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KEY WORDS Abstract  Unfolded protein response (UPR) is a stress response that is specific to the endoplasmic re-
ticulum (ER). UPR is activated upon accumulation of unfolded (or misfolded) proteins in the ER’s lumen

g;g};e d orotein to restore protein folding capacity by increasing the synthesis of chaperones. In addition, UPR also en-
responsg hances degradation of unfolded proteins and reduces global protein synthesis to alleviate additional accu-

Small molecules;
Protein folding;

Endoplasmic reticulum;

mulation of unfolded proteins in the ER. Herein, we describe a cell-based ultra-high throughput screening
(uHTS) campaign that identifies a small molecule that can modulate UPR and ER stress in cellular and
in vivo disease models. Using asialoglycoprotein receptor 1 (ASGR) fused with Cypridina luciferase

Chaperones; (CLuc) as reporter assay for folding capacity, we have screened a million small molecule library and

Cell signaling; identified APC655 as a potent activator of protein folding, that appears to act by promoting chaperone

Diabetes; expression. Furthermore, APC655 improved pancreatic 8 cell viability and insulin secretion under ER

fR SUESS] stress conditions induced by thapsigargin or cytokines. APC655 was also effective in preserving G cell
iver;

function and decreasing lipid accumulation in the liver of the leptin-deficient (ob/ob) mouse model. These
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results demonstrate a successful uHTS campaign that identified a modulator of UPR, which can provide a
novel candidate for potential therapeutic development for a host of metabolic diseases.

© 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The endoplasmic reticulum (ER) is an important organelle to
regulate the folding capacity of the cell and maintain protein
homeostasis. Perturbations of the ER due to accumulation of
unfolded proteins, abnormal calcium regulation or chemical stress
are associated with several diseases including metabolic and
neurological syndromes'. This perturbation of the ER homeostasis
is known as ER stress, which leads to the activation of the
unfolded protein response (UPR)”. Indeed, the ER can sense the
unfolded proteins accumulating in the lumen and can regulate
protein expression and degradation accordingly. Underpinning this
process is the 78-kDa glucose-regulated protein (GRP78, also
known as Bip)®. GRP78, an ER chaperone that is located in the ER
lumen, activates UPR by binding to the three transmembrane UPR
sensors: inositol requiring enzyme la/8 (IRE1)*, PKR-like ER
kinase (PERK), and activating transcription factor 6/ (ATF6)°.
During protein homeostasis conditions, GRP78 is bound to the
three UPR sensors, keeping them in an inactive state. However, in
the case of accumulated unfolded proteins in the lumen of the ER,
GRP78 as a chaperone binds to the unfolded proteins and releases
and activates the three UPR sensors on the membrane of the ER*’.
When activated, IRE1 undergoes dimerization and autophos-
phorylation through the kinase domain present in the cytosolic
portion®® 1%, After phosphorylation, the endonuclease activity of
IRE1 induces the splicing of the main downstream target, X-box-
binding protein 1 (XBP1) mRNA, producing an active transcrip-
tion factor that regulates the expression of genes necessary for
improving the protein folding capacity, protein degradation and
protein export from the cells'"'>. Upon dimerization and phos-
phorylation, PERK’s main function is to block the translation of
new proteins, by phosphorylating and inhibiting the eukaryotic
translation initiation factor-2«c and activating the transcription of
the activating transcription factor 4 (ATF4), which, in turn, can
direct an antioxidant response and induce the expression of DNA
damage-inducible transcript 3, also known as C/EBP homologous
protein (CHOP), a protein implicated in the UPR-induced
apoptosis'>'*. The last UPR sensor, ATF6, once released from
the binding of GRP7S, is free to translocate on the Golgi mem-
brane where it is cleaved by two proteases, S1P and S2P, releasing
a cytosolic portion that acts as transcription factor and induces the
transcription of genes coding for chaperones, such as glucose-
regulated protein 94 (GRP94), GRP78 and catalase'”. The in-
duction of the ATF6 branch of the UPR is considered a protective
response by increasing the ER folding capacity. Indeed, the acti-
vation of the ATF6 pathway is shown to be protective for several
diseases including renal and cerebral ischemia/reperfusion'” and
type 2 diabetes (T2D)'® "%, The pancreatic 8 cells have a highly
developed ER, required for the biosynthesis and folding of pre-
insulin, with subsequent trafficking to the Golgi, packaging into
granules, conversion to mature insulin and secretion in response to
high glucose. For this reason, supporting protein homeostasis is
particularly important for the function and survival of these cells.

