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Abstract

Ovarian tumour domain-containing protein 3 (OTUD3), a key OTU (ovarian tumour protease) family deubiquitylase, plays
context-dependent roles in cancers. It suppresses tumorigenesis in breast, colon, liver and cervical cancer through stabilizing
PTEN (phosphatase and tension homologue deleted on chromosome 10) while promotes lung tumorigenesis through
stabilizing GRP78 (The glucose-regulated protein 78 kDa). The regulation especially post-translational modification of
OTUD3 remains unclear. Here, we report that the carboxyl terminus of Hsc70-interacting protein (CHIP) is a ubiquitin ligase
for OTUD3. CHIP interacts with, polyubiquitylates OTUD3 and promotes OTUD3 degradation. Knockdown of CHIP
stabilizes OTUD3 which leads to elevated GRP78 levels in lung cancer cells. CHIP-knockdown lung cancer cells exhibit
increased invasion in OTUD3 and GRP78 dependent manner. Further study demonstrates that CHIP-knockdown lung cancer
cells are more prone to metastasize to mice lung when injected intravenously or subcutaneously. Moreover, the expression of
CHIP is low in human lung cancer tissues and inversely correlates with OTUD3 expression and GRP78 expression.
Furthermore, we identified CHIP mutations in human lung cancers, which reduce CHIP catalytic activity. These findings
demonstrate that CHIP is a negative regulator of OTUD3 and CHIP suppresses lung cancer metastasis through inhibiting

OTUD3-GRP78 signaling axis.

Introduction

The ubiquitin-proteasome system (UPS) which is primarily
consisted of ubiquitin, ubiquitylation enzymes and the 26S
proteasome modulates protein homoeostasis in eukaryotic
organisms [1]. The 76-amino-acid ubiquitin protein is
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activated by a ubiquitin-activating enzyme (El), then
transferred to a ubiquitin-conjugating enzyme (E2) through
the formation of a thioester bond. The ubiquitin ligase
enzyme (E3) recognizes specific target proteins and facil-
itates transference of ubiquitin conjugated with E2 to the
target proteins [2, 3]. The enzymatic cascades results in
proteasomal degradation of proteins or non-proteolytic
outcomes such as altered subcellular localization or activity
[4]. Ubiquitylation of many proteins can be reversed by
deubiquitylases (DUBs) [5]. Currently, about 100 DUBs
have been identified, which are categorized into six
families, including ubiquitin-specific proteases (USPs),
ubiquitin C-terminal hydrolases (UCHs), ovarian tumour
proteases (OTUs), motif interacting with ubiquitin-
containing novel DUB family, Josephins (also termed
MIJDs) and Jadl/Pad/MPN-domain-containing metalloen-
zymes [6]. DUBs function as oncogenes or tumour sup-
pressors in different types of cancers [7]. For example,
USP7 exhibits oncogenic roles in various cancer tissues
such as lung cancer, multiple myeloma, liver cancer and
cervical cancer [8—11]; BAPI plays tumour suppressive
roles in cancers such as malignant mesothelioma and
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melanomas [12-14]; OTUD7B plays context-dependent
roles in different cancer types [15, 16].

The OTU family DUBs are special as most of them are
ubiquitin chain linkage specific [17]. Previously we found
the OTU family member ovarian tumour domain-containing
protein 3 (OTUD3) could deubiquitylate and stabilize the
tumour suppressor PTEN [18]. In concert with this, OTUD3
transgenic mice display increased PTEN protein level and
decreased susceptibility to breast tumorigenesis [18], while
OTUD3 knockout (KO) mice exhibit decreased PTEN
protein level and increased susceptibility to breast cancer
[19]. Further studies reveal OTUD3 level is downregulated,
concomitant with decreased PTEN level, in breast cancer as
well as in hepatocellular cancer, colon cancer and cervical
cancer [18, 19]. In addition, OTUD3 loss-of-function
mutations further support a tumour suppressive role of
OTUD3 [18]. However, we recently observed OTUD3
transgenic mice are more susceptible to Kras®'?P driven
lung cancer while OTUD3 KO mice are less susceptible
[19], implicating an oncogenic role of OTUD3 in lung
cancer. Furthermore, OTUD3 is overexpressed in lung
cancer and the increased expression of OTUD3 correlates
with poor survival in lung cancer patients [19]. Mechan-
istically, OTUD3 promotes lung adenocarcinoma progres-
sion through deubiquitylation and stabilization of GRP78
[19]. GRP78 is a major endoplasmic reticulum chaperone,
which facilitates protein folding and participates in unfolded
protein response [20, 21]. GRP78 is overexpressed in
multiple cancers and involved in promoting tumour growth
and metastasis [22-27]. Targeting of cell surface-localized
GRP78 in cancers inhibits tumour growth and metastasis
[28-30]. Thus, OTUD3 plays context-dependent roles in
different types of cancers. However, the regulation espe-
cially post-translational modification of OTUD3 is still
elusive.

The carboxyl terminus of Hsc70-interacting protein
(CHIP) is a U-box subfamily ubiquitin ligase which inter-
acts with Hsp70 and Hsp90 chaperones and promotes pro-
tein degradation [31-33]. CHIP contains three tandem
tetratricopeptide-repeat (TPR) domains which mediate the
interaction with chaperone and a U-box domain which
recruits ubiquitin-conjugating enzymes (E2s) [32]. CHIP
is involved in multiple physiological and pathological pro-
cesses such as protein quality control, apoptosis, aging,
immunity, neurological disorders, cardiac disease and can-
cer [34]. PTEN has been reported as a substate of CHIP
[35]. CHIP interacts with PTEN and promotes PTEN ubi-
quitylation and proteasomal degradation [35]. CHIP also
degrades other substrates such as c-Myc, p53, HIF-1-a and
RUNX?2 [36-39]. CHIP has been linked to several kinds of
tumours. A tumour suppressor function has been reported
for CHIP in cancers such as breast cancer, gastric cancer
and ovarian cancer [40-45], whereas several studies
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suggest an oncogenic role of CHIP in prostate cancer and
gallbladder cancer [46, 47]. Thus, CHIP may play context-
dependent roles in tumorigenesis through specific onco-
genes or tumour suppressors. However, what role CHIP
plays in lung cancer is not elucidated.

In this study, we identified CHIP as a ubiquitin ligase for
OTUD3. Loss of CHIP in lung cancer cell lines stabilizes
OTUD3, which elevates GRP78 levels. The increased
GRP78 facilitates lung cancer cell invasion. Moreover, we
found that CHIP deficient lung cancer cells are more prone
to metastasize to mice lung. Further studies reveal that
CHIP level is downregulated in human lung cancer tissues
and CHIP mutations in human lung cancers reduce CHIP
catalytic activity. Overall, our data indicate that CHIP
inhibits OTUD3-GRP78 signaling axis and suppresses
tumour metastasis in lung cancer.

