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Abstract

IRS4, a member of the insulin receptor substrate protein family, can induce constitutive PI3K/AKT
hyperactivation and cell proliferation even in the absence of insulin or growth factors and promote
tumorigenesis, but its regulation has only been explored at the transcriptional level.

Methods: Scansite was used to predict the potential protein kinases that may regulate the functions
of IRS4, and mass spectrometry was used to identify the E3 ligase for IRS4. The protein interaction
was carried out by immunoprecipitation, and protein stability was measured by cycloheximide
treatment. In vitro kinase assay was used to determine the phosphorylation of IRS4 by casein kinase
1y2 (CK1y2). Colony formation assay and xenograft-bearing mice were employed to assess the
cancer cell growth in vitro and in vivo, respectively. Inmunohistochemistry was performed to
examine protein levels of both IRS4 and CK1y2 in osteosarcoma specimens and their relationship
was evaluated by X* test. Two-tailed Student’s t-test or the Mann-Whitney U test were used to
compare the differences between subgroups.

Results: IRS4 was phosphorylated at Ser859 by CK1y2 in vitro and in vivo, which promoted the
polyubiquitination and degradation of IRS4 through the ubiquitin/lysosome pathway by the carboxyl
terminus of Hsc70-interacting protein(CHIP). Using osteosarcoma cell lines, the ectopic
nonphosphorylated mutant of IRS4 by CK1y2 triggered higher level of p-Akt and displayed faster
cell proliferation and cancer growth in vitro and in nude mice. In addition, a negative correlation in
protein levels between CK1y2 and IRS4 was observed in osteosarcoma cell lines and tissue samples.

Conclusions: IRS4, as a new substrate of CHIP, is negatively regulated by CKIly2 at the
posttranslational level, and specific CK1y2 agonists may be a potentially effective strategy for
treating patients with osteosarcoma.
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Introduction

The insulin receptor substrate (IRS) protein
family is composed of four closely related members,
IRS1-4, and two distant relatives, IRS5/DOK4 and
IRS6/DOKS. IRS1 and IRS2, the most extensively

studied and most prominent members in this family,
are involved in a wide range of cellular functions
including cell proliferation, survival, migration,
metabolism and differentiation [1-3]. Upon activation,
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the IRS proteins can be phosphorylated and transmit
signals from the IGF1 and insulin receptors to several
Src homology 2 (SH2) domain-containing proteins,
such as PI3K and GRB2, triggering the activation of
the PI3K/AKT and MAPK/ERK signaling pathways,
respectively [1, 4, 5].

IRS4, initially identified and characterized in the
human embryonic kidney (HEK) 293 cell line, shows
rapid tyrosine phosphorylation upon insulin
treatment [6, 7]. In contrast to IRS1 and IRS2, IRS4
does not bind tyrosine phosphatase SHP2 [7]. IRS4
was found to specifically interact with Crk-II and
Crk-L [8], breast tumor kinase (Brk) [9] and SSH1 [10].
Therefore, compared to IRS1 and IRS2, IRS4 may have
distinctive functions. The proliferative effect of Brk,
which is overexpressed in most of human breast
tumors, is enhanced when IRS4 is present [9].
Overexpression of IRS4 mRNA and activation of Akt
pathway are critical for the Adenovirus 5
E1A-mediated cell transformation [11]. In addition,
IRS4 levels are elevated in human hepatocellular
carcinomas (HCC) compared with hepatocytes [12],
and IRS4 plays a pivotal role in proliferation/
differentiation of the HepG2 hepatoblastoma cell line
[13]. Somatic mutants of IRS4 are frequently detected
in T-cell acute lymphoblastic leukemia [14-16] and
melanoma [17]. These findings indicated that IRS4 is
involved in progression of various human cancers.

Contrary to the relatively ubiquitous expression
of IRS1 and IRS2, IRS4 shows a restricted tissue
expression, as IRS4 mRNA has only been detected in
specific tissues, such as pituitary, thyroid, ovary,
prostate, fibroblasts, and some tumor cell lines [18].
This may explain why the IRS4-knockout mice have
slight effects on growth, reproduction, and glucose
homeostasis [19]. As a constitutively active oncogene,
IRS4 has been reported to be primarily regulated at
the transcriptional level, and the transcriptional
deregulation of IRS4 makes cells tend to be carcinous
[15, 16]. However, there are numerous
phosphorylation sites in the C-terminal region of
IRS4, but the function of these phosphorylation sites
has not been explored yet.

