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KEY WORDS Abstract The well-known insulin-like growth factor 1 (IGF1)/IGF-1 receptor (IGF-1R) signaling
pathway is overexpressed in many tumors, and is thus an attractive target for cancer treatment. However,

LGg SR; results have often been disappointing due to crosstalk with other signals. Here, we report that IGF-1R
’ . . signaling stimulates the growth of hepatocellular carcinoma (HCC) cells through the translocation of
Endoplasmic reticulum > . . X o
(ER); IGF-1R into the ER to enhance sarco-endoplasmic reticulum calcium ATPase 2 (SERCA2) activity. In
SERCAZ2: response to ligand binding, IGF-1Rg is translocated into the ER by §-arrestin2 (6-arr2). Mass spectrom-
Ca*'zg perturbation; etry analysis identified SERCA?2 as a target of ER IGF-1R3. SERCA?2 activity is heavily dependent on the
Barrestin-2 (8-arr2); increase in ER IGF-1Rg levels. ER IGF-1R@ phosphorylates SERCA2 on Tyr®®® to enhance its activity.
SERCA2Y; Mutation of SERCA2-Tyr*® disrupted the interaction of ER IGF-1Rg with SERCA2, and therefore ER
Thapsigargin IGF-1R} failed to promote SERCA2 activity. The enhancement of SERCA?2 activity triggered Ca® g

perturbation, leading to an increase in autophagy. Thapsigargin blocked the interaction between SERCA2
and ER IGF-1Rg and therefore SERCA?2 activity, resulting in inhibition of HCC growth. In conclusion,
the translocation of IGF-1R into the ER triggers Ca®fy perturbation by enhancing SERCA?2 activity
through phosphorylating Tyr**® in HCC.
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1. Introduction

Insulin-like growth factor 1 (IGF1) receptor (IGF-1R), a tetra-
meric transmembrane receptor tyrosine kinase, is composed of
two « and two (3 subunits linked by disulfide bonds. Upon ligand
binding, 8 subunits are internalized to activate the insulin receptor
substrate-initiated ~ phosphatidylinositol ~ 3-kinase  (PI3K)—
AKT—mammalian target of the rapamycin pathway, which pre-
dominantly leads to metabolic changes, and the SHC-initiated
Ras—mitogen-activated protein kinase pathway, which promotes
mitogenic changes'. IGF-IR is highly expressed in many cancer
types™. Therefore, targeting IGF-1R is a promising strategy in
cancer drug development. However, IGF-1R inhibitors frequently
fail to be effective® ®. The IGF1/IGF-IR signaling pathway is
more complex than anticipated due to its complex relationships
with numerous other cellular signaling pathways, rendering tumor
cells resistant to anti-IGF-1R therapy.

Sarco-endoplasmic reticulum calcium ATPase (SERCA)
pumps are membrane transport proteins bound to the endo- or
sarcoplasmic reticulum’, playing essential roles in calcium
transport from the cytoplasm into the endoplasmic reticulum
(ER) to replenish the stored calcium, which is necessary for
protein folding chaperones, calnexin, and calreticulin. However,
overexpression of SERCA could trigger Ca®fg perturbation,
leading to the unfolded protein response®. Three SERCA iso-
forms, including SERCA1, SERCA2, and SERCA3, were iden-
tified as being highly expressed in the specialized ER, where
they account for ~50% of all membrane proteins’. The impor-
tance of SERCA pumps in cancer was recently highlighted by
the finding that SERCA pumps are overexpressed in many cancer
types'’. These cancers involve the dysregulation of calcium
signaling to mediate critical cellular processes, including the
transcriptional regulation which underlies gene expression in a
wide range of pathways crucial to tumorigenesis, such as pro-
liferation, angiogenesis, migration, cell cycle progression, im-
mune system evasion, and bypass of autophagy''. However, the
SERCA isoforms that are specifically dysregulated in cancer
subtypes have not been identified, and little is known about their
pathological functions. SERCA1, the isoform that is expressed in
fast-twitch skeletal muscle tissue, has not been identified in
cancer cells'>. SERCA2 (encoded by ATP2A2) has been found to
be overexpressed in several cancer types, including colon cancer,
hepatocellular carcinoma (HCC), lung cancer, breast cancer,
neuroglioma, and prostate cancer'®. The expression levels and
pathological functions of SERCA3 in tumorigenesis are still
controversial'*. Cancer cells can hijack SERCAs, which are
functional calcium pumps, to transform calcium transients such
that they support a constitutively active and dividing state.
Therefore, targeting SERCA results in the inhibition of prostate
cancer and neuroglioma cells by blocking the transformation of
calcium transients'”.

In the present study, we provide evidence that activation of the
IGF-1R signaling pathway stimulates cancer growth through the
translocation of IGF-1Rg into the ER to activate SERCA?2, leading

to Ca®fg perturbation in HCC cells. This in turn leads to activa-
tion of the PERK—elF2a—ATF4 signaling pathway, resulting in
ER stress and triggering autophagy in HCC cells. Immunopre-
cipitation assays followed by mass spectrometry showed that ER
IGF-1Rg interacts with SERCA2. We further found that ER IGF-
IRB stimulates SERCA2 activity by phosphorylating the Tyr**
residue of SERCA2. Thapsigargin, a SERCA?2 inhibitor, inhibited
HCC growth by blocking the interaction of ER IGF-1R{ with
SERCA2.