Results
CHIP downregulates OTUD3 levels

PTEN plays a central role in suppressing various human
cancers [48]. Recently we took advantage of specific gene
KO mice to elucidate the physiological ubiquitin ligase
for PTEN. We found PTEN protein levels are upregulated
in WWP2 KO mouse embryonic fibroblasts (MEFs) and
several tissues [49]. Consistently, ubiquitylation of PTEN
is decreased in WWP2 KO MEFs [49]. However, the
PTEN protein levels have no changes in CHIP KO MEFs
and tissues when compared with wildtype (WT) MEFs
and tissues [49]. PTEN ubiquitylation is also similar
between WT and CHIP KO MEFs [49]. We speculated
CHIP KO might induce increased negative regulator for
PTEN levels, which led to unchanged PTEN Ilevels.
Indeed, we found WWP2 levels were upregulated in
CHIP KO liver and MEFs (Fig. la). Surprisingly, the
OTUD3 levels were also elevated in CHIP KO liver and
ME-Fs (Fig. 1a), which was confirmed by immunostaining
OTUD3 in mice liver (Fig. 1b). The protein levels of
other E3 ligases and DUBs for PTEN, such as NEDD4-1,
XIAP and USP13, had no changes in CHIP KO MEFs
(Fig. 1a). Thus, we speculated CHIP might be a negative
regulator for OTUD3 levels.

To test our hypothesis, we knocked down CHIP in
H1299 cells and detected OTUD3 levels. Compared with
control cells, OTUD3 levels were increased in CHIP-
knockdown cells (Fig. 1c). The increased OTUD3 levels
were reversed by overexpression of sShRNA-resistant CHIP
(Fig. 1d). Furthermore, ectopic expression of CHIP down-
regulated exogenous and endogenous OTUD3 levels in a
dose-dependent manner (Fig. le, f). These results further
confirmed CHIP negatively regulates OTUD3 levels. We
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next determined whether CHIP accelerated OTUD3 degra-
dation. We treated cells with the protein synthesis inhibitor
cycloheximide (CHX). The half-life of OTUD3 was shor-
tened in cells overexpressing CHIP (Fig. 1g), demonstrating
CHIP accelerates OTUD3 degradation to downregulate
OTUD3 levels. As CHIP is a U-box subfamily ubiquitin
ligase, we analyzed whether the accelerated degradation of
OTUD3 is proteasome dependent. Indeed, proteasome
inhibitor MG132 prevented the downregulation of OTUD3
levels caused by CHIP (Fig. 1h). Previous studies reveal
that CHIP H260Q mutant lacks E3 ligase activity while
CHIP K30A mutant shows defective binding to Hsp70
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[50, 51]. We overexpressed WT CHIP, H260Q mutant
CHIP or K30A mutant CHIP and detected exogenous or
endogenous OTUD3 levels. Overexpression of WT CHIP
decreased exogenous and endogenous OTUD3 levels while
H260Q or K30A mutant CHIP lost this effect (Fig. 1i, j),
indicating CHIP downregulates OTUD3 in E3 ligase
activity and HSP70 dependent manner.

CHIP interacts with OTUD3

As CHIP reduces the steady-state level of OTUD3, we
further examined whether CHIP interacts with OTUD3. We
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<« Fig. 1 CHIP downregulates OTUD3 levels. a Livers from newborn

CHIP WT and KO littermates (PO) and MEFs from CHIP WT and KO
embryos (E13.5) were collected and the indicated proteins were
detected by western blotting. b Representative images of OTUD3
immunohistochemical staining in liver tissues from newborn CHIP
WT and KO littermates (P0). Scale bars: 50 um. ¢ Control or CHIP
shRNAs (shCHIP #1, shCHIP #2) were packaged into lentiviral par-
ticles and transduced into H1299 cells. The positive clones were
selected by puromycin (2 pg/ml). The indicated proteins were detected
by western blotting. d H1299 cells stably expressing CHIP shRNA
(shCHIP #1) were transfected with or without sShRNA-resistant (sh-res)
Myc-tagged CHIP plasmids for 48 h. The indicated proteins were
detected by western blotting. e 293T cells were transfected for 48 h
with Myc-tagged OTUD3 and increasing amounts of HA tagged CHIP
plasmids. The indicated proteins were detected by western blotting.
f 293T cells transfected with increasing amounts of HA tagged CHIP
plasmids were collected 48 h post-transfection. The indicated proteins
were detected by western blotting. g 293T cells were transfected
for 40 h with Flag-tagged OTUD3 alone or together with Myc-tagged
CHIP plasmids, and then treated with cycloheximide (CHX)
(100 pg/ml) for indicated time period. The indicated proteins were
detected by western blotting. The graph shows quantification of rela-
tive OTUD3 levels. h 293T cells were transfected for 40 h with or
without HA tagged CHIP plasmids, and then treated with or without
MG132 (20uM) for 8h. The indicated proteins were detected by
western blotting. i 293T cells were transfected for 40 h with Flag-
tagged OTUD3 alone or together with HA tagged WT CHIP, H260Q
mutant CHIP or K30A mutant CHIP plasmids, and then treated with or
without MG132 (20 uM) for 8 h. The indicated proteins were detected
by western blotting. j 293T cells transfected with or without HA
tagged WT CHIP, H260Q mutant CHIP or K30A mutant CHIP
plasmids were collected 48 h post-transfection. The indicated proteins
were detected by western blotting.

carried out co-immunoprecipitation assays following trans-
fection of plasmids encoding Myc-tagged CHIP alone or
together with plasmids encoding Flag-tagged OTUD3.
Exogenous CHIP and OTUD3 proteins were co-
immunoprecipitated (Fig. 2a). The interaction between
endogenous CHIP and endogenous OTUD3 was further
confirmed in HI1299 cells (Fig. 2b). Immunostaining
showed that CHIP and OTUD3 were colocalized in the
cytoplasm (Fig. 2c). OTUD3 also bound CHIP H260Q
mutant or CHIP K30A mutant, indicating the interaction
between CHIP and OTUD3 is E3 ligase activity and Hsp70
independent (Fig. 2d). CHIP contains a TPR domain
essential for chaperone binding, a coiled-coil (CC) domain
and a U-box domain responsible for ubiquitin ligase activ-
ity. OTUD?3 contains a OTU domain, a ubiquitin associated
(UBA) domain and a C-terminal tail. To determine the
interaction domain(s) of CHIP and OTUD?3, we constructed
several deletion mutants of CHIP and OTUD3 (Fig. 2e).
Co-immunoprecipitation assays demonstrated that OTUD3
deletion mutants OTU interacted with CHIP while UBA
and tail did not bind to CHIP (Fig. 2f), demonstrating OTU
domain of OTUD3 mediated the interaction with CHIP. In
addition, both AU-box deletion mutant and ATPR deletion
mutant of CHIP interacted with OTUD?3, while U-box did
not, indicating CC domain of CHIP mediated the physical
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interaction with OTUD3 (Fig. 2g). Taken together, these
results indicate that the interaction between OTUD3 and
CHIP is mediated by OTU domain of OTUD3 and CC
domain of CHIP.