Accumulating evidence link ER stress with impaired § cell
function in type 1 and 2 diabetes, as well as peripheral insulin
resistance associated with T2D. Elevated levels of UPR markers
like CHOP were observed in islets from individuals with type 1
diabetes (T1D)'’. Elevated ER stress markers were observed in
non-obese diabetic (NOD) mice and leptin-deficient (ob/ob) mice.
In addition, administration of chemical chaperones rescues the
harmful ER stress response and improves pathophysiological signs
of diabetes in both diabetic models, validating UPR modulators as
potential therapeutic agents for diabetes’’. In ob/ob mice, the
overexpression of endogenous chaperones in the liver, such as
GRP78, promotes the activation of a protective UPR and the
expression of more chaperones, including GRP94 (also known as
heat shock protein 90 kDa beta member 1), leading to a clearance
of the lipids accumulated in the liver>'. Overexpression of ATF6
in the liver has a similar beneficial effect of increasing fatty acid
oxidation and protecting against hepatic steatosis with increased
expression of endogenous chaperones like GRP78%%. Similarly,
overexpression of ATF6 in diet-induced obese mice have benefi-
cial effects on insulin sensitivity'®. UPR levels are elevated in the
pre-diabetic stage of T1D. Previous studies showed that modu-
lating the UPR at this stage, by enhancing the ATF6 pathway and
promoting a pro-survival UPR, can prevent the disease onset in a
diabetes mouse model'®>*. In obese human, tauroursodeoxycholic
acid, a bile acid derivative that acts as a chemical chaperone to
enhance protein folding and ameliorate ER stress improved he-
patic and muscle insulin sensitivity, although target cells and
mechanisms require additional studies”***. Thus, the identifi-
cation of drugs that target the folding capacity of the ER could be
beneficial for several disorders, including autoimmune and
metabolic diseases. Previously, Fu et al.*® designed a high-
throughput functional screening system to measure the protein
folding capacity of the ER by tagging asialoglycoprotein receptor
1 with Cypridina luciferase reporter (ASGR-CLuc) and identified
azoramide that promotes chaperones expression, protects hepato-
cytes against chemically induced ER stress, and § cells survival
and function and improves glucose handling in a T2D mouse
model. We have optimized this system for ultra-high throughput
screening (uHTS), screened Calibr’s one million compound li-
brary and identified APC655 that improves the ER folding ca-
pacity, activates the ATF6 pathway, induces chaperones
expression and preserves 3 cell viability and function during stress
conditions.

2. Materials and methods

2.1.  Invitro cell-based assays

2.1.1.  ASGR-CLuc and ATF6-CLuc assay

ASGR-CLuc and AFT6-CLuc cells that were maintained in
growth medium (Dulbecco’s modified Eagle’s medium containing
antibiotics and 10% fetal bovine serum) were detached using
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trypsin. After removing excess trypsin by gentle centrifugation
(600 g for 5 min), the cells were resuspended in growth medium
containing 2% FBS at a density of 625 cells/uL. Using an auto-
mated liquid dispenser, 4 pL of this solution was then dispensed to
each well of 1536-well plates (Greiner) that were pre-spotted with
20 nL of various concentrations compound. The plates were
incubated for 24 h in the incubator at 37 °C with constant supply
of 5% CO,, and 95% humidity. After the incubation period, plates
were taken out and each well was supplemented with one pL of
growth medium (10% FBS) or one pL of growth medium (10%
FBS) containing 1 pmol/L tunicamycin (200 nmol/L final con-
centration) using an automated liquid dispenser. Plates were put
back into the incubator for an additional 24 h. Quantification of
secreted ASGR-CLuc or ATF6-CLuc was done by addition of
2 pL of CLuc reagent (Pierce™ Cypridina Luciferase Glow Assay
Kit (# 16,171) and the evolved luminescence signal was read using
Envision (0.1 s/well, Perkin—Elmer).

2.1.2.  Cell culture and in vitro UPR assays

INS-1e § cells that were maintained in growth medium were de-
tached using trypsin. After removing excess trypsin by gentle
centrifugation (600xg for 5 min), the cells were resuspended in
growth medium at a density of 250 cells/pL. 40 pL of this solution
was then dispensed to each well of 384-well plates (Greiner) that
were pre-spotted with 100 nL of various concentrations com-
pound. The plates were incubated for 24 h in the incubator at
37 °C with constant supply of 5% CO,, and 95% humidity. After
the incubation period, plates were taken out and each well was
supplemented with 10 pL of growth medium or 10 pL of growth
medium containing 150 nmol/L thapsigargin (TG, 30 nmol/L final
concentration). Plates were put back into the incubator for an
additional 24 h before further analysis.