The casein kinase 1 (CKI) family of
serine/threonine kinases, which consist of seven
known isoforms (a, -p, -y1l, -y2, -y3, -0 and -g¢), are
evolutionarily conserved and ubiquitously expressed
in eukaryotic organisms [20, 21]. All of CKlIs contain a
conserved core kinase domain and variable N- and
C-terminal non-catalytic domains, which are closely
correlated with CKI subcellular localization, substrate
specificity and kinase activity [22], and their
characterized substrates have been shown to
participate in a variety of functions, such as vesicular
trafficking, DNA damage repair, ribosome biogenesis,

cell cycle progression, cytokinesis, cell differentiation,
immune response and inflammation, and circadian
rhythms [21, 23, 24]. CK1y2 selectively binds Smad3
and inhibits the Smad3-mediated TGF-p responses in
mammalian cells [25], and it also couples Wnt
receptor activation to cytoplasmic signal transduction
by phosphorylating LRP6 [26], indicating that CK1y2
may act as an oncogene. On the other hand, CK1y2
negatively modulates the function of the short form of
metastatic tumor antigen 1 (MTA1) [27], which is
oncogenic in breast cancer [28]. Therefore, the roles of
CK1y2 in cancers may be cell type dependent, and
new substrates or/and binding proteins of CK1y2
might help to elucidate the distinctive functions of
CK1y2 in different cancers.

The carboxyl terminus of Hsc70-interacting
protein (CHIP), initially identified as a co-chaperone
in protein folding, is also named Stubl and interacts
with the molecular chaperones Hsp70 and Hsp90
through the N-terminal tetratricopeptide repeat (TPR)
domain [29]. CHIP may also serve as a U-box-type E3
ubiquitin ligase to facilitate the ubiquitylation and
degradation of chaperone client proteins and play a
pivotal role in the protein quality control system
[30-32]. Interestingly, some substrates of CHIP require
phosphorylation prior to their degradation. For
example, phosphorylation of Slug by GSK3p is
required for its ubiquitylation and degradation by
CHIP, and the accumulation of nondegradable Slug
may promote tumor metastasis [33].

Here, we report that IRS4 can be phosphorylated
by CK1y2 at Ser859 and is subsequently ubiquitylated
by CHIP, and then is degraded in lysosomes. Using
osteosarcoma cell lines, we find that the dysregulation
of CK1y2/IRS4 axis may affect the growth of cancer
cells.

Methods

Cell culture and reagents

Human cancer cell lines (U20S, 143B, HCT116,
MDA-MB-231, Hep3B, HelLa) and HEK293T cells
were purchased from American Type Culture
Collection(ATCC).U20S/MTX300 cell line, which is
the methotrexate-resistant derivative of U20S cell
line, and ZOS and ZOS-M, syngeneic human
osteosarcoma cell lines derived from a patient with
metastasis, were described previously [34, 35]. All cell
lines were cultured in Dulbecco’s modified Eagle
medium (Invitrogen) supplemented with 10% fetal
bovine serum (Gibco) at 37°C and 5%CO:.
Bortezomib, Bafilomycin A and CKI-7 were obtained
from APExBIO.
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Antibodies

Anti-Flag was obtained from Abigent.
Antibodies against C-Myc(sc-289) and Akt(sc-8312)
were from Santa Cruz Biotechnology Inc. Antibodies
against p-Akt5er473(4060), p-AktT™r308(13038), p-p70S6
KThr389(9234), p-4EBP1T37/46(2855) and HA(3724) were
obtained from Cell Signaling Technology. Anti-
IRS4 (ab52622) and CK1y2 (GTX33123) were
purchased from Abcam and GeneTex, respectively.
Antibodies against GAPDH (13937-1-AP) and
B-Tublin(10094-1-AP) were from Proteintech.
Anti-p-IRS4-S859, an antibody specific for the
phosphorylation on Ser859 of IRS4, was generated by
immunizing rabbits with the coupled peptide
DAASKPS#*GEGSFSK.

Plasmids

All transient ectopic expression vectors were
constructed using the pCDNA3.1 vector (Invitrogen,
Carlsbad, MA, USA). Mutations were introduced
using the Mut Express- II Fast Mutagenesis Kit
(Vazyme Biotech Co., Ltd), and all mutations were
verified by DNA sequencing. IRS4 and CK1y2 were
cloned into the pSIN lentivirus vector to generate
stable cells overexpressing IRS4 and CKly2,
respectively. The pLKO.1-puro vector was inserted
with the shRNAs targeting CK1y2 or CHIP, and the
sequences of these shRNAs are as follows:

CHIPshRNA-1:CCGGGAAGAGGAAGAAGCG
AGACATCTCGAGATGTCTCGCTTCTTCCTCTTCT
TTTT;

CHIPshRNA-2:CCGGCGCGAAGAAGAAGCG
CTGGAACTCGAGTTCCAGCGCTTCTTCTTCGCGT
TTTT;

CK1y2shRNA-1:CCGGCCCTCCAAGAGCATT
AACTATCTCGAGATAGTTAATGCTCTTGGAGGG
TTTTTG;

CK1y2shRNA-2:CCGGGCACACCAAGAGCCT
AATCTACTCGAGTAGATTAGGCTCTTGGTGTGC
TTTTTG.

Transfection experiments

Transfection experiments were performed
according to the manufacturer’s instructions using
Lipofectamine 2000 (Invitrogen). Briefly, asynchro-
nously growing cells seeded at 2.5 x 10° cells per well
in 6-well plates or at 1 x 10¢ cells per dish (10 cm) were
transfected with 2 pg or 12 pg plasmid DNA for 24 h,
respectively, and then the cells were treated as
indicated.