CHIP promotes ubiquitylation of OTUD3

As CHIP is a ubiquitin ligase, we went on to examine
whether CHIP promotes OTUD3 ubiquitylation. Ectopic
expression of WT, but not H260Q and K30A, CHIP, pro-
moted OTUD3 ubiquitylation in cells (Fig. 3a). Moreover,
AU-box deletion mutant and ATPR deletion mutant also
lost the ability to ubiquitylate OTUD3 (Fig. 3b), indicating
CHIP promotes OTUD3 ubiquitylation in E3 ligase activity
and Hsp70 dependent manner. Conversely, knockdown of
CHIP decreased OTUD3 ubiquitylation in cells (Fig. 3c, d).
We next examined which type of ubiquitin chain of OTUD3
was affected by CHIP. CHIP promoted Lys 48-linked ubi-
quitylation, but not monoubiquitylation nor the non-
degradative Lys 63-linked ubiquitylation of OTUD3
(Fig. 3e). In vitro ubiquitylation assays showed that CHIP
directly ubiquitylated OTUD?3, especially in the presence
of Hsp70 (Fig. 3f). Taken together, CHIP is a specific
ubiquitin E3 ligase for OTUD3, which ubiquitylates and
stabilizes OTUD3.

CHIP inhibits OTUD3-GRP78 signaling

Previous studies showed that OTUD3 is a deubiquitylase of
GRP78 [19]. To determine whether CHIP is involved in the
regulation of GRP78 level, we knocked down CHIP in
H1299 and A549 cells. Knockdown of CHIP increased
OTUD3 and GRP78 levels (Fig. 4a). The increase of
OTUD3 and GRP78 was reversed by overexpression of an
shRNA-resistant CHIP (Fig. 4b). H1299 cells were treated
with the protein synthesis inhibitor CHX. The half-life of
OTUD3 and GRP78 was prolonged in CHIP-knockdown
cells (Fig. 4c). The prolonged half-life of OTUD3 and
GRP78 was reversed by overexpression of an shRNA-
resistant CHIP (Fig. 4d). To further explore whether upre-
gulated GRP78 level was OTUD3 dependent, we knocked
down OTUD3 in CHIP-knockdown H1299 cells. OTUD3
knockdown dramatically decreased CHIP-knockdown-
induced GRP78 level (Fig. 4e). Similar results were
detected in A549 cells (Fig. 4f). Together, these data indi-
cate that CHIP depletion contributes to the upregulation of
GRP78 levels partially through OTUD3.

CHIP suppresses invasion of lung cancer cells
As CHIP negatively regulates OTUD3 and GRP78 levels,

we propose that CHIP might function as a tumour sup-
pressor in lung cancer cells. To test this hypothesis, we
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investigated the proliferation rates of control and CHIP-  (Fig. 5a, b). As invasiveness of cancer cells are hallmarks of
knockdown lung cancer cells. CHIP knockdown had no  tumour progression, we further examined the invasive
effect on cell proliferation in H1299 and AS549 cells potential of these cells by invasion assays. CHIP
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Fig. 2 CHIP interacts with OTUD3. a 293T cells were transfected
for 36 h with Myc-tagged CHIP alone or together with Flag-tagged
OTUD?3 plasmids, and then immunoprecipitated with Flag antibody,
followed by western blotting with indicated antibodies. b H1299
whole-cell lysates were immunoprecipitated with control IgG or
OTUD3 antibody, followed by western blotting with indicated anti-
bodies. ¢ H1299 cells transfected with Myc-tagged CHIP and Flag-
tagged OTUD3 were fixed 36 h post-transfection, and then incubated
with primary antibodies. FITC-conjugated secondary antibody was
used to detect CHIP (green) while TRITC-conjugated secondary
antibody was used to detect OTUD?3 (red). The nuclei were stained by
DAPIL. Scale bars: 40 um. d 293T cells were transfected for 36 h with
HA tagged WT CHIP, H260Q mutant CHIP or K30A mutant CHIP
alone or together with Myc-tagged OTUD3 plasmids, and then
immunoprecipitated with Myc antibody, followed by western blotting
with indicated antibodies. e Overview of WT OTUD3 and its deletion
mutants OTU (1-183), UBA (184-340) and Tail (341-398); WT CHIP
and its deletion mutants AU-box (1-226), ATPR (127-303) and U-box
(226-303). f 293T cells were transfected for 36 h with Myc-tagged
CHIP alone or together with Flag-tagged WT OTUD?3 or its deletion
mutants, and then immunoprecipitated with Flag antibody, followed
by western blotting with indicated antibodies. g 293T cells were
transfected for 36 h with Myc-tagged WT CHIP or its deletion mutants
alone or together with Flag-tagged OTUD3, and then immunopreci-
pitated with Flag antibody, followed by western blotting with indicated
antibodies.

knockdown increased the invasiveness of HI1299 and
A549 cells (Fig. 5c). Reconstitution of CHIP reversed
the increased invasiveness of H1299 cells (Fig. 5d, e).
Furthermore, CHIP deficient A549 cells were more spindle-
liked and expressed increased vimentin, implicating
increased invasive ability (Fig. 5f). To investigate whether
CHIP suppresses invasion through regulating OTUD3 and
GRP78 levels, we depleted endogenous OTUD3 or GRP78
in CHIP-knockdown H1299 and A549 cells (Fig. 5g, j).
Depletion of OTUD3 or GRP78 attenuated cell invasion
in CHIP-knockdown lung cancer cells (Fig. 5h, i, k, 1).
Collectively, these results demonstrate that CHIP sup-
presses cell invasion partially through OTUD3 and GRP78.