2.1.3.  Cell viability assay

Cell viability of INS1e cells and primary rat islands was detected
by adding 10 pL of CellTiter-Glo® luminescent cell viability
assay (#G7473) to each well in 384-well plate. Luminescence
signal was read using Envision (0.1 s/well, Perkin—Elmer) to
determine cell viabilities.

2.14. Caspase 3/7 activity

Caspase 3/7 activity of cells was detected by adding 10 pL of
Caspase-Glo® 3/7y assay (#G8092) to each well in 384-well
plate. Luminescence signal was read using Envision (0.1 s/well,
Perkin—Elmer) to determine the luciferase signal.

2.1.5. pEGFP VSVG trafficking assay

A temperature-sensitive variant (ts045) of vesicular stomatitis
virus G protein tagged with GFP (VSVG-GFP)-based assay was
used to follow the protein trafficking. ts045-VSVG protein
reversibly misfolds and is retained in the ER at 40 °C, but upon
temperature shift to 32 °C it correctly folds and is transported out
of the ER into the secretory pathway”’. HEK293 cells were
transfected with the pEGFP VSVG vector and cultured for 16 h at
40 °C and treated with DMSO or APC655 3 mmol/L. After 16 h
the temperature was shifted to 32 °C for 15 min. A cellomics
technique was used to quantify the P-EGFP-VSVG protein traf-
ficking assay.

2.1.6. ATF6 promoter reporter assay
For the ATF6 promoter reporter assay, HEK293 cells were
transfected with the pGL4.39 [luc2P/ATF6 RE/Hygro] vector

from Promega (# 9PIE366). Cells were resuspended in growth
medium and plated at a density of 250 cells/uL in 384 wells pre-
spotted with 100 nL of various concentrations compound. The
plates were incubated for 24 h in the incubator at 37 °C with
constant supply of 5% CO,, and 95% humidity. After the incu-
bation period, plates were taken out and each well was supple-
mented with 10 pL of growth medium (10% FBS) or 10 pL of
growth medium (10% FBS) containing thapsigargin for a final
concentration of 500 nmol/L. Plates were put back into the
incubator for an additional 8 h. Quantification of ATF promoter
activity was done by addition of 10 pL of Bright-Glo™ luciferase
assay system from Promega (#E2650) and the evolved lumines-
cence signal was read using Envision (0.1 s/well, Perkin—Elmer).

2.1.7.  Glucose stimulated insulin secretion

Rat primary islets (5000 cells in one 10 cm dish) were dispersed
following a dispersal protocol; cells were counted and diluted to a
final concentration of 5000 cells/100 pL in 96-well “V” bottom
non-treated Nunc plates (Nunc#249935) with 5000 cells/well (100
pL/well). Plates were spin at 1000 RPM (RT6000B Sorvall
tabletop = 208 RCF) for 5 min room temp, then placed in 37 °C
5% CO, incubator overnight. INS1 cells are plated at the density
of 100,000 cells/100 pL/well in 96 well plate in 11 mmol/L
glucose medium overnight. The day after, the cells are treated with
APC655 for 16 h. After 16 h, the cells are switched in 5.5 mmol/L
RPMI medium and co-treated with APC655 and stressor (palmi-
tate acid 0.2 mmol/L or thapsigargin 25 nmol/L) for 24 h. After
24 h, the cells are incubated in Krebs—Ringer bicarbonate HEPES
buffer/2.8 mmol/L glucose for 2 h for serum deprivation. After
serum deprivation, the cells are stimulated with different glucose
levels (2.8 mmol/L/20 mmol/L) in Krebs—Ringer bicarbonate
HEPES buffer/fatty-acid free 0.1% BSA buffer for 2 h. At this
point the medium is collected to determine the insulin level using
HTRF Insulin Assay Kit (Cisbio Assay, 62INSPEC). Briefly,
10 pL antibodies solution containing two monoclonal antibodies
that recognize the insulin was added for each 10 pL of the me-
dium. These antibodies were labeled with fluorophores that are
fluorescence resonance energy transfer pair in proximity. Fluo-
rescence resonance energy transfer signal is measured using
Envision plate reader with excitation at 320 nm and emission at
665 nm and 615 nm. The cell layer is lysate with RIPA buffer and
used to determine protein quantification using the BCA assay.
Protein quantification is used to normalize the insulin level.

