT when indicated. For the
HFD studies (45% fat in kcal%; OpenSource Diets), male mice from 2 to 3 litters were
mixed and matched, with 7= 2 to 4 mice per cage without genotype separation. Mice
were only separated into individual cages for food intake measurement, when indicated.
All procedures were performed by protocols and guidelines approved by the Institutional
Animal Care and Use Committee (IACUC) at the Sanford Burnham Prebys (SBP) Medical
Discovery Institute. For metabolic caging and body composition studies, animal use was
approved by the IACUC at the University of California San Diego.

Generation and genotyping of ChopFé/Fe (Ddit3Fe/Fe) mice

Transgenic mice were generated in house and characterized as previously published (15).
This line was donated to The Jackson Laboratory, with strain catalog no. 030816 (“B6.Cg-
Ddit3fmL1IrF) For genotyping of the mice carrying the floxed Chop/Ddit3allele, primers
targeting the L83 element were used as described on the website: https://www.jax.org/strain/
030816.

Breeding strategy to generate Chop KO mice

ChopFé mice were first bred with a R/P-CreER transgenic mouse (16), in which the fusion
protein of Cre recombinase and a mutant human estrogen receptor (ER72) is driven by the
rat insulin 11 (Ins2) promoter to generate the Chop*Fé: RIP-Crefounders. The Chop™Fe:
RIP-Cre mice were further bred with Chop™#€ mice to generate littermates of the following
genotypes: (i) Chop™®Fé. RIP-Cre, (ii) Chop*/Fé: RIP-Cre, and (iii) Chop*'*: RIP-Cre. After
TAM injections, the Ddit3loci specifically in the B cells became (i) Chop™2: RIP-Cre,

(i) Chop*!®: RIP-Cre, and (iii) Chop*!*: RIP-Cre, respectively. In selected experiments,
Chop™~ mice were used (instead of Chop™*e mice) to breed with the Chop™*e: RIP-Cre
founder so that progeny of the following genotypes were generated: (i) Chop"®~: RIP-Cre
and (ii) Chop*'~: RIP-Cre. After TAM injections, the Ddit3 loci specifically in the B cells
became (i) Chop™~: RIP-Creand (ii) Chop*'~: RIP-Cre, respectively. Refer to Table 1 for
specific breeding schemes used for presented results.

Whole-transcriptome bioinformatics analysis

For RNA-Seq of islets, polyadenylate [poly(A)]-enriched RNAs extracted from three male
mice were prepared for both genotypes, with the number (proportion) of successfully
aligned reads from a sample ranging from 55 million to 80 million (>98% mapping rate).
TopHat Splice-aware Aligner was used to align reads to the mouse reference genome
(mmZ10) plus known splice junctions, created by ERANGE scripts and UCSC known

genes (http://genome.ucsc.edu). Read counts were normalized to RPKM (reads per kilobase
pair per million reads mapped) values for transcript abundance comparison. Trimmed

mean of M (TMM) values were used for between-sample comparisons. For differential
expression analysis, generalized linear model likelihood ratio tests were implemented in
EdgeR software.
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Targeted delivery of ASOs

For effects of Chop gene silencing in B cells, Chop gene—floxed mice (B6.Cg-Ddit3m1- 11t/
The Jackson Laboratory, catalog no. 030816) were treated twice with GLP1-Chop ASO,
once every 5 to 7 days, by subcutaneous injections of PBS-diluted GLP1-ASO compounds
in a volume of 0.2 ml per injection. GLP1-control ASO was administered to control
littermate mice in parallel at the same time. A method describing the synthesis and
characterization of the GLP1-ASO moiety can be found in the study of Amméla et al. (44).
Three days after the second GLP1-ASO injection, mice were sacrificed for islet isolation and
characterization.

For effects of GLP1-ASO dosing on liver TGs, two mouse models of NAFLD were tested.
For the DIO model, male C57BI6 mice received 10 weekly GLP1-ASOs (1 mg/kg per week
of scrambled ASO or Chop) or unconjugated Chop ASO doses at (0.5 mg/kg per week),

12 weeks after 45% HFD initiation (a total of 22 weeks of HFD). For the Lpr?/% model,
male Lpr mice received eight weekly GLP1-ASO (3.2 mg/kg per week) or unconjugated
Chop ASO (1.6 mg/kg per week) doses, starting from 5 weeks of age with standard diet
(LabDiet no. 5008). Mice were sacrificed at the end of GLP1-ASO/ASO dosing. Liver TG
and pancreas insulin content were measured and reported. More details of experimental
procedures can be found in the Supplementary Materials.