CHIP suppresses tumour metastasis

To investigate whether CHIP deficient lung cancer cells
have greater metastatic potential, we introduced control and
CHIP-knockdown A549 cells into the bloodstream of nude
mice. CHIP-knockdown cells produced significantly more
lung metastases (Fig. 6a, b). We further confirmed the
observation by examining the metastatic nodules after HE
staining (Fig. 6¢, d). Immunostaining confirmed CHIP was
deficient in metastatic nodules produced by CHIP-
knockdown cells (Fig. 6e). Tumour metastasis needs sev-
eral steps: detachment, invasion of blood vessels, immune
escape, extravasation and colonization. As intravenous
transplantation experiments lack the detachment and inva-
sion process, we further performed subcutaneous trans-
plantation experiments. We knocked down CHIP in mice
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lung cancer cell line LLC, which elevated OTUD3 and
GRP78 levels (Fig. 6f). Control and CHIP-knockdown LL.C
cells were implanted subcutaneously into nude mice. Lung
metastasis were observed by HE staining (Fig. 6g). We
found that seven out of nine mice implanted with CHIP-
knockdown cells produced lung metastasis, while two out
of nine mice implanted with control cells produced metas-
tasis (Fig. 6h). The proliferation rates of primary tumours
had no difference (Fig. 6i). Taken together, these results
demonstrate CHIP suppresses tumour metastasis in lung
cancer.

CHIP expression is downregulated in human lung
adenocarcinoma

We further analyzed whether CHIP had the clinical evi-
dence supporting its relevance to lung cancer. We detected
the expression of CHIP in human lung adenocarcinoma
(n="175). We found that CHIP expression was significantly
decreased in lung adenocarcinoma compared with the
matched adjacent normal tissues (Fig. 7a, b). Moreover, the
expression of CHIP was inversely correlated with OTUD3
and GRP78 expression (Fig. 7c—e). The negative correlation
between CHIP and OTUD3 was further confirmed in human
lung cancer cell lines (Fig. 7f, g). We also found that
the expression levels of CHIP were lower in A549 cells
and Calu-3 cells, which were more prone to metastasize
(Fig. 71, g). These results suggest that CHIP is decreased in
lung adenocarcinoma, concomitant with OTUD3 and
GRP78 upregulation to promote tumorigenesis.

Identification of CHIP mutations in human lung
cancer

As CHIP functions as a tumour suppressor in lung cancer,
we further examined whether CHIP had mutations in lung
cancer. We searched 5006 samples of non-small cell lung
cancer in the cBioPortal [52, 53] database and found CHIP
mutations D134N (sample ID: TCGA-75-5126-01) and
E301Q (sample ID: CRUKO0016-R1; CRUKO0016-R2)
(Fig. 8a). We next investigated whether these mutations
abolished CHIP function. Myc-tagged D134N and E301Q
plasmids were constructed and overexpressed with OTUD3
in cells. Indeed, CHIP D134N and E301Q mutants partially
lost the ability to degrade OTUD3 protein (Fig. 8b). To
investigate the mechanism, we tested the interaction
between CHIP mutants and OTUD3. However, the inter-
action between CHIP mutants and OTUD3 was the same as
that between WT CHIP and OTUD3 (Fig. 8c), suggesting
that these mutations did not impair the binding to OTUD3.
As a chaperone-dependent E3 ubiquitin ligase, CHIP exerts
its ubiquitin ligase function when it binds to Hsp70 or
Hsp90 chaperone [31]. Mouse CHIP Asp135 (equivalent to
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human CHIP Asp134) has been reported to form hydrogen
bonding with Hsp90 [51]. Thus we detected whether CHIP
mutants had decreased ability to interact with Hsp70.
Indeed, the interaction between CHIP mutants and Hsp70
was weaker than that between WT CHIP and Hsp70

(Fig. 8d), which might account for the reduced catalytic
activity of CHIP mutants. Subsequent ubiquitylation assay
demonstrated that CHIP D134N and E301Q mutants par-
tially lost their ability to ubiquitylate OTUD3 (Fig. 8e). We
next investigated whether D134N and E301Q mutant CHIP
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Fig. 3 CHIP promotes ubiquitylation of OTUD3. a 293T cells were
transfected for 40 h with Flag-tagged OTUD3, HA tagged Ub, Myc-
tagged WT CHIP, H260Q (HQ) mutant CHIP or K30A (KA) mutant
CHIP alone or in combination, and then treated for 8 h with MG132
(20 uM). Cell lysates were immunoprecipitated with Flag antibody,
followed by western blotting with indicated antibodies. b 293T cells
were transfected for 40 h with Flag-tagged OTUD3, HA tagged Ub,
Myc-tagged WT CHIP, AU-box or ATPR alone or in combination,
and then treated for 8h with MG132 (20 uM). Cell lysates were
immunoprecipitated with Flag antibody, followed by western blotting
with indicated antibodies. ¢ H1299 cells stably expressing control
shRNA or CHIP shRNA were transfected for 40 h with Flag-tagged
OTUD3 alone or together with His tagged Ub, and then treated for 8 h
with MG132 (20 uM). Cell lysates were subjected to pull-down with
Ni?t beads, followed by western blotting with indicated antibodies.
d H1299 cells stably expressing control shRNA or CHIP shRNAs
(shCHIP #1, shCHIP #2) were transfected for 40 h with Flag-tagged
OTUD3 and HA tagged Ub, and then treated for 8 h with MG132
(20 uM). Cell lysates were immunoprecipitated with Flag antibody,
followed by western blotting with indicated antibodies. e 293T cells
were transfected for 40h with Flag-tagged OTUD3, Myc-tagged
CHIP, HA tagged WT Ub or mutant Ub (KO, no Lys; K48, Lys
48-only; K63, Lys 63-only) alone or in combination, and then treated
for 8 h with MG132 (20 uM). Cell lysates were immunoprecipitated
with Flag antibody, followed by western blotting with indicated
antibodies. f The bacteria-expressed and purified GST-tagged OTUD3
proteins were incubated with or without commercial E1, UbE2D3
(E2), ATP, CHIP (E3), Hsp70 and His tagged Ub for 2 h at 37 °C. The
mixtures were subjected to GST pull-down and western blotting with
indicated antibodies.

had reduced capacity to suppress tumour metastasis. We
stably overexpressed WT CHIP or mutant CHIP in CHIP-
knockdown lung cancer cells (Fig. 8f). The number of
invaded CHIP mutant lung cancer cells was more than that
of invaded CHIP WT lung cancer cells (Fig. 8g), demon-
strating mutant CHIP had reduced capacity to inhibit cell
invasion. Furthermore, we injected CHIP WT or CHIP
mutant A549 cells into tail vein of nude mice. The CHIP
mutant cells produced more metastatic nodules in lung than
CHIP WT cells (Fig. 8h, i), which was confirmed by HE
staining (Fig. 8j, k). Taken together, These results demon-
strate that CHIP D134N and E301Q mutations reduce CHIP
catalytic activity and tumour suppressive function in lung
cancer.