2. Material and methods
2.1.  Reagents

Bafilomycin Al (Baf Al, HY-10058) and thapsigargin (HY-
13433) were purchased from MCE (New Jersey, USA). LY294002
(S1105) and NVP-AEW541 (S1034) were purchased from Selleck
(Houston, TX, USA). Fetal bovine serum (42F6590K) and Dul-
becco’s modified Eagle’s medium (10373017) were obtained from
Gibco (NY, USA). Human IGF1 (100-11-100UG) was purchased
from PeproTech (New Jersey, USA). The Minute™ Plasma
Membrane Protein Isolation and Cell Fractionation Kit (SM-005)
and the Minute™ ER Enrichment Kit (ER-036) were provided by
Invent Biotechnologies (Eden Prairie, Minnesota, USA).

2.2.  Cell lines and cell culture

The HCC cell lines HepG2, PLC/PRF/S, and Hep3B and the
normal human liver cell line HepRG were all obtained from the
China Cell Collection (Shanghai, China). Cells were cultured in
an incubator at 37 °C and 5% CO, in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum.

2.3.  Plasmid constructs

GFP-IGF-1R*°*", full-length wild-type SERCA2 with a C-ter-
minal Flag-tag, Flag-SERCA2?°¥?% | and Flag-SERCA2°*° cDNA
were amplified in HEK293T cells by standard PCR and cloned in
pcDNA3.1(+) plasmids. Deletion and truncation of cDNA were
amplified in HEK293T cells and subcloned into pcDNA3.1(+)
GFP plasmids. Mutation cDNA was amplified in HEK293T cells
and subcloned into pcDNA3.1(+) Flag plasmids. Plasmids were
transiently transfected into HEK293T cells using Lipofectamine
3000 reagent (L3000015, Invitrogen, USA) according to the
manufacturer’s instructions.

2.4.  RNA interference assay and lentiviral transfection assay

Small interfering RNA (siRNA) was designed by GenePharma
(Suzhou, China). Human silGF-1R, siATP2A2-1, and siATP2A2-2
were routinely co-transfected into cells using Lipofectamine 2000
(11668019, Invitrogen, USA) and an equal volume of siRNA
suspension (siRNA sequences are detailed in Supporting Infor-
mation Table S1). Short hairpin RNA (shRNA) was purchased


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

3746

Yanan Li et al.

from GenePharma (Suzhou, China). Cells were plated in six-well
plates and incubated for 24 h before RNA interference. Diluted
polybrene was lightly mixed with an equal volume of shRNA
suspension in DMEM (shRNA sequences are detailed in Sup-
porting Information Table S2). Each sample was incubated at
37 °C for 12 h. The medium was replaced, and the cells were
incubated for 48 h to confirm the infection rate.

2.5.  HCC patient specimens and immunohistochemical analysis

The use of human samples was approved by the Ethics Com-
mittee of BinZhou Hospital (2018-81772637-01). All patients
have provided written informed consent. A total of 46 randomly
selected HCC specimens obtained from 2018 to 2019 were
used to analyze the levels of IGF1, IGF-2, and IGF-1R in HCC
tissues. Antibody information is shown in Supporting Informa-
tion Table S3. Immunohistochemistry (IHC) scores were deter-
mined as follows: <10% of stained cells (—); 11%—25% of
stained cells (+); 26%—50% of stained cells (2+); and >51% of
stained cells (3+).

2.6.  Immunofluorescence assay

The immunofluorescence assay was routinely performed as pre-
viously described'®.

2.7.  Calcium labeling and confocal microscopy analysis

HCC cells were loaded with 20 pmol/L. Fluo-4-AM (F14201,
ThermoFisher Scientific, USA) or 20 pmol/L Mag-fluo-4-AM
(M14206, ThermoFisher Scientific, USA) and imaged under a
Zeiss LSM510 confocal microscope in a frame scan mode for
~10 s. Then the cells were exposed to 50 nmol/L IGF1, and
images were continuously taken for ~600 s. The amplitude of the
peak Ca®* transient was calculated as Eq. (1):

Amplitude = (F—F)/F, (1)

where F represents the maximum value of a Ca®" transient and F,
represents the Ca®>" level immediately before the onset of a Ca>*
transient'”.

2.8.  Silver staining and mass spectrometry

Proteins were separated by 8% SDS-PAGE and visualized by
silver staining. Gel bands were excised and then subjected to in-
gel trypsin digestion. The peptides were separated and analyzed
on a TRIPLETOF 6600 mass spectrometer. About 4 uL of pep-
tides were injected into a C18AQ column (3 pm, 120 1&,
35 um x 0.5 mm) at a flow rate of 600 nL/min. Mobile phase A
(0.1% formic acid in 2% acetonitrile) and mobile phase B (0.1%
formic acid in 98% acetonitrile) were used to establish a 90 min
gradient of 0 min 5% B; 45 min of 5%—22% B; 10 min of 22%—
30% B; 10 min of 30%—45% B; 10 min of 45%—90% B; and
15 min of 95% B. Mass spectrometry conditions were as follows:
ESI ion source, positive ion mode, a spray voltage of 2.3 kV, and
an ion temperature of 150 °C. All mass spectrometry analyses
were performed by the proteomics platform of Capital Medical
University.

