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Abstract

Although triglyceride (TG) accumulation in the pancreas leads to -cell dysfunction and raises

the chance to develop metabolic disorders such as type 2 diabetes (T2DM), the molecular
mechanisms whereby intracellular TG levels are regulated in pancreatic B cells have not been

fully elucidated. Here, we present evidence that the RNA-binding protein HuD regulates TG
production in pancreatic B cells. Mouse insulinoma BTC6 cells stably expressing a small hairpin
RNA targeting HuD (shHuD) (BTC6-shHuD) contained higher TG levels compared to control
cells. Moreover, downregulation of HuD resulted in a decrease in insulin-induced gene 1 (INSIG1)
levels but not in the levels of sterol regulatory element-binding protein 1¢c (SREBP1c), a key
transcription factor for lipid production. We identified /nsigZ mRNA as a direct target of HuD by
using ribonucleoprotein immunoprecipitation (RIP) and biotin pulldown analyses. By associating
with the 3”-untranslated region (3"UTR) of /nsigZ mRNA, HuD promoted INSIG1 translation;
accordingly, HuD downregulation reduced while ectopic HuD expression increased INSIG1 levels.
We further observed that HuD downregulation facilitated the nuclear localization of SREBP1c,
thereby increasing the transcriptional activity of SREBP1c and the expression of target genes
involved in lipogenesis; likewise, we observed lower INSIG1 levels in the pancreatic islets of
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HuD-null mice. Taken together, our results indicate that HuD functions as a novel repressor of
lipid synthesis in pancreatic p cells.
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1. Introduction

Elevated serum levels of free fatty acids (FFAS) are closely related to the development of
metabolic diseases including type 2 diabetes and heart disease [1,2]. Fatty acids (FAS) are
mainly stored in triglyceride (TG) form in lipid droplets in adipocytes; however, non-adipose
tissues such as myocytes and pancreatic f cells also have limited capacity for lipid storage.
TG accumulation in pancreatic B cells in response to lipid overload represents an initial
cellular defense mechanism against lipotoxicity [2]. However, excessive FFA levels facilitate
intracellular TG accumulation, increase intracellular free fatty acyls, and induce lipotoxicity
of pancreatic p cells, leading to dysregulation of insulin secretion and apoptotic cell death
[3-5]. The amounts of pancreatic TGs in patients with type 2 diabetes mellitus (T2DM) are
higher than those in non-diabetic populations, suggesting that lipid content may contribute to
the development of T2DM [6]. Although TG accumulation in the pancreas is closely related
with B cell dysfunction and T2DM pathogenesis, the specific mechanisms governing the
intracellular accumulation of TGs in pancreatic p cells are unknown.

The sterol regulatory element binding proteins (SREBPS) are lipogenic transcription factors
which critically maintain lipid homeostasis by activating gene expression necessary involved
in the biosynthesis of various cellular lipids [7-9]. In particular, SREBP1c mediates
lipogenic gene expression in insulin-sensitive tissues and organs such as the adipose tissues,
the liver, and the pancreas [10-12]. Moreover, aberrant levels or activities of SREBP1c in
pancreatic p cells contribute to B-cell dysfunction and the pathogenesis of T2DM [12-14].
The transcriptional activity of SREBPs is regulated via insulin-induced gene 1 (INSIG1)-
SREBP cleavage activation protein (SCAP)-SREBP pathway in response to cellular glucose
or FA levels [15]. INSIG1 is an important upstream regulator of lipogenic gene expression
by binding to SCAP-SREBPs in the endoplasmic reticulum (ER), thus prohibiting the
activation of SREBPs [15]. Overexpression of INSIG1 inhibits lipid accumulation and FFA
synthesis and protects B cells against glucolipotoxicity via SREBP1c [16].

Regulation of gene expression at the RNA level underlies several aspects of biological

and pathological events. RNA-binding proteins (RBPs) and non-coding RNAs (ncRNAS)
including microRNAs (miRNASs) have been implicated in post-transcriptional gene
regulatory processes: splicing of pre-mRNA, as well as mMRNA transport, editing, stability,
translation and localization [17,18]. In particular, RBPs recognize a wide range of RNAs
via various RNA-binding modules such as the RNA-recognition motif (RRM), the K-
homology (KH) domain, RNA-binding zinc-finger (ZnF) domain, and the double-stranded
RNA-binding domain (dsRBD). Through interaction with target mMRNAs, RBPs regulate
target gene expression post-transcriptionally and thus modulate cell fate by controlling

Biochim Biophys Acta. Author manuscript; available in PMC 2021 October 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

2.

Page 3

proliferation, death, differentiation and senescence [19,20]. HuD belongs to the human
antigen (Hu) family and regulates gene expression by affecting the stability and translation
of the mRNAs with which it interacts [21]. HuD associates with cis elements of target
mRNAs and plays essential roles not only in brain development but also in neuronal
outgrowth in the brain [22-26]. In addition, our previous studies revealed that HuD is
essential for insulin biosynthesis and autophagosome formation in pancreatic (3 cells [27-
28].