Discussion

The DUBSs regulate important processes in cells and post-
translational modifications of DUBs are crucial to their
functions [5]. Previously we identified deubiquitylase
OTUD3 exhibits tumour suppressive roles through deubi-
quitylating and stabilizing PTEN in breast cancer, hepato-
cellular cancer, colon cancer and cervical cancer [18, 19].
OTUD3 transgenic mice are less susceptible to breast
tumorigenesis, while OTUD3 KO mice exhibit increased
susceptibility to breast cancer [18, 19]. Recently we found
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OTUD3 plays oncogenic roles in lung cancer [19]. OTUD3
transgenic mice are more prone to develop Kras®!?P driven
lung cancer while OTUD3 KO mice are less prone to [19].
Furthermore, OTUD3 expression levels are upregulated in
lung cancer and elevated expression levels of OTUD3
correlates with poor survival in lung cancer patients [19].
However, the reason why OTUD?3 is elevated in lung cancer
and the post-translational modification of OTUD3 is
unknown. In this study, we found OTUD3 can be ubiqui-
tylated and identified CHIP as a E3 ligase mediates ubi-
quitylation of OTUD3 and promotes the proteasomal
degradation of OTUD3.

Several lines of evidence support the conclusion that
CHIP is a true ubiquitin ligase for OTUD3. First, CHIP
interacts with OTUD3. Co-immunoprecipitation assays
showed that endogenous CHIP bound endogenous OTUD3.
Furthermore, CHIP and OTUD3 were colocalized in the
cytoplasm. Second, CHIP negatively regulates OTUD3
levels. OTUD3 levels were elevated in CHIP KO mice.
Overexpression of CHIP downregulated OTUD3 levels in
E3 ligase activity and Hsp70 dependent manner. CHIP
expression levels were reduced in lung adenocarcinoma and
were negatively correlated with OTUD3 levels. Third,
CHIP promotes OTUD3 ubiquitylation. Overexpression of
CHIP promoted OTUD3 ubiquitylation in E3 ligase activity
and Hsp70 dependent manner, which was confirmed by
in vitro ubiquitylation assay. We also found CHIP promoted
Lys 48-linked ubiquitylation, but not non-degradative Lys
63-linked ubiquitylation of OTUD3. However, whether
CHIP promotes other types of OTUD3 ubiquitylation needs
further investigation. Although we analyzed the regulation
of OTUD3 by CHIP in the context of lung cancer, we do
not exclude that this regulation exists in other cell types
or tissues. To our knowledge, CHIP is the first ubiquitin
ligase identified to promote OTUD3 ubiquitylation and
degradation.

OTUD3 contains 28 lysine residues, among which OTU
contains 10 lysine residues, UBA domain contains 7 lysine
residues and tail domain contains 11 lysine residues. These
lysine residues are potential ubiquitylation sites as well as
potential neddylation, SUMOylation and acetylation sites.
In addition, OTUD3 also contains 23 serine residues and 11
threonine residues, which are potential phosphorylation
sites. These potential post-translational modifications are
worthy of further investigation in the future.

GRP78 as a major endoplasmic reticulum chaperone is
overexpressed in cancer [21]. Induced GRP78 in cancer
regulates a variety of processes that are essential for
tumourigenesis such as proliferation, apoptosis, angiogen-
esis, invasion and metastasis [54]. Several studies revealed
that GRP78 expression is increased in lung cancer and
is higher in advanced cancer tissues [22, 55]. Over-
expression of GRP78 also predicts poor prognosis in lung
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Fig. 4 CHIP inhibits OTUD3-GRP78 signaling. a Control or CHIP
shRNAs (shCHIP #1, shCHIP #2) were packaged into lentiviral par-
ticles and transduced into H1299 or A549 cells. The positive clones
were selected by puromycin (2 ug/ml) and indicated proteins were
detected by western blotting. b H1299 cells stably expressing CHIP
shRNA (shCHIP #1) were infected with or without lentivirus
expressing shRNA-resistant (sh-res) CHIP. The indicated proteins
were detected by western blotting. Triangle: The shRNA-resistant
(sh-res) CHIP was cloned into pCDH-MCS-T2A-copGFP-MSCV
vector (System Biosciences, CD523A-1), which generated a high-
molecular-weight CHIP as several amino acids were linked to CHIP C-
terminal after T2A peptide self-cleavage. ¢ H1299 cells stably

adenocarcinoma [56]. Thus, GRP78 exhibits tumour pro-
moting roles in lung cancer. Previously we found OTUD3 is
a deubiquitylase for GRP78 [19]. Depletion of OTUD3 in
mice reduced GRP78 levels and suppresses Kras®'?P-driven

expressing control or CHIP shRNA were treated with cycloheximide
(CHX) (100 pg/ml) for the indicated time period. The indicated pro-
teins were detected by western blotting. Quantification of relative
GRP78 levels and OTUD3 levels is shown. d H1299 cells stably
expressing control shRNA, CHIP shRNA together with or without
shRNA-resistant CHIP were treated with cycloheximide (CHX) (100
pg/ml) for the indicated time period. The indicated proteins were
detected by western blotting. Control shRNA, CHIP shRNA or
OTUD3 shRNA alone or in combination were packaged into lentiviral
particles and transduced into H1299 (e) or A549 (f) cells. The positive
clones were selected by puromycin (2 ug/ml) and indicated proteins
were detected by western blotting.

lung adenocarcinoma progression and markedly increases
survival [19]. Here we found deficiency of CHIP upregu-
lates GRP78 expression in lung cancer in an OTUD3
dependent manner. Cell invasion assays demonstrated that
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GRP78 mediated the increased invasion of CHIP deficient
lung cancer cells. What’s more, CHIP expression negatively
correlated with GRP78 levels in lung adenocarcinoma. We
uncovered a new regulatory mechanism of GRP78 expres-
sion in lung cancer.