2.9.  Western blot and co-immunoprecipitation assays

Western blot and co-immunoprecipitation (Co-IP) assays were
routinely performed as previously described'®'”. Antibody in-
formation is provided in Supporting Information Table S3.

2.10. SERCAZ2 activity measurement

SERCA? activity was assessed using a colorimetric ATPase assay
kit (A070-4-2, Nanjing Jiancheng Bioengineering Institute,
China). ATPase activity was normalized to protein content’.

2.11.  Human HCC cells xenografted in livers of nude mice and
thapsigargin treatment

The experimental protocol was approved by the Animal Welfare
Committee of Capital Medical University (AEEI-2020-094).
BALB/c nude mice were provided by Charles River Laboratories
(Beijing, China). HepG2 cells (1 x 10° cells in 0.15 mL normal
saline [NS]) were injected into the medial lobe of the liver. Mice
were randomly divided into the following groups: (i) normal mice
receiving NS; (ii) mice with HepG2 xenograft receiving NS; (iii)
mice with HepG2 xenograft receiving 1 mg/kg of rhIGF1*'; (iv)
mice with HepG2 xenograft receiving thapsigargin (10 mg/kg/day)
via the caudal vein in three consecutive weeks>%; and (v) mice with
HepG2 xenograft receiving 1 mg/kg of rhIGF1+thapsigargin. Mice
were euthanized; visible metastatic nodules were observed in mice
livers, which were fixed for further analysis.

2.12.  Statistical analysis

Data are described as mean + standard deviation (SD). Statistical
analysis was performed with SPSS/Win19.0 software (SPSS,
Chicago, IL, USA). Comparisons between the IGF1-treated and
control mice were conducted with a two-tailed Student’s #-test. A
P value of <0.05 was considered to be statistically significant.
Spearman correlation was used to analyze the association between
IGF1/IGF2 and IGF-1R in human HCC tissues.

3. Results

3.1.  Activation of IGF1/IGF-IR signaling in human HCC
tissues

The Cancer Genome Atlas RNA-seq data did not show higher
levels of Igf-1r, Igfl, and Igf2 in HCC tissues than in healthy
people (Supporting Information Fig. S1A). However, we identified
higher levels of IGF-1R, IGF1, and IGF2 in HCC tissues than in
their paired paracancerous tissues. All 46 HCC specimens had
IGF-1R, IGF1, and IGF?2 staining intensity of >51% stained cells
(score 3+) in the HCC tissues. Comparably, weak (4) or moderate
(2+) staining of IGF-1R, IGF1, and IGF2 was seen in the paired
paracancerous tissues (Fig. S1B).

3.2.  In response to ligand binding, IGF-1Rf was translocated
into the ER in HCC cells

It is well known that in response to ligands binding, IGF-1R is
internalized through binding with clathrin and @-arrestins, fol-
lowed by proteasomal degradation to cease IGF-IR
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Figure1 Inresponse to ligand binding, IGF-1Rg is translocated into the ER. (A) Immunofluorescence analysis of ER IGF-1Rg in Hep3B cells

exposed to 50 nmol/L IGF1 for 30 min. IGF-1R@ (green), calnexin (red), nucleus (blue). Scale bar: 25 pm. (B) Immunofluorescence analysis
showed the trajectory of biotinylated IGF-1R from the cell membrane to the ER. Scale bar: 10 pm. Intensity profiles indicate the protein levels
along the plotted lines as determined by ImageJ. (C) Western blot assay of IGF-1Rf extracted from the cell membrane, the cytoplasm, and the ER
fraction in HepG2 cells. Data are presented as mean + SD; *P < 0.05 (n = 3, Student’s ¢ test) compared to NC cells. (D) Western blot assay of
IGF-1Rg in the ER fraction of HepG2 cells. IGF-1R3 = 95 kDa, pre-IGF-1R = 250 kDa. Data are presented as mean + SD; *P < 0.05 (n = 3,
Student’s ¢ test) compared with NC cells. (E) After silencing of IGF-1R, IGF1 failed to increase ER IGF-1Rf levels in HepG2 cells. Data are
presented as mean + SD; **P < 0.01 (n = 3, Student’s 7 test) compared to vector-transfected cells. (F) Immunofluorescence assay of ER IGF-
1R in HepG2 xenografts. IGF-1R( (purple), calnexin (yellow), nucleus (blue). The merged image shows the rthIGF1-treated liver and the NS-
treated liver (n = 6). Scale bar: 25 pm. (G) Immunofluorescence assay of ER IGF-1Rg, showing the IGF-1R/calnexin colocalization in HCC

tissues but not obviously in the paired paracarcinoma tissues. n = 6, scale bar: 50 pm.