RNAI treatment and cycloheximide chase
assay

RNAi transfections were
previously described using the

performed as
Lipofectamine

RNAIMAX transfection reagent (Invitrogen) and 50
nM siRNA. The siRNA oligonucleotides targeting
CK1y2 were as follows: CK1y2-siRNA-1(5'-ACACC
AAGAGCCUAAUCUAATAT-3") and CK1y2-siRNA-
2(5'-GCGCUACAUGAGCAUCAACATAT-3'). For the
cycloheximide (CHX) chase assay, cells were treated
with 40 pg/mL CHX for 0, 4, 8, 12 and 16 h, and then
cell extracts were analyzed by Western blotting.

Immunoblotting and immunoprecipitation

Cells were collected and lysed in RIPA buffer (50
mM Tris-HCI, 150 mM NaCl, 5 mM EDTA, 0.5%
NP-40) and centrifuged at 13,400 rcf and 4°C for 15
min. Proteins were resolved by SDS-PAGE and then
transferred onto PVDF membranes (Millipore). The
immunoblots were blocked with 5% non-fat milk at
room temperature for 2 h and incubated with various
primary antibodies and horseradish peroxidase-
conjugated secondary antibody. The membranes were
then detected using the ECL chemiluminescence
system (Pierce).

For coimmunoprecipitation, HEK293T cells were
transfected with the indicated plasmids. The
supernatants were first incubated with anti-FLAG-
agarose or anti-HA-agarose or anti-MYC-agarose
(Sigma Chemical Co.) overnight at 4°C, and the
precipitates were washed five times with RIPA buffer.
For the interaction either between CK1y2 and CHIP or
between CK1y2 and IRS4 at their endogenous levels,
cell supernatants were first incubated with anti-CHIP
antibody, anti-CK1y2 antibody, or anti-IRS4 antibody
at 4°C overnight, followed by the addition of protein
A/G-agarose beads (Santa Cruz Biotechnology Inc.)
for 4 h. The precipitates were washed five times with
RIPA and analyzed by Western blotting.

Assessment of cell proliferation and colony
formation assay

Cell proliferation was determined by MTT assay.
Briefly, cells were seeded at 2,000 cells per well in
96-well plates. 20 pL MTT was added to each well and
incubated for 3 h. The absorbance was measured at
490 nm with a microplate reader once per day for 4
days. The results are expressed as the mean+SD of
three independent experiments. For colony formation
assay, U20S/MTX300 cells were plated at 2,000 cells
per well in 6-well plates in triplicate. After 2 weeks,
the plates were stained with 0.2% crystal violet and
the colonies containing more than 50 cells were
counted.

In vitro kinase assays

His-IRS4(WT) and His-IRS4(S859A) were
synthesized in vitro using the S30 T7 High-Yield
Protein Expression System (Promega) according to the
manufacturer’s standard procedures. The lysates of
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293T cells overexpressing HA-CK1y2-WT and
HA-CK1y2-KD were immunoprecipitated using
anti-HA agarose. Beads were washed 4 times with
RIPA Buffer and then incubated with 3 pg of His-IRS4
(WT) or His- IRS4 (S859A) in 50 pL of kinase buffer
(Cell Signaling Technology) containing 10 pM ATP for
30 min at 30°C. Subsequently, the samples were
eluted in SDS-PAGE buffer and subjected to
immunoblotting analysis.

Immunohistochemical analysis

Immunohistochemical assay was performed
using anti-IRS4 antibody or anti-CK1y2 antibody as
previously  described.  Briefly, formalin-fixed,
paraffin-embedded tissue samples were cut onto
polylysine-coated slides in 4 pm sections. Slides were
deparaffinized by xylene and rehydrated with ethanol
of gradient concentrations. Then slides were
immersed in 3% hydrogen peroxide in methanol for
20 min to inactivate endogenous peroxidase, followed
by the antigen epitope retrieval step in 0.01 M sodium
citrate buffer (pH 6.0) using a microwave oven. After
pre-incubation with 10% normal goat serum for 30
min at room temperature to block nonspecific
binding, the sections were incubated with primary
antibodies at 4°C overnight. Subsequently, the slides
were treated with the secondary antibody (Dako) for 1
h at 37°C. Detection was achieved with
3,3'-diaminobenzidine. Finally, the sections were
counterstained with hematoxylin, dehydrated,
cleared and mounted. The score of immunoreactivity
was evaluated according to a semi-quantitative
scoring criterion. The intensity of positive
staining(weak, 1, moderate, 2; strong, 3) and the
percentage of positive areas (0%, 0; <10%, 1; 10-50%, 2;
51-80%, 3; >80%, 4) were recorded. The staining index
(values 0-12) was calculated as their products. The
IRS4 and CK1y?2 levels were classified as high or low
expression when their scores were in the range of 8-12
or 0-6, respectively.

Statistical analysis

Data are represented as mean £ SEM. Two-tailed
Student’s t-test or the Mann-Whitney U test was used
to compare the differences between subgroups. The
association between IRS4 and CK1y2 abundance was
evaluated using x?2 tests. The SPSS 16.0 software was
used for statistical analyses. P values <0.05 were
considered as significant and < 0.001 as strongly
significant.