SPRINGER NATURE

CHIP maintains the protein homoeostasis and partici-
pates in multiple cellular processes [34]. Several evidence
shows that CHIP plays tumour suppressive roles as it
promotes ubiquitylation and degradation of oncogenic

proteins, such as c-ErbB2/neu, mutant p53, HIF-la,
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<« Fig. 5 CHIP suppresses invasion of lung cancer cells. a Cell pro-

liferation assays in H1299 or A549 cells stably expressing control
shRNA or CHIP shRNA. Relative cell number was determined by
adding WST-8 and then measuring absorbance at 450 nm. n =3
independent experiments. b Representative images of colony forma-
tion assays in H1299 or A549 cells stably expressing control or CHIP
shRNAs (shCHIP #1, shCHIP #2) 2 weeks after seeding of 500 cells in
six-well plate. Quantification of colonies >0.1 mm in diameter is
shown. n=3 independent experiments. Scale bar: 1cm. ¢ Repre-
sentative images of invasion assays in H1299 or A549 cells stably
expressing control or CHIP shRNAs (shCHIP #1, shCHIP #2) 24h
after seeding of 3 x 10° cells. Quantification of invaded cells stained by
0.1% crystal violet per field is shown. n = 3 independent experiments.
Scale bar: 100 um. d H1299 cells stably expressing CHIP shRNA
(shCHIP #1) were infected with or without lentivirus expressing
shRNA-resistant (sh-res) CHIP. The indicated proteins were detected
by western blotting. Triangle: The shRNA-resistant (sh-res) CHIP was
cloned into pCDH-MCS-T2A-copGFP-MSCV vector (System Bios-
ciences, CD523A-1), which generated a high-molecular-weight CHIP
as several amino acids were linked to CHIP C-terminal after T2A
peptide self-cleavage. e Representative images of invasion assays in
H1299 cells stably expressing control shRNA, CHIP shRNA together
with or without shRNA-resistant CHIP 24 h after seeding of 3 x 10°
cells. Quantification of invaded cells stained by 0.1% crystal violet per
field is shown. n =3 independent experiments. Scale bar: 100 pm.
f Representative images for Vimentin staining (Red) of A549 cells
stably expressing control shRNA or CHIP shRNA. Nuclei were
stained with DAPI (blue). White triangles indicate spindle-liked A549
cells. Scale bar: 40 um. g H1299 or A549 cells stably expressing
control shRNA or CHIP shRNA were infected with or without lenti-
virus expressing OTUD3 shRNA and selected, the indicated proteins
were detected by western blotting. Representative images of invasion
assays in H1299 (h) or A549 (i) cells stably expressing the shRNAs
described in g 24 h after seeding of 3 x 10° cells. Quantification of
invaded cells stained by 0.1% crystal violet per field is shown. n =3
independent experiments. Scale bar: 100 um. j H1299 or A549 cells
stably expressing control shRNA or CHIP shRNA were infected with
or without lentivirus expressing GRP78 shRNA and selected, the
indicated proteins were detected by western blotting. Representative
images of invasion assays in H1299 (k) or A549 (1) cells stably
expressing the shRNAs described in j 24 h after seeding of 3 x 10°
cells. Quantification of invaded cells stained by 0.1% crystal violet per
field is shown. n =3 independent experiments. Scale bar: 100 pm.
Data are shown as mean =+ s.d. Statistical analyses in a were performed
using two-way ANOVA tests, and in b, ¢, e, h, i, k, 1 were performed
with Student’s ¢ tests. **p <0.01, **¥p <0.001, ****p <(0.0001; NS
not significant.

pyruvate kinase isoenzyme M2 (PKM2), c-Myc and
OCT4 [36-38, 42, 45, 57]. CHIP also displays oncogenic
roles through degrading tumour suppressors such as
forkhead box protein O1, apoptosis inducing factor and
interferon regulatory factor-1 [58—60]. Here, we present
several lines of evidence to support the concept that CHIP
exhibits a tumour suppressive role in lung cancer. First,
the expression levels of CHIP were significantly reduced
in lung cancer tissues as compared with adjacent tissues.
CHIP expression negatively correlated with OTUD3
and GRP78 protein levels in lung cancer. Second, we
identified CHIP mutations D134N and E301Q in lung
adenocarcinoma. These two mutations reduce CHIP E3

ligase activity and lung cancer cells expressing these
mutations were more prone to metastasize to mice lung.
Third, CHIP functions as a suppressor of tumour metas-
tasis. Depletion of CHIP in lung cancer cells significantly
increased invasive ability and CHIP deficient lung cancer
cells were more prone to colonize in mice lung when
implanted intravenously or subcutaneously. To further
investigate the tumour suppressive functions of CHIP
in vivo, CHIP KO mice should be utilized. However,
approximately one third of CHIP KO mice die at the
embryonic stage, the other CHIP KO mice die within
2 months after birth [49]. Thus, it is practically impossible
to observe tumorigenesis or metastasis in CHIP KO mice.
Generation of CHIP conditional KO mice in the future
may in favour of studying the relation between CHIP and
lung cancer.

Tissue microarray analysis showed that CHIP expression
levels were reduced in human lung cancer. The down-
regulated expression levels of CHIP have also been found in
breast cancer, colorectal cancer and gastric cancer
[40, 43, 44, 61]. The hypermethylated CHIP promoter may
account for the reduced CHIP expression level in colorectal
cancer and gastric cancer [44, 61]. Whether CHIP promoter
is hypermethylated in lung cancer is worthy of investiga-
tion. CHIP expression levels are also regulated by micro-
RNA. The microRNA miR-764-5p has been reported to
inhibit CHIP mRNA translation in MC3T3-E1 cells [62].
Whether this regulation exists and is disturbed in lung
cancer also needs further tests. In addition, other mechan-
isms rendering downregulation of CHIP expression in lung
cancer may also exist. As CHIP plays important roles in
suppressing lung cancer, elevating CHIP levels in lung
cancer might be an effective approach to inhibit lung cancer
metastasis.

Collectively, our study provides a new insight into the
post-translational modification of OTUD3 in lung cancer
and uncovers that CHIP is a E3 ligase for OTUD3 poly-
ubiquitination. Functional study reveals that loss of CHIP
expression facilitates tumour metastasis in vitro and in vivo.
In conclusion, our results demonstrate that CHIP is an
essential regulator of OTUD3 and that the CHIP-OTUD3-
GRP78 signaling axis plays a critical role in lung cancer
metastasis.