Here, we describe a novel function of HuD in the regulation of cellular triglyceride levels
in pancreatic p cells. We observed that downregulation of HuD promotes the accumulation
of triglycerides by decreasing INSIG1 expression at the post-transcriptional level, thereby
enhancing the nuclear translocation of SREBP1c, a critical factor for lipogenesis.

Materials and methods

2.1. Cell culture, treatment, and transfection of siRNAs and plasmids

Mouse insulinoma BTC6 cells were cultured in Dulbecco’s modified essential medium
(DMEM, Invitrogen, Carlsbad, CA, USA), supplemented with 10% fetal bovine serum
(FBS) and antibiotics. BTC6 cells stably expressing shCtrl or shHuD were was established
by screening with 2 pg/ml puromycin (Invitrogen, Carlsbad, CA, USA). Control small
interfering RNA (siCtrl), HuD siRNA, shCtrl (pMX-puro), shHuD plasmids were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All plasmids, including myc-
tagged HuD (pHuD), enhanced green fluorescent protein (EGFP) reporter plasmids, and
luciferase reporter vectors (pGL3-promoter-Luc and pGL3-SREX3-Luc), were transfected
with Lipofectamine™ RNAIMAX or Lipofectamine™ 2000 (Invitrogen). EGFP reporters
were cloned by inserting 3"UTR-3 (3U-3) fragments of the /nsigZ mRNA into the pEGFP-
C1 (BD Bioscience, Heidelberg, Germany). Palmitate was prepared in 0.1 N NaOH/70%
ethanol [29].

2.2. Western blot analysis

Whole-cell lysates were prepared using RIPA buffer [10 mM Tris—HCI (pH 7.4), 150 mM
NaCl, 1% NP-40, 1 mM EDTA, and 0.1% SDS], separated by SDS-PAGE, and transferred
onto polyvinylidene difluoride (PVDF) membranes (Millipore, Belfor, MA, USA).
Incubations with primary antibodies to detect INSIG1 (Abcam, Cambridge, MA, USA,
ab70784, rabbit polyclonal), B-actin (Abcam, ab3280, mouse monoclonal), HuD (Santa
Cruz Biotechnology, sc-28299, mouse monoclonal), SREBP1c (Santa Cruz Biotechnology,
sc-366, rabbit polyclonal), lamin B (Santa Cruz Biotechnology, sc-6216, goat polyclonal),
GAPDH (Santa Cruz Biotechnology, sc-32233, mouse monoclonal), and EGFP (Santa
Cruz Biotechnology, sc-9996, mouse monoclonal) were followed by incubations with the
appropriate secondary antibodies conjugated with horseradish peroxidase (HRP) (Santa Cruz
Biotechnology) and by detection using enhanced luminescence (Clarity™ Western ECL
Substrate Kit, Bio-Rad, Hercules, California, USA).
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2.3. RNA analysis and ribonucleoprotein (RNP) immunoprecipitation (RIP) analysis

Total RNA was prepared from whole cells using TRI1zol® Reagent (Life Technologies,
Inc., Carlshad, CA, USA). After reverse transcription (RT) using ReverTra Ace® qgPCR RT
Kit (Toyobo, Japan), the abundance of transcripts was assessed by real-time quantitative
(9)PCR analysis using KAPA SYBR® FAST gPCR Kits (Kapa Biosystems, Inc., Woburn,
MA, USA) and gene-specific primer sets (Table 1). RT-gPCR analysis was performed on
StepOnePlus™ (Applied Biosystems, Foster City, CA, US). The efficiency of primer pairs
was investigated using StepOnePlus™ Software v2.3 (data not shown). RIP analysis was
performed using primary antibodies anti-HuD or control 1gG (Santa Cruz Biotechnology)
[27]. In brief, RNP complexes were immunoprecipitated using anti-HuD or control I1gG
antibodies, and incubated with DNase | and Proteinase K; RNA in the IP samples was
isolated and further analyzed by RT-gPCR using the primers listed in Table 1.

2.4. Biotin pull down analysis

To synthesize biotinylated transcripts, PCR fragments were prepared using forward

primers that contained the T7 RNA polymerase promoter sequence [(T7),
CCAAGCTTCTAATACGACTCACTATAGGGAGA]. Primers used to prepare biotinylated
transcripts spanning the /nsigI mRNA (NM_153526.5) are listed in Table 1. After
purification of the PCR products, biotinylated transcripts were synthesized using
MaxiScript® T7 kit (Ambion, Austin, TX, USA) and biotin-CTP (Enzo Life Sciences, Inc.,
Farmingdale, NY, USA). Whole-cell lysates (200 pg per sample) were incubated with 1

ug of purified biotinylated transcripts for 30 min at room temperature, and then complexes
were isolated with Streptavidin-coupled Dynabeads® M-280 Streptavidin (Invitrogen). The
interaction between HuD and biotin-labeled transcripts were analyzed by Western blot
analysis [28].