Study approval

The animal studies were approved by the
Animal Research Committee of Sun Yat-sen
University Cancer Center and were conducted in
consistence with established guidelines. The use of

human osteosarcoma samples was reviewed and
approved by the ethical committee of Sun Yat-sen
University Cancer Center, and written informed
consent was obtained. The samples were
retrospectively acquired from the surgical pathology
archives of Sun Yat-sen University Cancer Center. The
raw data of this paper have been uploaded onto the
Research Data Deposit (RDD) with an RDD number of
RDDB2018000322.

Results

Down-regulation of IRS4 by CK1y2 is mediated
by lysosomes in cells

The C-terminal tail of IRS4 has numerous
tyrosine and serine phosphorylation sites;this
promoted us to speculate that phosphorylation of
IRS4 might be crucial for the functions of IRS4. Using
Scansite, which has been widely used to identify the
short protein linear motifs that are likely to be
phosphorylated by kinases, we found that Akt, Erk,
GSK3p, CK1y2, CK2B, CDC2, CDK5 and GSK3a are
the protein kinases that can potentially phosphorylate
IRS4 (Figure S1A). However, CK1y2 was the only one
among these kinases that could alter the IRS4 protein
level when each kinase was co-transfected with IRS4
in HEK293T cells (Figure S1B-C), and this
down-regulation of IRS4 protein level was dependent
upon CK1y2 kinase activity, as the kinase-depleted
mutant (KD) lacked an ability to decrease the IRS4
protein level (Figure 1A). Furthermore, IRS4 was
decreased by ectopic expression of WT-CK1y2, but
not by its KD form, in multiple cell lines (Figure 1A
and Figure S2A). In contrast, IRS4 was increased
under treatment of siRNA against CK1y2 in different
cell lines (Figure 1B and Figure S2B). Moreover, the
CK1ly2-mediated down-regulation of IRS4 was
blocked by BAF1, a lysosome inhibitor, but not by
Bortezomib, a proteasome inhibitor, in HEK293T cells
(Figure 1C), and ubiquitylation of Flag-IRS4 was
increased under co-transfection of CK1y2 with the
K-63 ubiquitin, but not with the K-48 ubiquitin, in
HEK293T cells (Figure 1D), suggesting that the
ubiquitin/lysosome degradation pathway is involved
in the decrease of IRS4 by CK1y2. Taken together, our
results strongly indicated that IRS4 is regulated at the
post-transcriptional level, and that the down-
regulation of IRS4 protein by CK1y2 may be mediated
by lysosomes in cells. Interestingly, as shown in
Figure S3, besides CK1y2, other isoforms such as
CK1y3, CK16 and CKle, but neither CK1a, CK1y1 nor
VRK1, could also degrade IRS4, indicating that CK1
family members may have specificity for each
substrate to some degree. The differences within CK1
family members to degrade IRS4 are desired to be
elucidated in the future.
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The phosphorylation of IRS4 at Ser859 by
CKl1y2 plays a pivotal role in the protein

between IRS4 and CK1y2 was also detected in such an
assay, indicating that CK1y2 may directly bind IRS4.

Next, we tried to decipher the minimal region of
CK1y2 required for its interaction with IRS4. CK1y2
contains several pivotal domains involved in its
localization, substrate selectivity and kinase activity.
Mutants with several N- and C-terminal CK1y2
deletions were constructed, and were individually
co-transfected with Flag-IRS4 and followed by
subjection to the Co-IP assay. As shown in Figure S4,
the amino acids 192-280 of CK1y2 are its binding
region for IRS4. Consistently, the fragment of 192-415
within CK1y2 kept its interaction with IRS4 but failed
to degrade IRS4 due to the lack of its kinase domain.