Statistical analysis

All data subjected to parametric tests were normal according to Shapiro-Wilk using
GraphPad’s Prism software (version 9.0). Student’s ¢test (two-sided) was used only when
comparing two groups, with an a level of 0.05. Continuous variables, such as TG, glucose,
and insulin concentrations, were compared using either a two-way RM-ANOVA or ordinary
two-way ANOVA (Prism software) with an a level of 0.05. For two-way RM-ANOVA tests,
time and genetics or compounds were assumed to be independent parameters. Bonferroni’s
multiple comparisons test was subsequently performed for comparison between individual
groups (KO versus control group). Statistical significance was expressed as follows: n.s., not
significant; *P< 0.05; **P< 0.01; ***P < 0.001; ****P < 0.0001. Statistical analysis details
are provided in data files S1 to S4. Details of transcriptomic statistical analysis are provided
in Supplementary Materials and Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. B cell-specific Chop deletion reduces insulin in pancreata and in circulation and prevents
liver TG accumulation in male DIO mice.

Under normal diet feeding, Chop-floxed (n7=4) and isogenic Chop-deleted (n=4)
littermates were tested 4 months after TAM injections. All mice were male. (A and B) After
a glucose injection (1.5 mg/g body weight, intraperitoneally), glucose excursion showed
no difference at 30 min after injection (A), whereas serum insulin concentrations were
different at 30 min after glucose stimulation (P < 0.05, by Bonferroni’s test after two-way
RM-ANOVA) (B). (C) Correlation of the body weight of individual mice with fasting
insulin (P< 0.01 by Ftest, 2 =0.75). (D) Chop-deleted mice cumulative weight gain 4
months after Chop deletion. = 0.11 by two-tailed Student’s ftest. (E) Chop-floxed (n=
3) and congenic control littermates (7= 5, with 4 WT animals and 1 heterozygous animal)
were fed with HFD (45% cal from fat) for 20 weeks before tissue harvest. Mice received
TAM injections (four times every other day) at 10 weeks of HFD feeding to delete Chop
via Cre recombinase. All mice were male. (F) Body weight after Chop deletion (week 20,
P<0.01) (10 weeks after Chop deletion by TAM). (G) Nonfasting blood glucose. (H)
Appearance of fresh liver (top) and pancreas organs immediately after tissue dissection for
all mice. (1) Liver weight of Chop-deleted animals (Chop BKO, after CreERT-mediated
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Chop deletion) compared to WT and Het littermate control mice (P= 0.02). (J) Liver TGs
in Chop-deleted mice compared to WT and Het littermate control mice (P < 0.05). (K)
Pancreatic insulin in Chop-deleted mice compared to littermate control mice (P=0.11). (L)
Liver TG content correlation with pancreatic insulin content on a semi-log plot (P < 0.05).
Data plotted are individual mice, with bar and whiskers representing means + SEM.
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Clamp study on DIO mice
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Fig. 2. B cell-specific Chop deletion improves insulin secretion after sustained glucose stimulation
without altering glucose metabolism.

(A to D) Body weight (A), daily food intake (B), nonfasting blood glucose concentrations
(C), and glucose excursion after an IPGTT test (D) in Chop BKO mice versus Chop pHet
littermates fed 45% HFD for 22 weeks, starting at 9 weeks of age. (E) Experimental scheme
for hyperglycemic clamp. Chop-floxed mice with congenic littermates were fed with HFD
for 7 weeks before TAM injections (four times every other day). Mice were kept on HFD for
another 12 weeks before the hyperglycemic clamp assay (7= 8 for Chop KO and n= 3 for
Chop BHet, both male and female mice were tested; see Table 2). (F) Insulin concentrations
and C-peptide concentrations (H) in the arterial blood were measured by enzyme-linked
immunosorbent assay (ELISA). (G) Hyperglycemic clamping was maintained at 300 mg/dl
by continuous glucose infusion into the jugular vein via an implanted catheter. (H) Blood C-
peptide concentrations are shown, as measured by ELISA. (1) Glucose infusion rates (GIRS).
(J) Insulin sensitivity, defined as glucose disposal rate (GDR) divided by insulin plasma
concentration. For (A) to (J), two-way RM-ANOVA was applied. (K) Area with insulin
staining in pancreata dissected and fixed for histological analysis after the hyperglycemic
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clamp assay. Data plotted are individual mice, with bar and whiskers representing means *
SEM.

Sci Transl Med. Author manuscript; available in PMC 2022 January 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Yong et al.