2.5. OQil-Red-O staining and TG assay

Cells were fixed with 10% (vAs) formalin and were stained with Oil-Red-O (Sigma-—
Aldrich, St. Louis, MO, USA) [16]. Stained lipid droplets in BTC6 cells were observed
and photographed under a microscope (Axiovert 200; Carl Zeiss, Oberkochen, Germany).
Intracellular TG content was determined on total cell extracts using a serum TG
determination kit (Sigma-Aldrich) following the manufacturer’s protocols. Briefly, cells
were rinsed three times with phosphate buffered saline (PBS) and lysed with RIPA buffer;
after incubating the lysates with at 37 °C for 5 min, absorbance was read at 540 nm by
spectrometry (Victor3, Perkin Elmer, Inc., Waltham, MA, USA).

2.6. Subcellular fractionation

Nuclear fractions were prepared by centrifugation after incubation with digitonin [30].
In brief, cells were suspended in hypotonic buffer (20 mM Tris—HCI, pH 7.5, 100 mM
KCI, 5 mM MgCly, 0.5% NP-40) and incubated with 40 pg/ml digitonin for 10 min

on ice. After centrifugation at 2100 x g, 4 °C for 10 min, the supernatant was collected
(cytosolic fraction). Insoluble fractions were washed, and incubated in RIPA buffer; the
nuclear fractions were collected after centrifugation at 14,000 xg for 10 min at 4 °C.
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Polysome analysis

Forty-eight hours after transfection of siHuD and pHuD with appropriate controls, BTC6
cells were incubated with 100 pug/ml cycloheximide for 15 min and lysed with polysome
extraction buffer [20 mM Tris—HCI, pH 7.5, 100 mM KCI, 5 mM MgCl,, 0.5% (wvv)
Nonidet P-40, 1x protease inhibitor mixture, and RNase inhibitor]. Polysome extracts were
collected by centrifugation at 10,000 xg for 10 min, and then the lysates were further
fractionated by ultracentrifugation through linear sucrose gradients [31]. RNAs from each
fraction were isolated and cDNA was synthesized as described above. The relative levels of
Insig1 and Gapadh mRNAs were analyzed by RT-gPCR using specific primer set (Table 1).

2.8. De novo protein synthesis analysis

Nascent translation of EGFP was examined by incubating fTC6 cells with 1 mCi
L-[35S]methionine and L-[3°S]cysteine (PerkinElmer Life Sciences, Shelton, CT, USA) per
35-mm plate for 15 min. After lysis with RIPA buffer, IP reactions were carried out using
mouse IgG or anti-GFP (Santa Cruz Biotechnology), and the immunoprecipitated material
was separated by SDS-PAGE and transferred to PVDF membranes [27-28]. Images were
obtained by Pharose FX Plus system (Bio-Rad) and analyzed using Quantity One software
(Bio-Rad).

2.9. Luciferase assay

2.10.

Cells were lysed with 200 pl of 1x reporter lysis buffer, and 20 ul of which was

used for measurement of luciferase activities using the Dual-Luciferase® reporter assay
system (Promega, Madison, WI, USA). Luminescence was measured using a luminometer
(Berthold Technologies, Bad Wildbad, Germany). The amount of luciferase activity in each
transfection group was normalized to the concentration of protein measured using Bradford
assay.

Immunohistochemistry

Tissues were fixed in 4% paraformaldehyde, immersed in 20% sucrose before freezing, and
then sectioned at a thickness of 5 um. After antigen unmasking, slides were incubated with
anti-INSIG1 (Abcam, ab70784) antibody and then with secondary antibody. Microscopy
was performed with a LSM-710 microscope (Carl Zeiss Microlmaging).

2.11. Statistical analysis

All experiments were conducted at least three times and all samples were analyzed in
triplicate. Results are presented as the mean + SEM. The statistical significance was
calculated by unpaired Student’s #test.

3. Results

3.1

Downregulation of HuD promotes accumulation of triglycerides in pancreatic p cells

Intracellular lipid accumulation in the pancreas has been linked to pancreatic pcell
dysfunction; however, the mechanisms that regulate lipid accumulation in p cells is not
fully elucidated [14,17]. To assess the role of the RNA-binding protein HuD in this process,
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we generated stable cell lines derived from mouse pancreatic insulinoma BTC6 cells in
which HuD was silenced through stable expression of shHuD (Fig. 1a). We analyzed

the relative lipid accumulation in BTC6 cells stably expressing shHuD (BTC6-shHuD)
compared to control cells (BTC6-shCtrl). As shown in Fig. 1b, the relative lipid levels

in both cell lines were assessed by Oil Red O staining, and enhanced lipid accumulation
was seen in BTC6-shHuD cells. Since cellular lipids are stored as triglycerides (TGs), we
further measured TG content using a triglyceride determination kit. TG content increased

in both BTC6-shHuD and BTC6-shCtrl cells during culture; however, downregulation of
HuD significantly increased TG levels (Fig. 1c). These results indicate that HuD has a novel
function in the regulation of cellular lipid level in pancreatic p cells.