stability of IRS4

Since the down-regulation of IRS4 by CK1y2 is
dependent upon its kinase activity (Figure 1), we
further investigated the relationship between CK1y2
and IRS4. As shown in Figure 2A, the interaction
between CK1y2 and IRS4 was already detected by IP
using anti-HA or anti-FLAG when HEK293T cells
were co-transfected with both HA-CK1y2 and
Flag-IRS4. More importantly, this interaction was also
reciprocally detected at their endogenous levels in
cells (Figure 2B). Moreover, we performed an in vitro
binding assay using the purified eukaryotic IRS4 and
CK1ly2. As shown in Figure 2C, the interaction
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Figure 1. Down-regulation of IRS4 by CK1y2 is mediated by lysosomes in cells.(A) 293T and osteosarcoma cells were co-transfected with HA-tagged wild type (WT)
or kinase-depleted(KD) CK1y2 plasmids and Flag-IRS4 for 48 h and analyzed by Western blotting. (B) The indicated cells were transfected with the indicated shRNAs and then
were analyzed by Western blotting. (C) 293T cells were co-transfected with HA-CK1y2 and Flag-IRS4 for 48 h and then treated with Bortezomib or Bafilomycin A for 6 h. Cell
lysates were then analyzed by Western blotting. (D) 293T cells were co-transfected with Flag-IRS4 and HA-CK1y2 and HA-Ub(K48WT) or HA-Ub(K63WT). Cell lysates were
subjected to immunoprecipitation with anti-Flag-agarose and then analyzed by Western blotting.
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Figure 2. CK1y2 phosphorylates IRS4 and modulates its protein stability. (A) 293T cells were co-transfected with HA-CK1y2 and Flag-IRS4 for 48 h, and were lysed
and immunoprecipitated using anti-FLAG-agarose or anti-HA-agarose followed by Western blotting. (B) Cell lysates from 293T cells were immunoprecipitated with anti-CK1y2
or anti-IRS4 and were subsequently detected with anti-IRS4 or anti-CK1y2 antibody. (C) Flag-IRS4 and HA-CK1y?2 purified from 293T cells were incubated for 4 h at 4°C, and
then protein mixtures were immunoprecipitated using anti-Flag agarose overnight. The samples were then analyzed by Western blotting.(D) Cluster alignment of CK1 consensus
phosphorylation motif on IRS4 proteins. Arrowheads point to $856 and S859 of human IRS4. (E) 293T cells were co-transfected HA-CK1y2 with Flag-tagged IRS4-WT, -S856A,
-S859A, or both-S856A and -S859A mutants for 48 h, and then were analyzed by Western blotting. (F) 293T cells transfected with Flag-IRS4-WT or -S859A plasmids for 36 h
were treated with 40 ug/mL cycloheximide (CHX) for the indicated periods and then analyzed by Western blotting. (G) U20S cells stably infected with control shRNA or
CK1y2 shRNA were treated with 40 pg/mL CHX for the indicated periods and then analyzed by Western blotting. (H) His-tagged IRS4 WT protein translated in vitro was
incubated with HA-CK1y2 WT or its kinase dead (KD) form, which was IP from 293T cells using anti-HA agarose, in the presence of ATP for 2 h, as indicated. The samples were
then analyzed by Western blotting.

HA
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Subsequently, we looked into the potential
phosphorylation sites of IRS4 by CK1y2 according to
the typical consensus recognition motif of CK1 kinase
family that is S/Tp-X-X-S/T, where X refers to any
amino acid and the potential CK1 target site is
underlined. Phosphorylation by the CK1 kinase
family generally requires priming phosphorylation at
the -3 position relative to their phosphorylation sites.
Therefore, Ser859 may be likely phosphorylated by
CK1 in IRS4, whereas Ser856 may be the priming site
(Figure 2D). To confirm this speculation, HA-CK1y2
was co-transfected with IRS4-WT or its mutants,
IRS4-S856A, -S859A, or -S856A/S859A, in which the
serine residues at positions 856 and/or 859 were
replaced by alanine. The protein level of IRS4-WT, but
not of its mutants IRS4-S856A, -S859A, or
-5856A/S859A, was decreased by CK1y2 (Figure 2E).
Consistently, the half-life of IRS4-WT protein was
shorter than that of its IRS4-S859A mutant (Figure 2F),
while CK1y2 knockdown by siRNA resulted in a
longer half-life of the IRS4 protein (Figure 2G).
Besides the most effective consensus motif
S/Tp-X-X-5/T, CK1 family members also prefer
acidic substrates in vitro, in particular those with
acidic residues in the -3 position, e.g., D-X-X-S/T.
Based on this information, we looked into other
potential phosphorylation sites in IRS4, and found
that S68, S804, T1042, and S1159 may be likely
phosphorylated by CK1y2. As shown in Figure S5,
each one of IRS4-S68A, -S804A, -T1042A, -S1159A
mutants was also down-regulated by HA-CK1y2 in
cells. Collectively, our results indicate that Ser859 of
IRS4 may be the predominant phosphorylation site by
CK1y2 in cells.

Next, we generated anti-p-IRS4-5859, a poly-
clonal substrate-directed phospho-specific antibody,
using the DAASKPS$GEGSFSK peptide. Indeed, as
shown in Figure S6A, anti-p-IRS4-5859 antibody was
easily detected in the cells exogenously transfected
with IRS4-WT, but not with its mutant IRS4-S859A.
Similarly, using in vitro CKly2 kinase assay,
IRS4-WT, but not its mutant IRS4-S859A, was
phosphorylated by CK1y2, but not by its KD from, in
vitro (Figure 2H and Figure S6B). Unfortunately,
anti-p-IRS4-5859 antibody was not detected at an
endogenous level in cells, which may be due to the
low affinity of the polyclonal antibody we generated
(data not shown). Taken together, our results strongly
suggest that the phosphorylation of IRS4 at Ser859 by
CK1y2 may play a pivotal role in the protein stability
of IRS4.