Materials and methods

Cell culture and reagents

A549, HEK293T, NCI-H1299 (H1299), HBE, NCI-
H1650 (H1650), NCI-H460 (H460), NCI-H1975

(H1975) and Calu-3 cell lines were obtained from the
American Type Culture Collection. HEK293T, HBE and
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Calu-3 cells were cultured in DMEM (Gibco) supple-
mented with 10% fetal bovine serum (FBS). H1299,
H1650, H460 and H1975 cells were cultured in RPMI-
1640 (Gibco) supplemented with 10% FBS. A549 cells
were cultured in Ham’s F12K (Gibco) supplemented with
10% FBS. CHIP WT and KO MEF cells were isolated
from E13.5 embryos of mice and cultured in DMEM
supplemented with 10% FBS and 1% penicillin/strepto-
mycin (Gibco). MG132 (MCE), Puromycin (Mediatech),
CHX (CST) and Polybrene (Sigma).
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Plasmids and antibodies

HA tagged CHIP WT, CHIP H260Q and CHIP K30A were
kindly provided by ZC. Full-length OTUD3 WT, full-length
OTUD3 C76A, OTU, UBA, tail truncations, full-length
CHIP WT, full-length CHIP H260Q, full-length CHIP
K30A, full-length CHIP D134N, full-length CHIP E301Q,
AU-box, ATPR, U-box truncations, were cloned into the
pCMV-Myc, pFlag-CMV-2 vectors as indicated. GST-
tagged OTUD3 were cloned into the pGEX-4T-2 vector.
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<« Fig. 6 CHIP suppresses tumour metastasis. a Representative images

of the lungs of mice 4 weeks after intravenous injection with A549
cells expressing control shRNA or CHIP shRNA (2 x 10° cells per
mice). Scale bar: 500 um. b Quantification of metastatic nodules
produced by A549 cells expressing control shRNA or CHIP shRNA
described in a. n =8 mice for control cells, n =7 mice for shCHIP
cells. ¢ Representative images of the hematoxylin—eosin stained lungs
of mice 4 weeks after intravenous injection with A549 cells expressing
control shRNA or CHIP shRNA (2 x 10° cells per mice). Scale bar:
500 um. d Quantification of metastatic nodules per section described in
¢. n=28 mice for control cells, n=7 mice for shCHIP cells.
e Representative images of immunohistochemistry staining for CHIP
in metastatic nodules produced by A549 cells expressing control
shRNA or CHIP shRNA. Scale bar: 50 um. f Control or CHIP shRNAs
(shCHIP #1, shCHIP #2) were packaged into lentiviral particles and
transduced into LLC cells. The positive clones were selected and the
indicated proteins were detected by western blotting. g Representative
images of the hematoxylin—eosin stained lungs of mice 4 weeks after
subcutaneous implantation with LLC cells expressing control shRNA
or CHIP shRNA (2 x 10° cells per mice). Scale bar of left two images:
500 pm, scale bar of right magnified image: 20 um. h Quantification of
mice with or without metastasis produced by LLC cells expressing
control shRNA or CHIP shRNA. n=9 mice for each cell line.
i Representative images of immunohistochemistry staining for Ki-67
in subcutaneous tumours produced by LLC cells expressing control
shRNA or CHIP shRNA. Quantification of percentage of Ki-67
positive cells is shown. n = 3 mice for each cell line. Scale bar: 50 um.
Data in b, d, i are shown as mean +s.d. Statistical analyses in b, d, i
were performed using Student’s ¢ tests, and in h were performed with
chi-square tests. *p<0.05, ***p<0.001, ****p<(0.0001. NS not
significant.

The following antibodies were used for western blotting.
Anti-CHIP (A1169, 1:4000) and anti-f-actin (Ac026,
1:40,000) antibodies were purchased from ABclonal
Technology. Anti-OTUD3 (HPA028543, 1:500) antibody
was purchased from Sigma. Anti-PTEN (9188, 1:2000),
anti-AKT (9272, 1:2000), anti-pAKT-S473 (4060, 1:2000),
anti-p38 (8690, 1:1000), anti-p-p38 (4511, 1:1000) and
anti-USP13 (12577, 1:1000) antibodies were purchased
from Cell Signaling Technology. Anti-WWP2 (ab103527,
1:500) antibody was purchased from Abcam. Anti-GRP78
(11587-1-AP, 1:1000), anti-NEDD4-1 (21698-1-AP,
1:1000), anti-Hsp90 (13171-1-AP, 1:1000) antibodies were
purchased from Proteintech. Anti-Myc (M047-3, 1:1000),
anti-HA (M180-3, 1:1000), anti-Flag (M185-3, 1:1000) and
anti-His (M089-3, 1:2000) antibodies were purchased from
MBL. Anti-GAPDH (sc-25778, 1:1000), anti-GST (sc-
374171, A-6, 1:1000) and anti-XIAP (sc-55550, 1:1000)
antibodies were purchased from Santa Cruz Biotechnology.

For immunoprecipitation, anti-OTUD3 (HPA028543,
Sigma, 1:100), anti-Flag (M185-3, MBL, 1:200), anti-Myc
(M047-3, MBL, 1:500) and Normal IgG (sc-2003, Santa Cruz
Biotechnology, 1:500) antibodies were used. For immuno-
fluorescence and immunohistochemistry, anti-Myc (M047-3,
MBL, 1:1000), anti-Flag (M185-3, MBL, 1:1000), anti-
vimentin (ab92547, Abcam, 1:200), anti-CHIP (A1169,
ABclonal Technology, 1:400), anti-OTUD3 (HPA028543,

Sigma, 1:200), anti-GRP78 (11587-1-AP, Proteintech, 1:200)
and anti-Ki-67 (12202, CST, 1:200) were used.

Lentivirus packaging and infection

Lentiviral vectors (GV248) carrying CHIP shRNA were
from GeneChem. The OTUD3 and GRP78 shRNA
sequences were cloned into the pLKO-puro vector. The
shRNA-resistant CHIP WT, shRNA-resistant CHIP
D134N and shRNA-resistant CHIP E301Q were cloned
into pCDH-MCS-T2A-copGFP-MSCV vector (System
Biosciences, CD523A-1). The indicated vector was
transfected into HEK293T cells together with pSPAX.2
and pMD.2G for 24 h, and cell culture media were col-
lected and filtered. The viruses were used to infect cells in
the presence of polybrene (4 pg/ml). Forty-eight hours
later, A549, H1299 or HEK293T cells were cultured in
medium containing puromycin (2 pg/ml) for the selection
of stable clones. The positive clones were identified and
verified by western blotting. The shRNA sequences are
below. CHIP no. 1, 5-AGAGGAAGAAGCGAGACA
T-3’; no. 2, 5~AGTCTGTGAAGGCGCACTT-3’; OTU
D3 5-TGGAAATCAGGGCTTAAAT-3’; GRP78 5'-AA
CCATCCCGTGGCATAAA-3'.