Sterol regulatory element binding protein (SREBP) function as key regulators of lipid
metabolism by regulating gene expression involved in lipid synthesis; SREBP1c in particular
is known to be related to pancreatic fcell dysfunction [13,32]. Thus, we assessed SREBP1c
expression levels in both BTC6-shCtrl and BTC6-shHuD cells by Western blot analysis and
found that the levels of SREBP1c remained constant. However, in BTC6-shHuD cells we
observed a specific decrease in INSIG1, a negative regulator of SREBP-mediated regulation
of lipid synthesis (Fig. 1d). Taken together, these results indicate that downregulation

of HuD might result in a decrease of INSIG1 expression linked to an increase in TG
accumulation.

3.2. HuD regulates INSIG1 expression by interacting with its 3’UTR

HuD belongs to the Hu family of RBPs that regulates various aspects of RNA metabolism;
HuD in particular modulates the translational efficiency and turnover of mRNA in brain and
pancreatic p cells [22,23, 26-28]. Given that INSIG1 levels were lower in TC6-shHuD
cells (Fig. 1d), we examined whether HuD regulates INSIG1 expression at the RNA level in
pancreatic p cells. To test this possibility, we performed RIP analysis using an anti-HuD
antibody followed by RNA extraction and RT-gPCR analysis. Our results revealed an
enrichment in /nsigI mMRNA in the RNP complexes containing HuD (Fig. 2a). We then
sought to identify the regions of interaction by testing biotinylated fragments of /nsig1
mRNA (Fig. 2b) spanning the 5"UTR (5U), coding region (CR), and 3'UTRs (3U-1, 3U-2,
and 3U-3) after incubation with cell lysates, the interaction between HuD and biotinylated
RNA fragments was assessed by Western blotting using anti-HuD antibody. As shown in
Fig. 2b, HuD was capable of associating selectively with the 3"UTR (segment 3U-3) of
InsigI mRNA. To further evaluate if fragment 3U-3 was essential for INSIG1 regulation

by HuD, we generated EGFP reporter constructs containing the 3U-3 sequence of /nsig
mRNA after the EGFP coding sequence (pEGFP + /nsig1 3U-3; Fig. 2c). The constructs
were transfected into BTC6 cells expressing normal (siCtrl) or reduced HuD (siHuD) as well
as into cells overexpressing HuD (pHuD) or a control plasmid (pcDNA); the relative EGFP
expression was assessed by Western blotting (Fig. 2d). HuD silencing selectively decreased
EGFP expression in the pEGFP + /nsig1 3U-3 group, but not in the control reporter group
(PEGFP). Conversely, HuD overexpression upregulated slightly EGFP expression in the
PEGFP + Insig1 3U-3 group. Taken together, these results indicate that the 3"UTR of /nsig1
mMRNA (3U-3) participates in the regulation of INSIG1 expression by HuD.
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3.3. HuD promotes translation of Insigl mRNA

Next, we tested whether HuD regulates endogenous INSIG1 expression in BTC6 cells by
transiently overexpressing HuD using a plasmid vector or silencing HuD using siRNAs
directed at HuD, then measuring /nsigZ mRNA and INSIG1 protein levels by RT-gPCR
and Western blotting analyses, respectively. Neither HuD silencing nor overexpression
significantly changed /nsigZI mRNA levels (Fig. 3a). However, silencing HuD decreased
INSIG1 levels and overexpressing HuD increased it (Fig. 3b), suggesting that HuD may
regulate INSIG1 expression by promoting its translation. To test this hypothesis further,

we examined the distribution of /nsigZ mRNA on polysomes of BTC6 cells transfected
with HuD siRNA or plasmids (along with controls) [28]. Polyribosomes (polysomes)

were fractionated by centrifugation through sucrose density gradients and 12 fractions
were collected. As shown in Fig. 3c, polysomes were observed in fractions 6-12, and

the overall polysome profiles were not affected by HuD silencing (siCtrl compared with
siHuD) or by HuD overexpression (pcDNA compared with pHuD); differences in the
overall distribution of gradients may reflect differences in cell toxicity after transfection

or differences in gradients (Fig. 3c, left). Consistently, however, /nsigZ mRNA distribution
shifted substantially among the fractions after HuD silencing or overexpression: /nsig1
mRNA was found preferentially in lighter polysomes (fraction 6) of HuD siRNA-transfected
cells, while it was found in heavier fractions (fractions 7 and 8) in HuD-overexpressing cells
(Fig. 3c, right). The distribution of Gapah mRNA remained unchanged among the different
groups. These observations suggest that HuD silencing decreases the association of /nsigl
mRNA with polysomes, and HuD overexpression enhances it, in agreement with a role for
HuD as enhancer of INSIGL1 translation.