E3 ligase CHIP is involved in the
CKly2-mediated phosphorylation-dependent
IRS4 degradation

During the course of seeking the E3 ligase
responsible for the degradation of IRS4, we performed
mass spectrometry using the IP complexes with
Flag-CHIP, a U box-containing E3 ubiquitin ligase
that is implicated in cancer progression [36], as CHIP
not only has a pivotal role in quality control for
unfolded or misfolded proteins, it also regulates
protein stability by targeting them for ubiquitination
and degradation [30-32]. Interestingly, IRS4 was one
of the major proteins interacting with CHIP (data not
shown), and the interaction between CHIP and IRS4
was confirmed at both ectopic and endogenous levels
in cells (Figure 3A-B). Moreover, significant reduction
and elevation of endogenous IRS4 protein levels were
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Figure 3.Down-regulation of IRS4 by the E3 ligase CHIP is mediated through lysosomes in cells. (A) 293T cells were co-transfected with Myc-CHIP and Flag-IRS4
for 48 h, and then lysed and immunoprecipitated using anti-Flag-agarose or anti-MYC-agarose followed by Western blotting. (B) Cell lysates from 293T cells were
immunoprecipitated with anti-CHIP or anti-IRS4 and were subsequently analyzed with anti-IRS4 or anti-CHIP antibody. (C) The indicated cells were infected with the indicated
plasmids and then were analyzed by Western blotting. (D) U20OS and 293T cells were infected with the indicated shRNAs and then were analyzed by Western blotting. (E)
U20S cells stably infected with control shRNA or CHIP shRNA were treated with 40 pg/mL CHX for the indicated periods and then analyzed by Western blotting.(F) 293T cells
were co-transfected with Myc-CHIP and Flag-IRS4 for 48 h and then treated with Bortezomib or Bafilomycin A for 6 h. Cell lysates were then analyzed by Western blotting.
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observed in cells transfected with ectopic CHIP and
CHIP shRNAs, respectively (Figure 3C-D). Likewise,
knockdown of CHIP resulted in a longer half-life of
the IRS4 protein (Figure 3E), and the CHIP-mediated
down-regulation of IRS4 was also blocked by BAF1,
but not by Bortezomib (Figure 3F).

Next, we explored whether the phosphorylation
at Ser859 of IRS4 by CK1y2 links with the IRS4
degradation by CHIP. As shown in Figure 4A-C, the
mutant of IRS4-S859A lacked the ability to bind CHIP,
and subsequently was neither ubiquitylated nor
degraded by CHIP in cells. Furthermore, the
interaction between Flag-IRS4 and Myc-CHIP was
enhanced by ectopic HA-CK1ly2, while it was
impaired by inhibition of CK1y2 activity in cells
(Figure 4D-E). These results strongly indicate that the
phosphorylation at S859 of IRS4 by CK1y2 enhances
its interaction with CHIP and subsequently promotes
its degradation.

CHIP consists of three domains: the N-terminal
TPR domain that binds Hsp70 and Hsp90 [29], the
C-terminal U-box domain, and the intermediate
charged region. To identify domains indispensable for
the IRS4-CHIP interaction, we performed the Co-IP
assay using various CHIP fragments and Flag-IRS4.
As shown in Figure S7A, the TPR domain of CHIP is

essential and sufficient to interact with IRS4.

Many studies have revealed that CHIP targets
substrates for ubiquitination and degradation in a
chaperone-dependent manner. To assess the effect of
chaperones on CHIP activity, we constructed CHIP
(K30A), the mutant failing to interact with
chaperones. As shown in Figure S7B, Myc-CHIP
(K30A) lost the ability to interact with and to degrade
Flag-IRS4. Histidine at position 260 in the U-BOX
domain is critical for CHIP to maintain its activity.
Similarly, CHIP (H260Q), the mutant failing to bind
its cognate E2, and CHIP (P269A), the
catalytically-inactive CHIP mutant, still interacted
with IRS4 but had an impaired ability to degrade
IRS4. Consistently, as shown in Figure S7C, the
interaction between IRS4 and CHIP was not observed
by in vitro binding assay using the purifiedIRS4 and
CHIP, indicating that the interaction between CHIP
and IRS4 is not direct and may need other proteins
(e.g., chaperones) to form the complex, which is in
accordance with the in vivo Co-IP assay. These results
suggest that CHIP serves as a direct E3 ubiquitin
ligase for IRS4, and that chaperones are indispensable
for mediating the activity of CHIP to bind and
degrade IRS4.
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Figure 4. The E3 ligase CHIP is involved in the phosphorylation-dependent degradation of IRS4 by CK1y2. (A) 293T cells were co-transfected with Flag-tagged
IRS4-WT or -S859A with Myc-CHIP for 48 h. Cell lysates were subjected to immunoprecipitation with anti-MYC-agarose and then analyzed by Western blotting. Cells were
treated with 200 nM Bafilomycin A for 6 h before harvesting. (B) 293T cells were co-transfected with Flag-IRS4-WT or -S859A with Myc-CHIP and HA-Ub. Cell lysates were
subjected to immunoprecipitation with anti-Flag-agarose and then analyzed by Western blotting. (C) 293T cells were co-transfected Myc-CHIP with Flag-tagged IRS4-WT, -5856,
or -859A for 48 h and then analyzed by Western blotting. (D) Cell lysates from 293T cells transfected with Myc-CHIP, Flag-IRS4 and HA-CK1y2 were subjected to
immunoprecipitation with anti-MYC-agarose. WCL and immunoprecipitates were then analyzed by Western blotting. Cells were treated with 200 nM Bafilomycin A for 6 h
before harvesting. (E) 293T cells were transfected with Myc-CHIP and Flag-IRS4. 24 h after transfection, the cells were treated with 200 nM Bafilomycin A with or without 25
UM CK1 inhibitor CKI-7 for 8 h prior to cell collection. Cell lysates were subjected to immunoprecipitation with anti-MYC-agarose and then analyzed by western blotting.
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CKI1y2 suppresses cell growth through the Akt  were abolished by overexpression of IRS4-S859A, but
signaling pathway by degrading IRS4 not of IRS4-WT, in cells (Figure 5F-G). Moreover,
U20S/MTX300 cells stably expressing both CK1y2
and IRS4-S859A had higher p-Akt levels and tumor
weights, and larger tumor sizes than those stably
expressing both CK1y2 and IRS4-WT when they were
subcutaneously inoculated into nude mice, although
the growth of U20S/MTX300 cells stably expressing
IRS4-WT were similar to those stably expressing
IRS4-S859A in nude mice (Figure 5E, 5H-I).
Collectively, these results indicate that the inhibitory
effect of CK1y2 on cell growth may probably be
through the Akt signaling pathway and is dependent
on its phosphorylation of IRS4 at Ser859.