signaling”>**. However, we identified a disobliging IGF-1R
signaling pathway in the ER. This disobliging IGF-1R
signaling was not observed in normal human liver cells. Immu-
nofluorescence assays showed that IGF-1R3 was localized in the
ER of HCC cells treated with 50 nmol/L IGF1*° for 30 min
(Fig. 1A for Hep3B cells and Supporting Information Fig. S2A
for HepG2 cells). The trajectory of the biotinylated IGF-1Rf3
indicated that IGF-1R@ was translocated from the cell membrane
to the ER (Fig. 1B). The translocation of IGF-1R@ was further
confirmed by analyzing its molecular mass (Fig. 1D and 95 kDa)
in the subcellular fractions of HCC cells (Fig. 1C). Because the
IGF-1R precursor is synthesized in the ER and then cleaved into
o« and @ subunits in the Golgi apparatus®, we also identified it in
the ER (250 kDa, Fig. 1D and Fig. S2B). Knockdown of IGF-1R
impeded the IGF1-driven translocation of ER IGF-1Rg in HepG2
cells (Fig. 1E) and Hep3B cells (Fig. S2C). The presence of ER
IGF-1R( was further confirmed in HepG2 xenografts. Immu-
nofluorescence analysis showed that IGF-1RS was present in the
ER in IGF1-treated mice but not in NS-treated mice (Fig. 1F).
ER IGF-1Rg was also identified in human HCC tissues but not in
their paired paracancerous tissues (Fig. 1G).

3.3. B-Arr2 but not B-arrl mediated the translocation of ER
IGF-1RB in HCC cells; this translocation was not observed in
normal human liver cells

As IGF-1RB was translocated into the ER, we explored the
mechanism of this translocation. Expectedly, IGF-1R8 was
internalized through binding with clathrin in response to IGF1 for
20 min in HCC cells (Supporting Information Fig. S3A). Inter-
estingly, co-expression of IGF-1R@ and clathrin initiated a dy-
namic process; at 30 min after IGF1 exposure, the levels of
clathrin were not further increased (Fig. S3B), while $-arr2 but not
B-arrl levels gradually increased (Fig. 2A). §-Arr2 was also
identified in the ER (Supporting Information Fig. S4B—S4D).
Immunofluorescence assays showed the (-arr2-mediated trans-
location of IGF-1R@ into the ER at 30 min, and co-expression of
B-arr2 with IGF-1R@ was blunted at 40 min (Fig. S4A). The Co-IP
assay revealed the co-expression of IGF-1R@ with @-arr2
(Fig. 2B—i) but not the co-expression of IGF-1R with (-arrl in
HepG2 cells (Fig. 2B—ii). The @-arr2 inhibitor Barbadin and
silencing of B-arr2 both blocked the IGF1-driven co-expression of
IGF-1Rg and -arr2 in the ER of HCC cells (Fig. 2C and D).
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B-Arr2 but not B-arrl mediates the translocation of ER IGF-1Rg in HCC cells. (A) 3-Arr2 but not $-arrl was gradually increased in

HepG2 cells exposed to increasing IGF1 levels (0—1000 nmol/L). Data are presented as mean £ SD; *P < 0.05, **P < 0.01, ***P < 0.001
(n = 3, Student’s ¢ test) compared with the cells without IGF1. (B) Co-IP assay showing that it is §-arr2 but not §-arrl that interacts with IGF-1Rf3
in the presence of IGF1 in HepG2 cells. (C) Western blot assay of the ER fraction showed that Barbadin (100 nmol/L, 30 min) blocked the IGF1-
driven increase of IGF-1RS and (-arr2 in the ER of HepG2 cells. Data are presented as mean =+ SD; *P < 0.05 (n = 3, Student’s ¢ test) compared
with IGF1-treated cells. (D) After silencing of §-arr2, IGF1 failed to increase ER IGF-1RS and B-arr2 levels in the ER of HepG2 cells. Data are
presented as mean + SD; *P < 0.05 (n = 3, Student’s ¢ test) compared with the cells transfected with vector. (E) 8-Arrl but not §-arr2 was
gradually increased in normal HepRG liver cells in the presence of increasing IGF1 levels (0—1000 nmol/L). Data are presented as mean + SD;
*P < 0.05, **P < 0.01, ***P < 0.001 (n = 3, Student’s ¢ test) compared with the cells without IGF1. (F) Co-IP assay showing that §-arr1 but not
B-arr2 interacts with IGF-1Rg in the presence of IGF1 in normal HepRG liver cells.

Normal liver cells exhibited an increase of -arrl but not G-arr2 in
the cytoplasm (Fig. 2E) and co-expression of IGF-1Rg with (-arrl
but not co-expression of IGF-1RS with (-arr2 (Fig. 2F).