To test the translational regulation of /nsigZ mRNA by HuD using an alternative method,
we sought to investigate the nascent translation of /nsigZ mRNA after HuD silencing or
overexpression; unfortunately, the anti-INSIG1 antibody used in this study did not work
for immunoprecipitation (data not shown). Instead, we analyzed de novo synthesis of
[35S]EGFP reporter protein from plasmid pEGFP + /nsigZ-3U-3 by immunoprecipitation
using anti-EGFP antibody. As expected, nascent EGFP translation decreased as a result of
HuD silencing and was enhanced by HuD overexpression (Fig. 3d). These results indicate
that HuD promotes INSIG1 expression by enhancing translation of /nsigI mRNA.

3.4. HubD silencing increases the transcriptional activity of SREBP1c in pancreatic p cells

As shown in Figs. 1 and 3, downregulation of HuD decreased the expression of INSIG1,

a negative regulator of SREBP-mediated lipid biosynthesis, and increased TG content in
BTCG cells without a significant increase in SREBP1c. Because SREBP1c activates gene
expression involved in the biosynthesis of FFA and TG [33,34], and its activity is regulated
through proteolytic cleavage-dependent translocation from the cytoplasm to the nucleus
[35], we sought to test whether downregulation of HuD increased the transcriptional activity
of SREBP1c after stimulation with palmitate, an SREBP1c activator [32,33,36,37]. To this
end, we first examined the translocation of SREBP1c in HuD-silenced cells after incubation
with 0.4 mM palmitate. The relative level of nuclear SREBP1c was determined by
fractionation followed by Western blot analysis. As shown in Fig. 4a, HuD silencing slightly
increased nuclear SREBP1c levels, and palmitate treatment enhanced its accumulation in the
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nucleus compared to the untreated group. To further test whether HuD silencing affected
the transcriptional activity of SREBP1c, we investigated the relative expression of target
genes involved in lipogenesis. HuD silencing resulted in an increase in the expression of
two lipogenic genes, Fasnand Gpat, and the increase in expression of those genes was
enhanced after palmitate treatment (Fig. 4b). These results suggest that downregulation of
HuD increases the expression of lipogenic genes by promoting the nuclear localization of
SREBP1c, thereby enhancing its transcriptional activity.

To further test if downregulation of HuD raises the transcriptional activity of SREBP1c, we
generated a luciferase reporter construct (0GL3-SRE x 3-Luc) containing three copies of
the sterol response element (SRE; ATCACCCCAC) as described in Ref. [8] (Fig. 4c). The
transcriptional activity of SREBP1c was assessed by measuring luciferase activity in pTC6-
shCtrl cells and BTC6-shHuD cells. The relative luciferase activity from SRE-containing
vector was higher than that seen from the control luciferase reporter, indicating that
endogenous SREBPs are functional (Fig. 4d). Importantly, BTC6-shHuD cells also displayed
higher reporter activity, while palmitate treatment further enhanced the transcriptional
activity of SREBPs. Besides transient transfection of siRNAs, we also investigated the
relative nuclear SREBP1c levels in stable cell lines with or without palmitate treatment

and observed an increase in nuclear translocation of SREBP1c in BTC6-shHuD cells

after palmitate treatment (Supplementary Fig. 1a). Finally, the expression of SREBP

target genes was increased in BTC6-shHuD cells and this regulation was enhanced after
palmitate treatment (Supplementary Fig. 1b). Taken together, these results indicate that
downregulation of HuD promotes the nuclear translocation of SREBP1c, thereby increasing
the expression of lipogenic genes.

3.5. Differential expression of INSIG1 and HuD in the pancreas of HuD-null mice and

db/db mice

After gaining evidence that HuD increased INSIG1 expression and enhanced the
transcriptional actions of SREBP1c, we examined whether HuD might also regulate INSIG1
expression in pancreatic § cells in vivo. Immunohistochemical analysis of pancreases

from HuD nul/ mice (HuD-/-) using anti-INSIG1 antibody revealed that INSIG1 levels
were slightly downregulated in HuD-/- mice compared with control mice (HuD+/+)