To further investigate the biological significance
of the CK1y2/IRS4 axis, we generated U20S/MTX300
cells stably overexpressing vector, CK1y2, IRS4-WT,
IRS4-S859A, CK1y2 and IRS4-WT, or CK1y2 and
IRS4-S859A. Overexpression of CK1y2 dramatically
inhibited p-Akt induced by IGF-1 in the absence of
growth factors (Figure 5A). Under normal condition,
overexpression of CK1y2 also dramatically decreased
IRS4 and p-Akt as well as its downstream targets,
p-p70S6K and p-4EBP1, and this inhibition was fully
reversed by stable overexpression of exogenous IRS4
(Figure 5B-D). More importantly, the CK1y2-induced
inhibition of both proliferation and clone formation
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Figure 5. CK1y2 suppresses cell growth through the Akt signaling pathway by degrading IRS4 in osteosarcoma cell lines in vitro and in vivo. (A)
U20S/MTX300 cells stably infected with vectors containing control and CK1y2-WT were stimulated to 100 ng/pL IGF-1 after serum starvation for the indicated times and then
analyzed by Western blotting. (B) U20S/MTX300 cells stably expressing control vector or CK1y2-WT were infected with vectors containing IRS4-WT and then analyzed by
Western blotting. (C) U20S/MTX300 cells were stably infected with the indicated plasmids, as shown in (B), and cell proliferation was measured using MTT assays at the
indicated times (n = 6). The dots represent the mean, while the bars indicate the SEM. *, P< 0.05 and ***, P< 0.001. A two-tailed Student’s t-test was used for statistical analysis.
(D) U20S/MTX300 stable cell lines generated in (B) were cultured in 6-well plates for 14 days, and representative photographs are shown. (E) U20S/MTX300 cells that stably
expressing IRS4-WT or -S859A were transfected with vectors containing control or CK1y2-WT and then analyzed by Western blotting. (F) U20OS/MTX300 stable cell lines
generated in (E) were cultured in 6-well plates for 14 days, and representative photographs are shown. (G) The proliferative capacities of U20S/MTX300 stable cell lines
generated in (E) were measured using MTT assays at the indicated times (n = 6). The dots represent the mean, while the bars indicate the SEM. *, P< 0.05 and ***, P< 0.001. A
two-tailed Student’s t-test was used for statistical analysis.(H-I) Nude mice were subcutaneously inoculated with the U20S/MTX300 stable cell lines generated in (A) (2 x 106
cells per mouse) and were allowed to grow for 24 days(n=8 per group). The tumor volumes were measured every 2 days. At day 24, the xenografts were excised from the mice
and weighed. Bars represent SEM.*, P<0.05 and *** P<0.001. A two-tailed Student’s t-test was used for statistical analysis.
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Figure 6. CK1y2 is inversely correlated with IRS4 in osteosarcomacell lines and tumor samples. (A) The protein levels of both CK1y2 and IRS4 were determined
by Western blotting in seven different osteosarcoma cell lines (upper panel). Protein intensities were normalized to GAPDH levels, and the correlation between CK1y2 and IRS4
expression levels in these seven cell lines is displayed (lower panel; R: Spearman’s correlation coefficient). (B) The inverse correlation between CK1y2 and IRS4 protein levels
was observed by immunohistochemical staining of osteosarcoma specimens (P<0.05, X2 tests).
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Figure 7. A proposed model for the regulation of IRS4 by CKly2. IRS4
generally activates the Akt pathway, and can be phosphorylated at Ser859 by CK1y2,
which in turn promotes the polyubiquitination and subsequent degradation of IRS4 via
the CHIP-mediated ubiquitin/lysosome pathway, and consequently impairs the
activation of Akt.

CKl1y2 is inversely correlated with IRS4 in
osteosarcomacell lines and tumor samples.