Page 21

A Ins1 Ins2 B Cho, i c
50 50 By Gop  §an 2P Volcano plot
! 2 4 74 313
3 52 & £0 51
o o o d oo Txndcs
o o S m
¥ o™ o ot i " o o 44 « Detn2
Atf4 SXBP1 = cyrete ot
i 5 8 9 o WSet o, mt2
D s 50 p=o.51sm P=0413 'gi g ; g 3_ Atf3e palo Dtx3-'-g%;(22c
o e :nn ¥ g : 1 Q Sec23b . *mt1
& = & S o 3 3 o —_— Arhgap36°* FoxaZ Eif4ebp1
S o o =} 2_ Hspab+,, ¢  Chact Hbb-b1
ot o o o = Dnajp9 o* Hbb-bs
(=] Niil3 *_» Hspas *Gp2 s Hbz:al
Wfs1 150, Badd34 o P e
Lol |;| P=00s i P=o0s | 1—
™ g4 . 1
Euls
pr Lj_l w“ I_:;I 0 T v T 1
o o ger® -2 -1 0 1 2
Bip Bip
500 ":Mjm':’w.ons E o INMM“E:ZLM LOgZFC (KOIWT)
¥ o
e
a §© Q'g Y H 3 Chop BHet (+/A: Cre) 3 Chop BKO (A/A: Cre)
FEANF oo® d.ov’* L. i
Insulin in medium
G Chop BHet Chop BKO 200
Glc (mgd) 100 300 300 100 300 300 >
Inc. time (min) 45 45 30 45 45 30 £ 150
IP’ed ProINS+ INS c
el S 1
5] Co-P'edBiP c
2| Anti- | 3 | = 50
o e [ h
=1 opmP 1 111 087 087 05 082 0 'n : :
5 Anti— r—— = » i » Lid
Eactin @w & &S
£ A N € €
& & e“w aﬁm
(’(‘ b’(’ o‘{b 0(,‘)
. 35,
I Autoradiography J Intracellular ~°S-Met/Cys
> 3000
i
0 16.7 mM glucose 2hours 3 -
=2
)
Pulse Chase 1 hour Chase 2 hours § 5 2000
=
T =
Chop pHet © o 1000
=
o
Sample #1 #2 #1 #2 #1 #2 &
Q>

Fig. 3. Chop deletion reduces insulin-encoding mRNAs and ER stress in male DIO mice.
Chop BKO (Fe/Fe: Cre) and Chop BWT (+/+: Cre) congenic littermates (7= 5 per group,

all male) were fed with HFD (45% cal from fat) for 45 weeks before TAM injections and
were continued on HFD for another 8 weeks before islet isolation. (A and B) Abundance

of transcripts encoding insulin (/nsZ and /ns2) (A) and UPR genes (B). Experiment was
repeated five times, with representative qRT-PCR results from one such experiment shown
in (A) and (B). Islet RNA samples extracted from the same donors as in (A) and (B)

were further analyzed by RNA-Seq (/7= 3 per group). Transcriptomic profile analysis was
performed using poly(A)-enriched mRNA samples isolated from the mice shown in (A) and
(B) by next-generation sequencing. (C) Volcano plot of differential mRNA expression for
both groups. Select genes with significant Pvalues (P < 0.05) were labeled as green/blue
dots to reflect down-/up-regulation as a result of Chogp deletion. (D and E) RPKM values
for important B cell lineage—determining genes, namely, Pdx1/Nkx6.1/Mafa/Ngn3/Isl1 (D),
and select UPR genes (E) were plotted, with Pvalues indicated. (F) Heatmap for a group

of select genes important for ER protein translation/translocation, with percentage change
in expression shown. (G) Proinsulin-bound BiP protein was immunoprecipitated by anti-
insulin co-IP in Chop BKO islets 6 weeks after TAM injection. Co-IP BiP was quantified by
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optical density after Western blot. Islets from male donors (Chop BKO versus Chop BHet; n
= 3 per group) were pooled and challenged with glucose after overnight culture. (H) Insulin
ELISA assays showing insulin secretion dynamics with 16.7 mM glucose as stimulation.