2.1.8.  Western blot

For total protein extract preparation from cell preparation, the cell
pellet was lysate with RIPA buffer, sonicated and incubate on the
shaker at 4 °C for 30 min and centrifuged at 12,000x g for 15 min
at 4 °C. The pellet was discarded. An aliquot of the supernatants
was used for protein determination using the BCA protein assay
reagent, according to the manufacturer’s instruction, while the
remainder was used for Western blot analysis. An equal amount of
protein from each sample was loaded onto 4%—12% SDS-
polyacrylamide gel and transferred to a PVDF membrane. The
membranes were incubated with the appropriate primary and
secondary antibodies, and the signal was detected using the Od-
yssey Li-Cor platform and the densitometric analysis was per-
formed using the Image J software (NIH, Bethesda, MA, USA).
For total protein extract from livers, a fragment of the liver from
each mouse was homogenized in RIPA buffer using the Precellys
Lysing Kit and the Precellys 24 homogenizer. Then sonicated and
processed the same way of the cell lysate.
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2.1.9. Gene expression analysis

For total RNA extract from cell preparation, the total RNA
extraction was performed using the RNeasy® Mini Kit (Quiagen),
following the manufacture’s protocols. Total RNA from liver tis-
sues was extracted using the TRIZOL. Total RNA was converted
into cDNA using the high-capacity cDNA-RT kit from Applied
Biosystem, according to supplier’s instructions. PCR amplification
was performed using the PowerUp™ SYBR™ Green Master Mix
from Applied Biosystem, following the manufacturer’s protocols.
For data analysis, the 7500 Software v2.0.5, provided by Applied
Biosystem, was used. All PCR reactions were carried out in
triplicate (duplicate for the standard curves). All qPCR results are
expressed as relative ratio of the target cDNA transcripts to
GGAPDH and normalized to that of the reference condition.

2.2. Animal model and in vivo treatment

2.2.1. Animal studies

All animal care and experimental procedures were approved by
the Institutional Animal Care and Use Committee of Calibr at the
Scripps Research Institute and strictly followed the National In-
stitutes of Health guidelines for humane treatment of animals.

2.2.2.  Animal

C57BL/6J (JAX stock# 000664) and ob/ob (JAX stock #000632)
male mice 12/13 weeks of age were purchased from Jackson
Laboratory in Bar Harbor, ME. The mice were ear notched for
identification and housed in individually and positively ventilated
polysulfonate cages with HEPA filtered air at a density of 3—4
mice per cage. The animal room was lit entirely with artificial
fluorescent lighting, with a controlled 12 h light/dark cycle (6
am—6 pm light). The normal temperature and relative humidity
ranges in the animal rooms were 22 £ 4 °C and 50 + 15%,
respectively. The animal rooms were set up to have 15 air ex-
changes per hour. Filtered tap water, acidified to a pH of 2.5—3.0,
and normal rodent chow were provided ad libitum.

2.2.3.  PK plasma collection

Approximately 75 pL whole blood were collected at 0, 1, 3, 5 and
24 h post dose on study Day 7. Whole blood was collected into
lithium heparin plasma separator tubes. Plasma samples were
extracted after centrifugation (18,000xg; 4 °C). Plasma was
stored at —80 °C for future analyses.

2.2.4.  Dosing and non-fasted blood glucose

All animals enrolled on study were dosed twice a day (BID) by
intraperitoneal injections at volume of 5 mL/kg. Body weights
were recorded each day of dosing in the morning. Non-fasted
blood glucose values were measured three times weekly and were
assessed at the same time each day pre dose (e.g., between 8 and
10 am).

2.2.5.

release
Oral glucose tolerance (OGTT) tests were conducted on Day 7
after an overnight fast. For OGTT, initial blood glucose values
were determined prior to administration (1.5 g/kg BW) of a 30%
glucose solution (300 mg/mL) p-glucose in sterile PBS) by oral
gavage. Blood glucose was measured using the AlphaTrak2 at
0,15, 30, 60—90 and 120-min post glucose administration. Any
values exceeding the limitation of the glucometer (>750 mg/dL)
were diluted 1:1 with sterile PBS and re-measured. Sera insulin

Oral glucose tolerance tests and measurement of insulin

was determined using the Mercodia Mouse Ultrasensitive Insulin
ELISA Kit (Mercodia Cat. No. 10-1249-01).

2.2.6. Histological analysis and staining quantification

The livers were collected from the mice, fixed in formalin for 24 h
and subsequentially frozen. Thereafter, cryosections were pre-
pared for histological and immunohistochemical analyses. Sec-
tions stained with oil red O (from Abcam) were photographed and
the images were analyzed using Image J.