3.4. SERCA2 was identified as a target of ER IGF-1R(

As IGF-1R( was translocated into the ER, we next searched for
ER IGF-1R’s target. We first performed an SDS-PAGE assay to
analyze the ER IGF-1R@ interactome. As shown in Fig. 3A, the
molecular weights of these proteins are mainly enriched above
80 kDa. These proteins were further subjected to mass spec-
trometry analysis to identify the proteins bound with ER IGF-1Rg3
(Supporting Information Table S4). These ER IGF-1RB-binding
proteins were mainly involved in metabolism and the calcium
signaling pathway (Supporting Information Table S5). After data
filtering and in-depth bioinformatics analysis, SERCA2 was
finally identified as a target of ER IGF-1R3. SERCA2 was acti-
vated in response to IGF1 (Fig. 3B and C and Supporting Infor-
mation Fig. S5A). After IGF-1R knockdown, ER IGF-1Rg failed
to activate SERCA2 in HepG2 cells (Fig. 3D and Fig. S5B
and S5C). A Co-IP assay confirmed the co-expression
of ER IGF-1RB with SERCA2 in HepG2 cells (Fig. 3E). The

co-expression of ER IGF-1R{ with SERCA2 was further identi-
fied in HepG2 xenografts exposed to IGF1 but not HepG2 xeno-
grafts exposed to NS (Fig. 3F). Also, the co-expression of ER
IGF-1R@ with SERCA2 was confirmed in HCC tissues but not in
the paired paracancerous tissues (Fig. 3G).

3.5.  The increase of SERCA2 was dependent on the increase of
phosphorylated ER IGF-1R(

As ER IGF-1Rg interacted with SERCA2, we analyzed the effect
of this interaction. The Tyr''*"/!3/1136 residues in the kinase
domain of IGF-1R were reported to be the earliest major sites of
autophosphorylation necessary for kinase activation’’. In this
study, the increase of SERCA2 was dependent on IGF-1Rf
phosphorylation on Tyr1131 and Tyr“35/1136 (Fig. 4A). Supportive
of this conclusion, NVP-AEW541, an inhibitor of IGF-1R,
blocked the IGF1-driven autophosphorylation of IGF-1RB on
Tyr''*! and Tyr''3>/13¢ and therefore IGF-1R-induced SERCA2
activation was blocked in HepG2 cells (Fig. 4A). Analysis of the
ER proteins confirmed the above conclusion (Fig. 4B). A Co-IP
assay identified the interaction of IGF-1Rf3 with SERCA2 in the
ER, and this interaction was blocked by NVP-AEW541 (Fig. 4C).
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were impeded. Data are presented as mean £ SD; *P < 0.05, ***P < 0.001 (n = 3, Student’s ¢ test) compared with the cells transfected
with vector. (D-ii) After knockdown of IGF-1R, ER IGF-1R{ failed to induce SERCA2 activity in HepG2 cells. Data are presented
as mean + SD; *P < 0.05, ***P < 0.001 (n = 3, Student’s ¢ test) compared with the cells transfected with siNC. (E) Co-IP assay identified the
IGF-1RG—SERCA?2 complex in HepG2 cells exposed to IGF1. (F) Immunohistochemical fluorescence identified the IGF-1R3—SERCA2 complex
in HepG2 xenografts treated with IGF1 vs. HepG2 xenografts without IGF1. n = 6. Scale bar: 50 um. (G) Immunohistochemical fluorescence

showed the IGF-1RG—SERCA2 complex in HCC tissues but not in the paired paracancerous tissues. n = 6. Scale bar: 50 um.

To identify the functional motif of IGF-1RB necessary for
SERCA2 binding, we constructed truncated IGF-1Rg fragments
including the tyrosine kinase region. A Co-IP assay identified
IGF-1R?**" 45 the core region of the tyrosine kinase necessary
for SERCA2 phosphorylation (Fig. 4D). Silencing of SERCA2
blocked the interaction of IGF-1RB with SERCA2 (Fig. 4E).
Thapsigargin, a SERCA?2 inhibitor, also decreased the interaction
of ER IGF-1Rg with SERCA?2 in Hep3B cells (Fig. 4F).

3.6.  Tyr**° phosphorylation of SERCA2 by ER IGF-1R8
increased its activity

We examined the effect of the interaction between ER IGF-1R(
and SERCA2. Theoretically, as a tyrosine kinase, ER IGF-1R(
can phosphorylate its target SERCA?2. Mass spectrometry analysis
identified 16 distinct peptides of SERCA2 when ER IGF-1R was
co-expressed with SERCA2 in IGF1-treated HepG2 cells (Sup-
porting Information Table S6). An immunoprecipitation assay of
the ER protein fraction followed by mass spectrometry identified
the peptides containing the phosphorylated Tyr sites including
NYLEPGK and GAIYYFK (Fig. 5A). Through this strategy, three
possible Tyr sites (Tyr°, Tyr***, and Tyr**®) phosphorylated by

ER IGF-1Rg@ were identified. We mutated these three possible
phosphorylated Tyr sites to the non-phosphorylatable alanine and
then assayed their binding status. Mutation of Tyr”° but not
Tyr*®* and Tyr* blocked the IGF1-stimulated interaction be-
tween ER IGF-1R@ and SERCAZ2, indicating the key Tyr site of
SERCAZ2 (Fig. 5B—i). These experimental results were consistent
with the predicted results by the group-based phosphorylation site
predicting and scoring platform. Group-based phosphorylation site
prediction and the scoring platform predicted a higher phosphor-
ylation score for Tyr*®® than for Tyr*** and Tyr*>> of SERCA2
(Fig. 5B—ii). Therefore, Tyr’*® was identified as a key residue of
SERCAZ2 that binds with phosphorylated ER IGF-1Rg. A Co-IP
assay indicated that this interaction was blunted by the Tyr’°
mutation (Fig. 5C). Thus, in HCC cells with the Tyr’*® mutation,
IGF1 failed to increase SERCA2 activity (Fig. 5D).