Finally, we tried to determine the clinical
relevance of the CK1y2/IRS4 axis using osteosarcoma
cell lines and tumor samples. As shown in Figure 6A,
there was an inverse correlation at the protein level
between CK1y2 and IRS4 in the osteosarcoma cell
lines tested (R?>=0.417). We further performed
immunohistochemistry (IHC) for both CK1ly2 and
IRS4 using clinical osteosarcoma samples, and the
clinical characteristics of patients with osteosarcoma
are presented in Table S1. To our surprise, CK1y2
showed high expression in most of the tumor samples
(42/44; Figure 6B), in disagreement with our
speculation that CK1y2 may be a tumor suppressor in
osteosarcoma (Figure 5), whereas IRS4 showed low or
no expression in the majority of samples (41/44;
Figure 6B). Obviously, CKly2 was inversely

correlated with IRS4 in osteosarcoma samples, as 40
out of 42 samples with high CK1y2 levels had low
levels of IRS4 (Figure 6B).

Discussion

In this report, as illustrated in Figure 7, we have
reported that the phosphorylation of IRS4 at Ser859 by
CK1y2 enhances its polyubiquitination by CHIP and
subsequent degradation by lysosomes, and negatively
modulates its oncogenic function by down-regulating
the Akt pathway. Our results indicate that specific
CK1y2 agonists may be potentially valuable for cancer
treatment.

IRSs are crucial intermediators in insulin
signaling. The significance of IRS signaling in tumor
has been revealed by Chang et al. [37]. Compared with
IRS1 and IRS2, IRS4 activation is independent of
growth factors due to absence of the tyrosine
phosphatase ~ SHP2-binding motif [38]. IRS4
overexpression induces constitutive PI3K/AKT
hyperactivation and cell proliferation under the
circumstances of insulin or growth factors deficiency,
which promotes mammary tumorigenesis and confers
resistance to HER2-targeted therapy [39]. As a
constitutive active gene, IRS4 expression is generally
tightly monitored at the transcriptional level, which is
different from that of IRS1 and IRS2. Indeed, IRS4 is
frequently targeted in Moloneymurine leukemia virus
(MuLV)-induced [40] and mouse mammary tumour
virus  (MMTV)-induced [41, 42] insertional
mutagenesis screens, resulting in the transcriptional
deregulation of IRS4, which emphasizes the
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significance of this gene in tumorigenesis.
Chromosomal translocation events can also result in
activation of IRS4 transcription in T-cell acute
lymphoblastic leukemia [14, 15] and subungual
exostosis [16]. IRS4 levels were much higher in
HEK?293 cells stably expressing the T antigen (293T)
and adeno-associated virus (293AAV) than in parental
HEK293 cells [38]. In this report, we have revealed
that phosphorylation at Ser859 within the C-terminal
region by CK1y2 is a novel regulatory mechanism at
the post-translational level to regulate the IRS4
protein stability. More importantly, using osteosar-
coma cell lines, accumulation of nondegradable IRS4
by CK1y2 triggered higher levels of p-Akt and
displayed faster cell proliferation in vitro and cancer
growth in nude mice, indicating that IRS4 acts as an
oncogene by activating Akt in osteosarcoma.
However, we found that the majority of osteosarcoma
samples showed low or no expression of IRS4 (93%,
41 out of 44) in our cohort examined, indicating that
IRS4 expression is primarily regulated at the
transcriptional level in osteosarcoma. This is
consistent with the report of breast cancer, showing
that IRS4-positive samples only accounted for a small
proportion in a random set of 27 human primary
breast carcinomas (19%, 5 out of 27) and a series of 157
human primary breast cancers (6%, 10 out of 157) [39].
On the other hand, almost all IRS4-negative samples
showed an elevated CK1y2 level (97.5%, 40 out of 41),
suggesting that both transcriptional depression and
high CK1y2 level may simultaneously present in
osteosarcoma cases, although the former may be
predominant. In addition, 2 out of 41 samples positive
for IRS4 had high levels of CK1y2, indicating that,
besides CK1y2, other kinases may also be involved in
the turnover of IRS4 in osteosarcoma.

In most human cancers, CK1 isoforms, especially
CKla, 6, & may have oncogenic functions by
phosphorylating p53 and mdm?2, influencing
[B-catenin stability, inhibiting apoptosis, and by
regulating microtubule stability and centrosome-
specific functions [43]. The role of CKly in tumor
development remains to be explored. Increased
CK1y3 expression has been found in renal cell
carcinoma [44], and microarray database analyses
from tumor cell lines [45] and tissues [46]
demonstrated that there are tumor-specific
differences on CK1y2 expression. Here, we have
determined that overexpression of CK1y2 inhibited
cell proliferation and growth of osteosarcoma cells by
at least partially down-regulating the IRS4 protein
level and subsequently impairing Akt activation in
vitro and in vivo, indicating that CK1y2 may act as a
tumor suppressor in osteosarcoma by negatively
regulating the IRS4/Akt pathway. However, high

levels of CK1y2 were observed by IHC in most of the
osteosarcoma cases (40/44), suggesting that CK1y2
kinase activity should be further investigated in the
osteosarcoma samples.
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