2.3.  Reagents

Thapsigargin (#T9033) and PF429242 (SML0667) were pur-
chased from Millipore Sigma; tunicamycin was purchased from
Tocris (#5316). Antibodies and primers used in this study are
provided in Supporting Information Tables S1 and S2.

3. Results

3.1.  Phenotypic screening to measure the protein folding
capacity of the ER identified APC655 as a UPR modulator

We utilized a reporter system in which ASGRI1, a transmembrane
receptor whose folding is affected by chemically induced ER
stress, is tagged with Cypridina luciferase reporter (ASGR-CLuc
fusion protein) and outfitted with a secretion signal to monitor and
quantify the folding capacity of the ER”°. As an internal control,
this cell line also constitutively expressed a Gaussia luciferase,
which is not modulated by ER stress. The reporter assay was
optimized and miniaturized to 1536 well format suitable for
uHTS. Two molecules were used as positive controls: azoramide,
which is an UPRmodulator with beneficial effects in obese mice®
and forskolin, a known activator of the enzyme adenylyl cyclase
which was identified as a strong activator of the reporter system
from a small pilot screening™ (Supporting Information Fig. S1).
The treatment of HEK293 cells expressing ASGR-CLuc with
thapsigargin and tunicamycin inhibits the folding of ASGRI1, thus
decreasing the luciferase signal in a dose responsive manner
(Fig. 1A and B). We screened compounds at 4 pmol/L concen-
tration in the presence of 100 nmol/L tunicamycin. Compounds
that inhibited 60% of the reduction of ASGR-CLuc signal were
identified as hits for follow-up studies. The hit compounds were
subsequentially confirmed in triplicate at 4 pmol/L (Fig. 1C) and
counter-screened for luciferase stabilizers using a non-UPR
related CLuc control construct and for cytotoxicity using the
cell titer-glo assay in INSle cells (<30% inhibition). Some of the
known small molecules were identified from this screening, vali-
dating our screening assay (Fig. S1). Among the confirmed hits
(Fig. 1C), APC655 presents as a novel and potent hit in preserving
protein folding capacity in dose-responsive manner, both when
treated simultaneously or following pre-treatment with tunica-
mycin (Fig. 1D and E and Supporting Information Fig. S2).

3.2.  APC655 activates ATF6 pathway and chaperone expression

To investigate whether the increased protein folding capacity of
the ER induced by APC655 is due to the modulation of the UPR,
we analyzed different signaling markers of the three UPR
branches. Western blot analysis of proteins involved in the IRE1
and PERK branches of the UPR pathways, such as BIP, IREI,
XBP1 and ATF4, showed that APC655 does not affect these
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signaling components in the presence of stress (Supporting
Information Fig. S3). To investigate the involvement of the
ATF6 branch, we looked at ATFOLD-CLuc reporter assay to
monitor ATF6 release by GRP78%°. APC655 induced the release
of ATFOLD in the medium, in a dose-dependent manner and
enhanced the effect of 0.5 umol/L thapsigargin on ATF6 activation
(Fig. 2A).

To further delineate whether APC655 affects the expression
level of ATF6, we generated an ATF6 reporter assay to study the
promoter activity of ATF6. For the promoter reporter assay we
used PF429242, an inhibitor of S1P, as control in the experi-
ment™, which provides a contrast to the activating effect of
thapsigargin on the ATF6 promoter (Supporting Information
Fig. S4). While APC655 has the capacity to induce the ATF6
reporter, the S1P inhibitor did not (Fig. 2B). ATF6 is also upre-
gulated by APC655 in the presence of stress at the mRNA level in
INS1e cells pretreated overnight with APC655 5 umol/L and co-
treated with thapsigargin 100 nmol/L for 6 h (Fig. 2C). To confirm
the activation of ATF6 by APC655 in vitro, we overexpressed
HEK293 cells with EGFP-ATF6 construct and observed higher
EGFP signal in cells treated with thapsigargin (100 nmol/L) and
APC655 (5 mmol/L) compared to control (Supporting Information
Fig. S5). These data suggest that APC655 enhances the upregu-
lation of the ATF6 branch of UPR during stress conditions. As a

measure of ATF6 activation, we also analyzed the ATF6 down-
stream targets by qPCR in INSle cells treated with thapsigargin,
showing the upregulation of the chaperones GRP78, GRP94 and
ERP72 (ER protein 72; also known as protein disulfide-isomerase
A4), all known targets of ATF6 (Fig. 2D—F). Interestingly,
chaperones expression was also associated with the reestablish-
ment of the protein trafficking in the cells as shown in Fig. 2G and
H by the pEGFP-VSVG trafficking assay. Taken together these
data show that APC655 is a modulator of the ATF6 pathway and
induces the expression of endogenous chaperones, thus incre-
menting the protein folding capacity of the ER in INSle during
stress.