3.7.  Activation of SERCA2 enhanced the calcium transport
activity, leading to Ca®'eg perturbation to activate
PERK—elF20—ATF4 signaling

As a sarcoplasmic/ER calcium ATPase, SERCA2 regulates cal-
cium transport from the cytosol into the ER for maintaining Ca**
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Figure 4 The increase in SERCA?2 activity was dependent on the increase in phosphorylated ER IGF-1RB. (A) NVP-AEWS541 blocked the
IGF1-driven autophosphorylation of IGE-1R8 on Tyr'"*! and Tyr' '3!3, and consequently decreased SERCA?2 activity in HepG2 cells. Data are
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AEW541. (B) Western blot assay of the ER protein fraction showed that the IGF1-driven autophosphorylation of IGF-1R8 on Tyr'"! and
Tyr' 331136 was blocked by NVP-AEW541 (10 pmol/L, 12 h), and the level of SERCA2 was consequently reduced in the ER. Data are presented
as mean £ SD; *P < 0.05, **P < 0.01, ***P < 0.001 (n = 3, Student’s 7 test) compared with the IGF1-treated cells without NVP-AEW541. (C)
Co-IP assay shows that the IGF1-driven formation of the ER IGF-1RG—SERCA?2 complex was significantly blunted by NVP-AEW54 (10 umol/L,
12 h). (D) Co-IP assay to determine the interaction between SERCA2 and truncated-IGF-1R%?"13¢7 in HEK293T cells. The cells transfected with
IGF-1R****" retained the interaction of SERCA2 with ER IGF-1Rg. (E) Silencing of SERCA2 blocked the interaction of ER IGF-1R{ with
SERCA? in HepG2 cells in the presence of IGF1. (F) Thapsigargin (5 pumol/L, 24 h) decreased the interaction of ER IGF-1Rg with SERCA2 in

HepG2 cells in the presence of IGF1.

homeostasis”®?’. As SERCA2 was activated (Fig. 6A), we

analyzed the effect of this response in HCC cells. Mag-fluo-4, an
ER calcium indicator30, was used to analyze free Ca®* levels in
the ER, and fluo-4 was used to measure Cazﬁymplasm concentra-
tions®'. Compared to control cells, the cells exposed to IGFI
demonstrated a sharp decrease in Cazﬁymplasm within 10 s, and
correspondingly, the Ca’%g levels were drastically increased at the
same time, which maintained higher levels within 600 s. Control
cells maintained relatively stable Ca’Lr and Ca2ﬁymplasm levels
during this time (Fig. 6B and C). These results indicate that the
increased Ca?f5r was due to the sharply reduced Cangytop]asm. The
PI3K—Akt inhibitor LY294002 did not block the IGF1-induced
CaZER perturbation (Fig. 6D). In the same condition of IGF1
exposure, normal human liver cells did not exhibit the Ca’fr
perturbation (Fig. 6E).

As a sensor of ER stress, glucose-regulating protein 78
(GRP78) functions as a molecular chaperone in the ER that reg-
ulates ER stress signaling in response to Ca’fr perturbation™.
Thus, ER IGF-1Rg-induced Ca*fg perturbation led to ER stress
by activating the GRP78—PERK—elF2a—ATF4 pathway
(Fig. 6F). Silencing of IGF-1R impeded the translocation of ER
IGF-1RB and thus blocked the GRP78—PERK—elF2a—ATF4
pathway (Fig. 6G). Further, silencing of SERCA2 impeded the

binding of ER IGF-1R( with its target and thus blocked the
GRP78—PERK—elF2a—ATF4 pathway (Fig. 6H).

3.8.  Activation of the PERK—elF2a—ATF4 signaling induced
by Ca’ g perturbation triggered autophagy in HCC cells;
thapsigargin blocked the binding of ER IGF-1RB with SERCA2,
resulting in the inhibition of HCC

Expectedly, HCC cells exhibited autophagy initiation in response
to the activated GRP78—PERK—elF2a—ATF4 pathway (Fig. 7A-
i—iii). These HCC cells exhibited turnover of LC3, showing an
increase of LC3-I, and correspondingly the LC3-II level was
increased in the presence of Baf Al (Fig. 7A-ii—iii). As a result,
the autophagy-related proteins Beclinl, LC3B-I/II, and SQSMT1/
p62 were significantly increased in the above autophagic HCC
cells (Supporting Information Fig. S6A). Silencing of IGF-1R and
SERCAZ2 blocked IGF1-induced autophagy in HepG2 and Hep3B
cells (Fig. S6B and S6C).