(Fig. 5). This result supports the hypothesis that HuD functions as a regulator of lipid
regulation through its effects on INSIG1 expression in pancreatic p cells. Since previous
reports indicated that a rise in intracellular TG in the pancreas was responsible for the
pathogenesis of metabolic disorder including T2DM [1,4,6], we hypothesized that HuD may
be downregulated in a model system of diabetes. To test this possibility, we investigated the
relative expression levels of HuD in the pancreas of db/ab mice, an animal models to study
T2DM. HuD mRNA, as assessed by RT-qPCR, and HuD protein, as assessed by Western
blot analysis, were lower in db/db mice (Fig. 6a and b). In addition, the relative levels of
HuD and INSIGL1 in islets of the pancreas, as assessed by immunohistochemistry, decreased
in db/db mice (Fig. 6¢). Taken together, HuD regulates intracellular TG homeostasis

in pancreatic P cells; decreasing HuD elevates TG production and contributes to Bcell
dysfunction.

Biochim Biophys Acta. Author manuscript; available in PMC 2021 October 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 9

4. Discussion

Energy surplus results in TG accumulation in adipose tissues as well as non-adipose
tissues including myocytes, hepatocytes, and pancreatic B cells, which leads to internal
organ steatosis and organ dysfunction [6, 38—41]. It was previously reported that patients
with T2DM showed higher pancreatic TG levels compared to non-diabetic cohorts, and
intracellular lipid accumulation in the pancreas appeared even before the onset of T2DM
associated with obese or pre-diabetic status [6,41, 42]. Therefore, reduction in TG levels
favorably contributes to preventing pancreatic steatosis and pcell dysfunction. However,
the mechanisms responsible for fine-tuning intracellular TG level in pancreatic B cells

in response to various stimuli are largely unknown. In this study, we present evidence
that the RNA-binding protein HuD plays an essential role in the regulation of TG
accumulation in pancreatic p-cells. We show that downregulation of HuD resulted in

an increase in intracellular TG levels in BTC6 cells by post-transcriptionally reducing
the levels of INSIGL, a negative regulator of cellular lipid biosynthesis, and that

HuD downregulation promoted the nuclear localization of SREBP1c, thereby facilitating
lipogenic gene expression (Fig. 6).

INSIGs, including INSIG1 and INSIG2, regulate lipid production by binding to SCAP
and 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA reductase). INSIGs
promote the retention of SCAP-SREBP complexes in the ER and ubiquitin-proteasomal
degradation of HMG-CoA reductase, thereby influencing lipid metabolism, lipogenesis,
and glucose homeostasis in diverse tissues [43,44]. When cellular lipid levels decline

or higher levels of nuclear SREBPs are required, the interaction between the SCAP

and INSIG decreases and the translocation of SCAP-SREBP complex into the Golgi
apparatus increases. In the Golgi apparatus, two resident proteases sequentially process
the SREBP precursor and release mature SREBP that is rapidly mobilized to the nucleus
[44,45]. We observed that HuD silencing in pancreatic BTC6 cells downregulated INSIG1
expression and resulted in an increase in nuclear SREBP1c (Fig. 4), uncovering a

novel function for HuD in cellular lipid maintenance. Although INSIG proteins also
direct cholesterol synthesis by interacting with HMG-CoA reductase and promoting its
proteasomal degradation, we did not investigate whether HuD influences cholesterol
biosynthesis in pancreatic B cells in this study. It is possible that cellular cholesterol levels
are also differentially regulated depending on the relative abundance of HuD, since HuD
directly affects the levels of INSIG proteins, which are upstream regulators of cholesterol
biosynthesis. Further study is required to elucidate the exhaustively the roles of HuD in lipid
homeostasis.

The expression of INSIGs is regulated at the transcriptional, posttranscriptional, and
post-translational levels. SREBPs transcriptionally activate /nsigI genes in BTCG6 cells in
response to cellular lipid levels [46,47]. Ubiquitination-mediated degradation of INSIG1
by the proteasome is another important regulatory step for maintaining cellular lipid
homeostasis [48,49]. Likewise, insulin, leptin, and several reagents including wortmannin,
unsaturated fatty acids, and silibinin are also widely involved in the regulation of INSIG
expression in various cell types [46,50-54]. Recently, it was also reported that one of

the SREBP-responsive miRNAs, miR-96, functions as a negative regulator of INSIG2
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expression [55]. Adding to this complex regulatory paradigm, our data indicate that the
regulation of /nsigZ mRNA translation is an additional mechanism governing INSIG1
production, thus influencing SREBP-mediated TG accumulation in pancreatic 3 cells. We
observed that HuD increased INSIG1 protein levels without changing /nsigZ mRNA levels
significantly (Fig. 3B) and thus hypothesized that HuD regulated the translation rather

than the stability of /nsigZ mRNA. When we investigated the alternative possibility that
HuD might reduce INSIGL1 protein stability, we observed no significant changes in INSIG1
protein levels after up to 6 h of cyclohexamide treatment (data not shown); additional studies
will be needed to fully examine whether HuD influences INSIG1 protein stability.