(1) Proinsulin (ProINS) processing in Chop BKO islets was monitored by pulse-chase assay
and visualized by autoradiography. (J) Scintillation quantification showing retained 3°S
radioactivity in the Chop BKO islets. n= 40 islets per condition.
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(A) Islets isolated from male C57BI16/J mice (7= 5) were pooled and divided into five
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groups after overnight culture, with ~120 islets per group. The islets were subsequently
challenged with either dimethyl sulfoxide (“Ctrl”) or one of the following: 10 pM BAPTA
acetoxymethyl ester (BAPTA-AM), 10 uM BAPTA-AM plus tunicamycin (Tm) (500 ng/ml),
50 nM halofuginone (HFn), or 200 nM cyclosporine A (CsA) for 18 hours before RNA
extraction for gRT-PCR. Relative transcript abundance is summarized as bar graphs, using
per-condition B-actin gene expression (“Mean Cq”) as a reference. (B and C) Cytosolic CaZ*
(B) and ER Ca2* pools (C) in Chop BKO islets. Representative traces show intracellular
Ca?* signals (means + 95% confidence interval) (7= 30 to 50 islets per group). Experiments

were repeated three times using three pairs of control and BKO islets. Experimental

conditions included physiological extracellular Ca* (2.56 mM), followed by extracellular
Ca?* removal and exposure to the reversible SERCA (sarco/endoplasmic reticulum Ca2*-
adenosine triphosphatase) pump inhibitor Cyclopiazonic acid (CPA) at 50 uM. Glucose [5

mM (“5G”) or 11 mM (*11G”)] was used for all experiments. Two-way ANOVA with

post hoc Tukey multiple comparison tests was used for statistical analysis. a.u., arbitrary
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units. (D) llustration of GLP1-ASO chemical structure. (E) Effect of GLP1-ASO against
Chop on Chop transcript abundance [expressed as transcripts per million (TPM)] in mouse
islets. RNA extracted from the livers of the same mice served as internal controls for Chop
RNA-Seq. Expression of additional C/EBP transcription factor family members is shown as
controls. (F and G) Effect of GLP1-ASO treatment on glucose-induced cytosolic Ca2* (F)
and ER Ca?* pools (G) in primary islets in vivo. Representative intracellular Ca%* traces
(means = SEM) are shown (7= 30 to 50 islets per group). For (F) and (G), male and female
Ddit3-floxed mice (without R/P-CreER transgene) were treated with GLP1-ASO before islet
isolation. (H and 1) GLP1-ASO dosing reduced liver TGs in two mouse models of NAFLD.
Liver TGs were measured and reported as individual groups (H) or control groups versus
GLP1-Chop ASO (l). n= 6 per group; *P < 0.05 for “GLP1-Chop ASO” effect. Solid bars,
C57BI6-DIO model; empty bars, Lpr®/@% model. Two-way ANOVA with post hoc Tukey
multiple comparison test was used for statistical analysis in (1).
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Breeding strategies.

Genotypes
of breeding pair

Table 1.

Fe, floxed gene allele; +, WT gene allele; —, KO gene allele.

Used in figures

Chop Fe/Fe :
RIP-Cre x Chop
Fe/lFe: 0

Control
littermate CZ%%’P KS
genotype genotyp
(expected (expected
ratio for ratio for
males) males)
Chop Fe/Fe : RIP-Cre +
diluent Chop Fe/Fe : RIP-Cre + TAM injections
injections (Y2 x Yo = 1/4)

(o x Y2 = 1/4)

Figure 1, AtoD

Chop Fe/+:
RIP-Cre x ChopFe/+:0

Chop +/+: RIP-Cre
(Y2 x Y2 x Y4 = 1/16)

Chop Fe/Fe : RIP-Cre
(Y% x Y2 x Ya = 1/16)

Figure 1, Fto L

Chop Fe/Fe :
RIP-Cre x Chop +/-: 0

Chop Fe/+ : RIP-Cre
(Y2 x Y2 x Y2 =1/8)

Chop Fe/-: RIP-Cre
(Y2 x Y2 x Y2 =1/8)

Figure 2, Ato D

Chop =/ : RIP-Cre x Chop Fe/+: 0

Chop +/-: RIP-Cre
(% x % x 15 = 1/8)

Chop Fe/-: RIP-Cre
(% x % x ¥ = 1/8)

Figure 2, Fto K
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Table 2.

Mice for hyperglycemic clamp study.

Data are displayed as means + SEM.

Fasting
Body
Male Female Total . blood
Genotype weight
YP (n) (n) (n) ( g% glucose
(mgy/dl)
Chop +/-: RIP-Cre 2 1 3 36.8+1.2 173+ 12
L, 197%
Chop /- : RIP-Cre 6 2 8 39.6 + 2.9"s. 2615 F

*
P=0.58 by two-tailed #test, compared to control group.

fP: 0.59 by two-tailed ¢test, compared to control group.
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