The effects of ER IGF-1R@-stimulated SERCA2 were
confirmed in HepG2 xenografts. Nude mice were treated with NS,
rhIGF1 (1 mg/kg/day via the caudal vein), and rhIGF1+thapsi-
gargin (10 mg/kg/day via the caudal vein). HepG2 xenografts
grew quickly, showing moderately spread HCC nodules in the
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liver (Fig. 7B-ii—ii’). IGF1 stimulated HCC growth, showing
more and larger metastatic nodules than in the mice treated with
NS (Fig. 7B-iii—iii’). Thapsigargin moderately inhibited the for-
mation of HCC nodules in mice without IGF1 (Fig. 7B-iv—iv’),
while it strongly reduced the formation of HCC nodules in the
presence of IGF1 (Fig. 7B-v—v’). An IHCassay showed increased
SERCAZ2, GRP78, LC3B, and SQSMT1/p62 levels in the rhIGF1-
treated HepG2 xenografts (Supporting Information Fig. S7, third
column). Thapsigargin inhibited the rhIGF1-stimulated SERCA2
activity and the increase of these autophagy-related proteins
(Fig. S7, fifth column).

4. Discussion

It is well known that the IGF1/IGF-1R signaling pathway activates
variable processes, such as cell growth, cell differentiation, and

survival, through activating the Ras—MAPK pathway and the
PI3K pathway'. IGF-1R is highly activated in many cancer
types”. However, higher levels of IGF1/IGF-1R signaling were
specifically identified in liver cells, probably due to the IGFs
predominantly produced by this organ®. Further, the loss of
function of certain tumor suppressors can also increase IGF-1R
expression, especially in liver cells. For example, the tumor sup-
pressor p53 can suppress the transcription of IGF-IR, thereby
decreasing the expression of /GF-IR. Mutations in tumor sup-
pressors including p53 occur more frequently in the liver than in
other organs™. Thus, dysregulation of IGF/IGF-1R signaling
frequently occurs, controlling HCC stemness in the liver, which
leads to tyrosine kinase inhibitor resistance and tumor recur-
rence’”. In this study, we found that ER IGF-1R was translocated
from the membrane of HCC cells by S-arr2. ER IGF-1RS phos-
phorylated SERCA2 on Tyr’®°, leading to increased SERCA2
activity, resulting in Ca®fEr perturbation in HCC cells.
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The levels of SERCA2 were increased in the presence of IGF1 in HepG2 cells. Data are presented as mean + SD; *P < 0.05 compared with NC
cells. (B, C) As compared to control cells, Hep3B cells exposed to IGF1 showed a sharp decrease of Caztywp,asm within 10 s, and correspondingly,
the Ca*fg levels were drastically increased in the same time, which maintained the higher levels within 600 s. *P < 0.05 compared with NC cells
in the ER; ****P < 0.0001 compared with NC cells in the cytoplasm. (D) In Hep3B cells pretreated with LY294002 (1 nmol/L) for 30 min and
treated with IGF1, the SERCA2-triggered Ca®fz perturbation was not blocked. ***#*P < 0.0001 compared with NC cells. (E) Comparison of
Ca’fx levels between normal human liver cells and HCC cells in the presence of IGF1. Normal human liver cells had a lower Ca’fx level than
HCC cells under the same condition of IGF1 exposure. ****P < 0.0001 compared with HepRG cells. (F) The IGF1-driven ER IGF-1Rg induced
the Ca®fig perturbation, leading to activation of the GRP78—PERK—eIF2a—ATF4 pathway. Data are presented as mean + SD; n = 3. *P < 0.0,
*¥*P < 0.01, #*P < 0.001 compared with NC cells. (G) Silencing of IGF-1R impeded the translocation of ER IGF-1Rg and thus blocked the
GRP78—PERK—elF2a—ATF4 pathway. Data are presented as mean & SD; n = 3. *P < 0.05 compared with the cells transfected with empty
vector. (H) Silencing of SERCA?2 impeded the translocation of ER IGF-1Rg and thus blocked the GRP78—PERK—elF2a—ATF4 pathway. Data
are presented as mean + SD; n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 compared with NC cells.

As an RTK, IGF-1R can be internalized in response to ligand
binding through interaction with clathrin- or caveolin-mediated
vesicles, followed by proteasomal degradation to cease IGF-1R
signaling®. The current studies on IGF-IR signaling are mainly
concentrated on the following two modes. In one, IGF-IR is
internalized by a tyrosine-based motif, and the ligand-driven IGF-
1R@ is targeted to the clathrin-coated membrane invagination®. In
the other, a ubiquitin-based motif “borrows” the components of
the G-protein-coupled receptor signal, such as $-arrestins, result-
ing in IGF-1R signal cessation’®. However, these “borrowed”
concepts of the G-protein-coupled receptor signal did not fully
explain recent observations of the IGF-1R signaling pathway>*. It
is known that although @-arrl and (-arr2 share a high degree of
sequence and structural homology, they are not functionally
redundant”’. They can act as signaling molecules in their own
right with unique cellular, physiological, and pathophysiological
consequences®. Thus, different G-arrestin isoforms determine
differential fates of the IGF-1R signal through their specificity in
recognizing their substrates. In the present study, we identified a
disobliging IGF-1R signaling that was translocated into the ER to

stimulate SERCA?2 activity. We identified that it is $-arr2 but not
B-arrl that mediates the translocation of ER IGF-1Rg. This
translocation of ER IGF-1R does not occur in human normal liver
cells. Thus, the translocation of ER IGF-1Rg is a unique patho-
physiological process in cancer cells.