HuD is a turnover- and translation-regulatory RNA-binding protein (TTR-RBP), expressed
mainly in the brain, where it regulates neuronal outgrowth and brain development at

the post-transcriptional level by affecting RNA metabolism including mRNA stability or
translation [22,56,57]. Our previous studies showed that HuD is also found in pancreatic

B cells, where it regulates insulin biosynthesis and autophagosome formation [27,28],
establishing HuD as a pivotal post-transcriptional regulator of gene expression in pancreatic
B cells. Insulin or glucose stimulation increases the production of HuD mRNA, while
miR-375 lowers HuD levels, indicating that HuD expression is regulated by transcriptional
and post-transcriptional mechanisms [27,58]. Additionally, HuD methylation by CARM1
and phosphorylation by protein kinase C or Akt affect the RNA-binding activity of HuD
and determine the expression of HuD target genes [59-62]. However, the regulation of HuD
expression in certain cell types during various physiological and pathological conditions has
not been studied extensively. Whether HuD expression or activity is differentially regulated
in pancreatic B cells or various stage of diabetes was not investigated in this study and

will be addressed in a separate study. Such an expansion of this work will provide critical
insight into the possible roles of HuD during the maintenance of pcell homeostasis and the
pathogenesis of diabetes-related diseases.

Taken together, our data support a model whereby HuD has a pivotal role in the maintenance
of lipid homeostasis by enhancing the expression of INSIG1 expression, thereby regulating
intracellular TG accumulation (Fig. 6d). We propose that the HuD-INSIG1 regulatory axis
plays an essential role in the maintenance of intracellular TG homeostasis and provides
novel insight into the intracellular mechanisms that control TG levels. Further studies are
warranted in order to examine whether HuD expression or activity is differentially regulated
during the pathogenesis of metabolic diseases.
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Fig. 1.

Downregulation of HuD accumulates triglyceride in pancreatic p cells. (a) Cell lysates
from pancreatic BTC6 cells expressing pshHuD or control plasmid (BTC6-shHuD or BTC6-
shCtrl) were prepared and the levels of HuD and housekeeping control protein B-actin levels
were assessed by Western blot analysis. (b) Cells were fixed and incubated with 0.2% Oil-
Red-O solution for 30 min and lipid accumulation was observed using a Zeiss Axioimager
M1 microscope. Quantification of the Oil-Red-O-stained area of the lipid droplet in TC6
cells was analyzed using ImageJ software. (c) The relative triglyceride content in cells was
determined at 0, 3, and 6 days. (d) In cells processed as described in (a), the levels of
SREBP1c, INSIG1, and B-actin were determined by Western blot analysis. Images in (a),
(b), and (d) are representative from three independent experiments. Data in (c) represent the
means + SEM from three independent experiments; *, p < 0.05, **, p < 0.01.
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Fig. 2.

HuD regulates INSIG1 expression by interacting with the /nsigZ 3"UTR. (a) BTC6 cell
lysates was subjected to RIP followed by RT-qPCR analysis to measure the enriched /nsig1
MRNA in anti-HuD IP compared control 1gG IP. Gapdh mRNA was used for normalization.
(b) Top, schematic of the /nsigZ mRNA depicting the 5"UTR, coding region, and 3'UTR as
well as the biotinylated transcripts (5U, CR, 3U-1, 3U-2, and 3U-3) that were synthesized
for biotin pulldown analysis. Bottom, after incubation of each biotinylated transcript with
BTC6 cell lysate, the interactions between the biotinylated transcripts and HuD were
analyzed by Western blot analysis using anti-HuD antibody. The numbers indicate the mean
+ SEM from three independent experiments. (c) Schematic of reporter plasmids pEGFP
(control) and pEGFP + /nsig1 3U-3. (d) Forty-eight hours after transfection of HuD-direct
SiRNA (siHuD) or overexpression of HuD using a plasmid (pHuD) along with appropriate
controls (siCtrl and pcDNA, respectively), together with each reporter plasmid, the levels
of GFP, HuD, and loading control B-actin were assessed by Western blot analysis. Data in
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(a) represent mean £ SEM from three independent experiments; *, p < 0.05, **, p < 0.01.
Images in (b) and (d) are representative from three independent experiments.
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Fig. 3.
HuD promotes translation of /VS/GI mRNA. (a) Forty-eight hours after transfection of