3.3.  APC655 protect (3 cells from chemically induced ER-stress
dependent cell death

Since APC655 promotes the expression of chaperones and in-
creases the protein folding capacity of the ER, we asked whether
this is translated into the protection or improved (8 cell survival in
the various ER stress-induced cell death. We used @ cells carrying
the Akita mutation (C96Y) in the insulin gene, which leads to
incorrect folding of the insulin protein®™’'. Blocking protein
degradation with the proteasome inhibitor MG132 in these cells
leads to the accumulation of the unfolded insulin in the ER and the
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by the co-treatment with 5 pmol/L APC655. (E) ERP72 (PDI) mRNA level is increased by 5 pmol/L. APC655 in co-treatment with TG for 6 h in
INSle cells. (F) The chaperone GRP94 expression is increased by 5 pmol/L APC655 co-treatment with TG. (G, H) P-EGFP-VSVG protein
trafficking assay after 16 h at 40 °C with DMSO (a) or 3 mmol/L. APC655 (c) and after 15 min at 32 °C with DMSO (b) or 3 mmol/L APC655 (d).
The arrow indicates the folded P-EGFP-VSVG protein H. Cellomics quantification of P-EGFP-VSVG protein trafficking assay, normalized on
number of nuclei and expressed as % of total cells analyzed, Scale bar = 50 um. Error bars are represented as mean & SD; n = 4—6. Significance

was determined by one-way ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

subsequent UPR activation and cell death. As shown in Fig. 3A,
Akita cells treated with MG132 showed 90% reduction of cell
viability, and cotreatment with APC655 protected the Akita cells
from UPR-induced cell death. In the glucolipotoxicity settings,
treatment of INS1e cells with 25 mmol/L glucose and 500 pmol/L
palmitate for 48 h leads to significant reduction of cell viability
and APC655 protected cell survival in dose—response (Fig. 3B).

Cytokines have been directly implicated in the pathogenesis of
type 1 diabetes (T1D) as the major drivers of inflammation and play
crucial roles in controlling ongoing 8 cell destruction”. The in vitro

treatment of INS1e cells with interferon g (IFNvy, 500 ng/mL) and
interleukin-1b (IL16, 50 ng/mL) leads to the activation of caspase
3/7, and co-treatment with APC655 reduced the caspase 3/7 acti-
vation in dose response (Fig. 3C). As APC655 protects pancreatic
8 cells from the UPR-induced apoptosis, next we tested whether this
improved g cell survival is associated with the protection of § cells
function. g cells release insulin in response to high glucose (glucose
stimulated insulin secretion, GSIS) in INS1e cells is greatly reduced
by the treatment with the ER stressor thapsigargin. To our satis-
faction, APC655 treatment totally recovered the attenuated ( cell
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20 mmol/L

APC655 protects cells survival and function in INS1e cells. (A) Cell viability assay performed with Cell Titer Glo Kit in INS1 Akita

cells treated in dose—response with APC655, with or without the proteasome inhibitor MG132. (B) Cell Titer Glo assay performed in INS1e cells
treated with APC655 (2, 6 and 20 pmol/L) with or without 25 mmol/L glucose and 500 pmol/L palmitate; Control (ctr) is the cells without any
treatment, DMSO are the cells only treated with the stressor. (C) Caspase 3/7 activation performed in INSle cells treated with APC655 (2, 6 and
20 pmol/L) with or without IFN+y (500 ng/mL) and IL18 (50 ng/mL); ctr is the cells without any treatment, DMSO are the cells only treated with
the stressor. (D) glucose stimulated insulin secretion (GSIS) in INSle cells treated with APC655 (0.2, one and 5 umol/L) and stressed with
20 nmol/L thapsigargin. Error bars are represented as mean £ SD; n = 4—6. Significance was determined by one-way ANOVA test. **P < 0.01,

FEEEP < 0.0001.

function. At 5 pmol/L concentration, the total insulin secreted at
20 mmol/L glucose stimulation surpassed the normal GSIS response
without thapsigargin stressor, suggesting an enhancement of § cell
viability and function (Fig. 3D).