In light of the above, the following question is raised: does ER
IGF-1R@ affect cancer growth, and if so, how? SERCA2 was
identified as a target of ER IGF-1R@ by analyzing the proteins
interacting with ER IGF-1Rg. It is known that ER is the principal
calcium storage organelle in cells, and one of the most critical
determinants of calcium levels in the ER of most cell types is the
activity of SERCA2*. SERCA2 functions as a calcium pump
from the cytosol into the ER to replenish stored calcium®. Al-
terations in Ca®" homeostasis lead to cell proliferation and dif-
ferentiation, apoptosis, and disruption of calcium homeostasis,
which have been suggested to contribute to cancer development™'.
In the present study, HCC cells with ER IGF-1R{ showed a drastic
increase in Ca’jr due to the sharply reduced Caztymplasm, indi-
cating Ca’Lr perturbation in HCC cells. GRP78, acting as a
central stress sensor in the ER, can regulate ER stress signaling
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Activation of the PERK—elF2a—ATF4 pathway triggered autophagy in HCC cells. Thapsigargin blocked the IGF1-driven binding of

ER IGF-1Rg with SERCAZ2, resulting in the inhibition of HCC. (A-i) Immunofluorescence analysis showed the autophagy indicated by LC3B in
IGF1-treated HepG2 cells. Baf Al (5 pmol/L for 12 h) increased the IGF1-induced autophagy. Data are presented as mean + SD; n = 3.
*##P < 0.01, #*P < 0.001 compared with NC cells. Scale bar: 10 um. HCC cells with activation of the GRP78 —PERK—elF2a—ATF4 pathway
exhibited turnover of LC3, showing increased LC3-I levels, and correspondingly the LC3-II level was further increased in the presence of Baf Al
in Hep3B cells (A-ii) and HepG2 cells (A-iii). Data are presented as mean + SD; n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 compared with NC
cells. (B) Thapsigargin blocked the binding of ER IGF-1Rg with SERCAZ2, resulting in the inhibition of HCC. (i, i’) Mice treated with NS. (ii—ii’)

iv’) Mice with HepG2 xenografts treated with thapsigargin (10 mg/kg/day via the caudal vein). (v, v’) Mice with HepG2 xenografts treated with

rhIGF1+thapsigargin. First line: liver morphology, second line: HE images of livers. Scale bar: 5 pm.

once it senses alterations in CaZyg, leading to the unfolded protein
response’”. Thus, these HCC cells activate the PERK—elF2a—
ATF4 pathway in response to Ca’fiz perturbation.

Furthermore, another question is raised: how does ER IGF-1R(
interact with SERCA2? It has been reported that Tyr!'3!/1135/1136 i
the kinase domain of IGF-1R are the earliest major sites of auto-
phosphorylation necessary for kinase activation™. We thus
analyzed the phosphorylated status of IGF-1Rg on these sites in the
ER. NVP-AEW541, an inhibitor of IGF-1R kinase on Tyr1131 and
Tyr! 135113644 " plocked the IGF1-driven autophosphorylation on
Tyr''* and Tyr''*¥'%6 in the ER. The phosphorylated ER IGF-1R
interacted with SERCA?2, leading to increased SERCA2 activity.
To confirm this conclusion, we constructed truncated IGF-1R(
fragments containing the tyrosine kinase region. A Co-IP assay
identified IGF-1R%**™ as the core region in the binding of ER
IGF-1R@ with SERCA2.

To explore the residues of SERCA2 which were phosphory-
lated by ER IGF-1R, we analyzed the interacting proteins when
SERCA2 was co-expressed with ER IGF-1RB. As such, we
considered whether this phosphorylation regulates SERCA2

activity. We performed mass spectrometry to analyze the inter-
actome of SERCA2 co-expressed with ER IGF-1Rf in the IGF1-
treated HCC cells. Three possible phosphorylated Tyr sites
including Tyr®°, Tyr***, and Tyr*>> of SERCA?2 were identified.
‘We mutated these possible phosphorylated Tyr sites to alanine and
then assayed their binding status. Through this strategy,
Tyr®° was identified as a key residue of SERCA2 bound with ER
IGF-1Rg. This binding was blunted by mutation of Tyr®*°. Thus,
ER IGF-1Rg-stimulated SERCA?2 activity was inhibited in these
HCC cells. Tyr”®® was identified as a key residue of SERCA2. The
interaction of ER IGF-1Rf with SERCA2 resulted in the
enhancement of SERCA2 activity through Tyr*®® phosphorylation
in HCC cells.

Significantly, thapsigargin inhibited SERCA2 pumps™, thus
blocking the IGFl-stimulated binding of ER IGF-1R8 with
SERCA2, resulting in the inhibition of IGF1-stimulated HCC
growth. The nude mouse model with HCC xenograft confirmed
the inhibitory effect of thapsigargin on IGF1-stimulated HCC,
indicating activation of IGF-1R signaling is a promising thera-
peutic strategy for various cancer types.
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5. Conclusions

In this study, we found that in response to ligand binding, IGF-1R
was translocated into the ER to enhance SERCA?2 activity through
phosphorylating SERCA2 on Tyr”®°. This resulted in Ca®fg being
perturbed, leading to autophagy in HCC.
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