BTCG cells with either of HuD-direct siRNA (siHuD) or overexpression plasmid (pHuD)
along with appropriate controls (siCtrl and pcDNA, respectively), the levels of /nsigZ mRNA
were measured by RT-gPCR and normalized to Gapdh mRNA. (b) Lysates prepared from
BTCG cells transfected as described in (a) were used to assess the level of INSIG1, HuD,

and loading control B-actin by Western blot analysis. (c) Lysates prepared from BTC6

cells transfected as described in (a) were fractionated through sucrose gradients (left), and
the relative distribution of /nsigZ mRNA and Gapdh mRNA in each of 12 fractions was
studied by RT-gPCR analysis (right). 40S, small ribosome subunits; 60S, large ribosome
subunits; 80S, monosome; polysomes, polyribosomes. Polysome profiles are representative
of two different fractionation analyses. (d) Nascent EGFP production was assessed by a brief
(20-min-long) incubation with L-[3°S]methionine and L-[3°S]cysteine after transfection of
HuD siRNA or HuD plasmid along with appropriate controls. Lysates were subjected to IP
using anti-EGFP or anti-GAPDH antibodies, and the incorporation of radiolabeled amino
acids into newly synthesized EGFP proteins was assessed by SDS-PAGE and visualized
using a PharoseFX Plus. The data are representative of three independent experiments and
the numbers indicate fold changes in EGFP levels. Numbers indicate the mean £ SEM from
three independent experiments. *, p < 0.05; **, p < 0.01.
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Fig. 4.

Dc?wnregulation of HuD enhances the transcriptional activity of SREBP1c in pancreatic

B cells. (a) Forty-eight hours after transfection with siCtrl or siHuD, BTC6 cells were
incubated with or without 0.4 mM of palmitate for 72 h, and the nuclear fractions were
prepared using digitonin. The levels of nNSREBP1c, HuD, lamin B, GAPDH, and loading
control B-actin were assessed by Western blot analysis. (b) RNAs were prepared from cells
as described in (a) and the relative expression of Fasnand Gpat mMRNAs was determined by
RT-gPCR analysis and normalized to the levels of Gapdh mRNA. (c) Schematic of reporter
plasmids; control vector (pGL3-promoter-Luc) and luciferase vector containing triplicate
SRE binding domains (pGL3-SREx3-Luc). (d) 100 ng of pGL3-SREx3-Luc or control
plasmid was transfected to BTC6-shHuD or BTC6-shCtrl cells and both cell populations
were incubated with or without 0.4 mM palmitate for 15 h. The relative luciferase activity
was determined by measuring luminescent signal and normalized to each concentration of
proteins. Data represent the means + SEM from three independent experiments. *, p < 0.05;
** p<0.01

Biochim Biophys Acta. Author manuscript; available in PMC 2021 October 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al.

Page 20

a b
INSIG1 *
3 T =3 70 - —_——
- 60 - =
+ - —
a 2 50
E I8
<
£ 8240 |
2 Qo
g =>30 -
LIS 2=
I ~ £ 20
5k -
2 p 10 A
! 2| ’\
Sl RN 0

HuD +/+ HuD -/—

Fig. 5.
INSIG1 level was downregulated in HuD-null mice. (a and b) Pancreatic sections from

WT (HuD+/+) and HuD-null (HuD-/-) mice were stained with anti-INSIG1 antibody. The
intensity of INSIG1-positive areas in twenty islets from three pairs of mice was quantified
using ImageJ. Data represent the means £ SEM. *, p < 0.05.

Biochim Biophys Acta. Author manuscript; available in PMC 2021 October 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al.

Page 21

a b WT db/db
12 - * —— s T 5
— 1 2 3 1 4 3
2038
% 0.6
Q04 g% —
3 2
0.2 10
[=}
0.0 %
wT db/db g 05
E I

INSIG1

wHuD

WT

BINSIG1

db/db
N
o o

d
MsrgﬁvvRNA -~ Insig1 mi o~ 5l ) o
< I
== - =
\ A
o ’\’- U. .’, P ’\’ MQ} @0‘\”’\’ - Qf{,
& T et o g
> g ﬂ —
« muf P

Fig. 6.

HSD expression was downregulated in the pancreas of db/db mice. (a and b) The relative
levels of HuD mRNA and HuD protein in the pancreases of WT and db/db mice was
analyzed by RT-gPCR and Western blot analysis. (b) Relative HuD and INSIG1 protein
levels in the islet of WT or db/db mice (n = 3) was analyzed by immunohistochemistry
using HuD and INSIG1 antibody. The intensity of HuD and INSIG1 was quantified using
ImageJ. Data represent the means = SEM. *, p < 0.05; **, p < 0.01. (d) Schematic diagram
of INSIGL1 regulation by HuD in pancreatic p-cells. HuD positively regulates INSIG1
expression at the post-transcription level by binding to the 3'UTR of /nsigZ mRNA and
enhancing its translation, thereby suppressing transcriptional activity of nNSREBP1 (left).
Downregulation of HuD results in the transcriptional activation of lipid biosynthetic genes
such as Fasnand Gpatby nSREBP1; glucotoxic and lipotoxic conditions can promote the
action of nSREBP1 by suppressing HuD function and thus lowering INSIG1 levels.
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