3.4. APC655 improves (8 cell viability and function from
cytokine induced ER-stress in primary islets

Next, we tested whether the improved survival in INS1e cells can
be translated into primary 8 cells from freshly isolated rat islets.
APC655 treatment alone does not impact the 3 cell viability in rat
islets (Fig. 4A). We have developed the cytokine stress assay in
primary rat islets. 8 cell viability was greatly reduced with the
treatment of a cytokine cocktail composed of IFN+y (100 ng/mL),
IL18 (5 ng/mL) and TNFS (50 ng/mL) and APC655 treatment
reduced this loss of viability in dose response (Fig. 4B). Similarly,
the caspase activation induced by the cytokine cocktail was
greatly inhibited by APC655 treatment (Fig. 4C). In a similar way
to INSle cells, the islet function is totally abolished by the
treatment of cytokine cocktail, and APC655 partially recovered its

GSIS function, although the effect is mild, potentially due to the
harsh assay conditions (Fig. 4D). All these results suggest that
APC655 can have beneficial effects in diabetes and potentially
protect (¢ cells survival during stress in diabetes models.

3.5. APC655 decreased body weight, lowered fast blood glucose
and improved liver steatosis in the ob/ob mice

Leptin deficient ob/ob mice are characterized by insulin resistance
and liver lipid accumulation. Previous work demonstrated that the
ER stress level in this mouse model is high in both pancreatic

cells and in hepatocytes™. Encouraged by the in vitro protection of
@ cell viability and function in INS1e and primary islets, we tested
this compound in the ob/ob mouse model. Intraperitoneal (ip)
administration of APC655 at 15 and 50 mg/kg twice a day (BID)
for 7 days reduced body weight (Fig. 5A) and fasting glucose
(Fig. 5B) in ob/ob mice. In addition, APC655 also shows a trend
in improving glucose handling as demonstrated in the OGTT
(Fig. 5C and D).
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APC655 protects cells survival and function in primary rat islets. (A) Cell viability assay in primary rat islets treated with APC655 for

24 h at different doses (0.6, 1.6, 4 and 10 pmol/L). (B) Cell viability assay in primary rat islets treated with APC655 for 24 h at different doses
(0.6, 1.6, 4 and 10 pmol/L), together with DMSO or IFNy 100 ng/mL and IL18 5 ng/mL. (C) Caspase 3/7 activation performed in rat islets treated
with APC655 (0.6, 1.6, 4 and 10 pmol/L), together with DMSO or IFNy 100 ng/mL, IL18 5 ng/mL and TNF« 50 ng/mL. (D) Glucose stimulated
insulin secretion (GSIS) in rat islets treated with APC655 (5 pumol/L) and stressed with cytokines (IFNvy 25 ng/mL and IL18 1.25 ng/mL). Error
bars are represented as mean £+ SD; n = 4—6. Significance was determined by one-way ANOVA test. ¥*P < 0.05, **P < 0.01.

Interestingly, a significant reduction of liver size is observed
with APC655 treatment (50 mg/kg) in the ob/ob mice during
takedown. Indeed, the liver weight normalized by the body weight
showed a significant reduction in the mice treated with APC655 at
50 mg/kg and a trend of reduction in the ob/ob mice at 15 mg/kg
treatment (Fig. 5F). We also analyzed the lipids accumulation in
the livers from the vehicle and APC655 treated ob/ob mice, using
the oil red O staining (Fig. 5E). As shown in Fig. 5E and quan-
tified in Fig. 5G, lipids staining is strongly reduced in ob/ob mice
treated with APC655 50 mg/kg, pointing to a potential beneficial
effect of APC655 in liver steatosis and NASH.

The interesting phenotypic improvement of liver steatosis
prompted us to investigate potential mechanisms. The link be-
tween obesity, UPR and inflammation is not completely under-
stood but there is much evidence that UPR and inflammation are
connected, regulated by each other and involved in obesity®* °.
We analyzed inflammatory response and UPR chaperones in the
liver from the ob/ob mice treated with the vehicle or APC655
and compared them with the naive control mice. The activation of
NF-«B by UPR has been reported as a common signaling cascade
in the three UPR branches®’. Western blot analysis of the total
proteins isolated from livers of ob/ob mice showed that the
treatment with APC655 modulated NF-«B signaling pathway, as
demonstrated by the reduced NF-kB (P65) phosphorylation and
increased protein level of the NF-«B inhibitor IKKg (Fig. 6A—C).

Also, protein levels and mRNA levels of GRP94 were upregulated
in the livers from ob/ob mice treated with APC655, supporting our
in vitro observations (Fig. 6D—F).

Next, we analyzed the expression level of genes involved in the
UPR pathways. APC655 treatment highlighted a trend but not
significant increase of chaperone expression in the livers of ob/ob
mice treated with APC655 (Supporting Information Fig. S6).
Taken together, these data suggest that the upregulation of chap-
erones might be consequential to the reduced inflammation and
suggests a more systemic mechanism of action of APC655 in vivo.

4. Discussion

ER is important for calcium storage, lipid biosynthesis, protein
synthesis and trafficking. Defects in the ER function translate
into accumulation of unfolded proteins in the lumen of the ER
and result in the activation of the UPR pathways. Abnormal and
unresolved UPR is associated with the development of T1D and
T2D and is responsible in part for the loss and malfunction of
pancreatic 8 cells”*®. As the main function of the UPR is to
restore the ER homeostasis by promoting the expression of
chaperones and blocking the translation of new proteins, an un-
resolved ER-stress can transition into the apoptotic cell death. A
“protective” UPR could be beneficial for the cells in order to
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restore protein homeostasis; however, it is not easy to reach the
exact balance between protein synthesis and degradation, pre-
venting the ER-stress induced cell death and promoting proteo-
stasis, thus preserving cell survival. The discovery of a small
molecule that can improve the ER folding capacity by stimu-
lating the chaperones expression and, at the same time, preser-
ving cell viability, might be the key to preventing and/or curing
many metabolic diseases. Indeed, it has been previously showed

that the treatment with chemical chaperones such as taur-
oursodeoxycholic acid or phenyl butyric acid reduces the dia-
betes in T1D mouse models when administered in pre-diabetic
stage and this protection is lost in B-cell-specific ATF6a-deficient
mice™.

Here, we took advantage of a high throughput phenotypic
screening assay and identified APC655 as a small molecule UPR

modulator that could rescue ER protein folding capacity. We
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Figure 6

SAPC655 decreases NF-«B pathway activation in the liver from ob/ob mice. Western blot analysis (A) and quantification (B and C) of

NEF-«B pathway in the total proteins extracted from liver of naive mice or ob/ob mice treated with the vehicle or APC55 (15 and 50 mg/kg). (D)
GRP94 protein levels analyzed by Western blot in the total proteins extracted from liver of naive mice or ob/ob mice treated with the vehicle or
APC55 (15 and 50 mg/kg) and quantification (E). (F) GRP94 mRNA level in livers from ob/ob mice treated with the vehicle or APC55 (15 and
50 mg/kg), measured by qPCR. Error bars are represented as mean + SD; n = 4—6. Significance was determined by the one-way ANOVA test.
*P < 0.05, ¥*P < 0.01, ##*P < 0.001, ****P < 0.0001.
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found that in § cells, APC655 can repristinate the protein folding
capacity of the ER during stress conditions by boosting the ATF6
pathway and enhancing the expression of chaperons. APC655
showed a protective effect on (3 cell viability and function in both
@ cell lines and primary islets. Activation of ATF6 and chaperones
expression are known to be associated with a protection of hepatic
steatosis in diet-induced insulin resistant mice. The expression of
a dominant negative ATF6 in high-fat-high-sucrose diet-fed mice
increases the susceptibility to develop hepatic steatosis and insulin
resistance. It has been shown that ATF6 can stimulate fatty acid
oxidation in hepatic cells through the activation of peroxisome
proliferator-activated receptors (PPAR«), thus maintaining meta-
bolic homeostasis®*. The treatment of ob/ob mice showed a pro-
tective effect of APC655 on glucose handling and on the lipid
accumulation in the liver. Our in vivo data in the liver of ob/ob
mice showed a strong downregulation of the NF-«kB inflammatory
pathway with the treatment of APC655 and the gene expression
analysis of the UPR markers showed significant increase of
GRP94 and XBP1, with a trend of increase in ATF6 and BIP and
ATF4, indicating an increase in chaperone expression and poten-
tial folding capacity, resulting in the improvement of UPR and the
ER stress. While the crosstalk between UPR and inflammation is
not well defined, there are evidences that they can both regulate
each other”. Nevertheless, both pathways are crucial for a com-
plex disease like hepatic steatosis and NASH and the identification
of a small molecule like APC655 could provide an interesting tool
compound for mechanistic studies and therapeutic application in
protein homeostasis and inflammation in complex diseases like
diabetes, obesity and NASH.

5. Conclusions

In this study, APC655, a new small molecule enhancer of the ER
protein folding capacity, was identified from a uHTS campaign.
APC655 promotes the expression of chaperones and activates the
ATF6 branch of the UPR during stress conditions in vitro.
Moreover, APC655 preserves 8 cells viability and function when
challenged with stress in vitro. In vivo treatment of APC655 in ob/
ob mice reduces the NF-«kB inflammatory pathway activation and
lipid accumulation in the liver while improving glucose handling.
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