Cell transfections, immunoprecipitation and
immunoblotting

Cells were transfected with indicated plasmids using
Lipofectamine 2000 (Invitrogen) reagent according to the
manufacturer’s protocol. For immunoprecipitation assays,
cells were lysed with HEPES lysis buffer (20 mM HEPES,
pH 7.2, 50 mM NaCl, 0.5% Triton X-100, 1 mM NaF and
I mM dithiothreitol) supplemented with protease-inhibitor
cocktail (Roche). Immunoprecipitations were performed
using the indicated primary antibody and protein A/G
agarose beads (Santa Cruz) at 4 °C. The immunocomplexes
were then washed with HEPES lysis buffer four times. Both
lysates and immunoprecipitates were examined using the
indicated primary antibodies followed by detection with the
related secondary antibody and the SuperSignal west pico
chemiluminescence substrate (Thermo).

Protein half-life assay

For the exogenous OTUD3 half-life assay, Plasmids
encoding OTUD3 and CHIP were transfected into
HEK293T cells. Twenty-four hours later, the cells were
treated with the protein synthesis inhibitor CHX (CST,
100 pg/ml) for the indicated durations before collection. For
the endogenous OTUD3 and GRP78 half-life assay, the
HI1299 cells stably expressing CHIP shRNA were treated
with CHX (CST, 100 pg/ml) for the indicated durations
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Fig. 7 CHIP expression is downregulated in human lung adeno-
carcinoma. a Representative images of CHIP immunohistochemical
staining in lung cancer and matched adjacent tissues of two cases from
tissue microarrays containing 75 pairs of human lung adenocarcinoma
together with matched adjacent normal lung tissues. The outlined areas
in the left images are magnified on the right. Scale bars: 100 pm (left),
50 um (right). b CHIP expression H-scores were compared between
adjacent tissues and lung cancer tissues. Data in the right panel are
shown as mean + s.d. Statistical analyses were performed using paired
Student’s ¢ tests (left) or Wilcoxon unpaired ¢ test (right). ***¥p <
0.0001. ¢ Representative images of immunohistochemical staining for
CHIP, OTUD3 or GRP78 in human lung adenocarcinoma (n =75).

before collection. Endogenous OTUD3 and GRP78 levels
were detected by western blotting.

Fluorescence microscopy

For detection of subcellular localization by immuno-
fluorescence, after fixation with 4% paraformaldehyde and
permeabilization in 0.2% Triton X-100 (PBS), cells were
incubated with the indicated Myc (M047-3, MBL, 1:1000),
Flag (M185-3, MBL,1:1000) or vimentin (ab92547,
Abcam, 1:200) antibodies for 8 h at 4 °C, followed by
incubation with TRITC-conjugated or FITC-conjugated
secondary antibody for 1h at room temperature. The
nuclei were stained with DAPI (Sigma), and images were

SPRINGER NATURE

CHIP expression

Scale bars: 100 um (left), 50 um (right). CHIP, OTUD3 and GRP78
expression in human lung adenocarcinoma (n=75) was quantified
using H-score and divided into high expression (CHIP score >120,
OTUD3 score > 120, GRP78 score > 150) and low expression (CHIP
score < 120, OTUD3 score < 120, GRP78 score < 150), the correlation
of CHIP expression levels with OTUD3 expression levels (d) or with
GRP78 expression levels (e) is analyzed. Chi-square test, p =0.0153
(d), p =0.0325 (e). £ The expression levels of OTUD3 and CHIP in
indicated lung cancer cell lines were analyzed by western blotting.
g Regression analysis comparing CHIP and OTUD3 expression
in lung cancer cell lines described in f. Pearson’s correlation test.
p = 0.0066.

visualized with a Zeiss LSM 510 Meta inverted confocal
microscope.

In vivo ubiquitylation assay

For in vivo ubiquitylation assays, Myc-CHIP, Flag-OTUD3
and HA-ubiquitin were transfected into HI1299 or
HEK?293T cells with Lipofectamine 2000. Forty hours later,
the cells were treated with 20 uM of the proteasome inhi-
bitor MG132 for 8 h. The cells were washed with PBS,
pelleted and lysed in HEPES buffer (20 mM HEPES, pH
7.2, 50mM NaCl, 1 mM NaF, 0.5% Triton X-100) plus
0.1% SDS, 20 uM MG132 and protease-inhibitor cocktail.
The lysates were centrifuged to obtain cytosolic proteins
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and incubated with anti-Flag antibody for 3 h and protein  buffer. The proteins were released from the beads by boiling
A/G agarose beads (Santa Cruz) for a further 8h at 4°C.  in SDS-PAGE sample buffer and analyzed by immuno-
Then the beads were washed three times with HEPES  blotting with anti-HA antibody.
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Fig. 8 CHIP D134N and E301Q mutations in lung cancer reduce
E3 ligase function. a Schematic illustration of CHIP D134N and
E301Q mutations. b 293T cells were transfected for 48 h with Flag-
tagged OTUD3 alone or together with Myc-tagged WT CHIP or
mutant CHIP (D134N, E301Q, H260Q, K30A). The indicated proteins
were detected by western blotting. ¢ 293T cells were transfected for
36 h with Myc-tagged WT CHIP or mutant CHIP (D134N, E301Q)
together with or without Flag-tagged OTUD3, and then immunopre-
cipitated with Flag antibody, followed by western blotting with indi-
cated antibodies. d H1299 cells were transfected for 36 h with or
without Myc-tagged WT CHIP or mutant CHIP (K30A, D134N,
E301Q), and then immunoprecipitated with Myc antibody, followed
by western blotting with indicated antibodies. e 293T cells were
transfected for 40 h with Flag-tagged OTUD3, HA tagged Ub, Myc-
tagged WT CHIP, D134N (DN) mutant CHIP, E301Q (EQ) mutant
CHIP, H260Q (HQ) mutant CHIP or K30A (KA) mutant CHIP alone
or in combination, and then treated for 8 h with MG132 (20 uM). Cell
lysates were immunoprecipitated with Flag antibody, followed by
western blotting with indicated antibodies. f H1299 or A549 cells
stably expressing CHIP shRNA were infected with or without lenti-
virus expressing shRNA-resistant (sh-res) WT CHIP or mutant CHIP
(D134N, E301Q). The indicated proteins were detected by western
blotting. Triangle: The shRNA-resistant (sh-res) CHIP was cloned into
pCDH-MCS-T2A-copGFP-MSCV  vector (System Biosciences,
CD523A-1), which generated a high-molecular-weight CHIP as sev-
eral amino acids were linked to CHIP C-terminal after T2A peptide
self-cleavage. g Representative images of invasion assays in H1299 or
A549 cells stably expressing WT CHIP or mutant CHIP (D134N,
E301Q) described in f 24 h after seeding of 3 x 10° cells. Quantifica-
tion of invaded cells stained by 0.1% crystal violet per field is shown.
n =3 independent experiments. Scale bar: 100 um. h Representative
images of the lungs of mice 4 weeks after intravenous injection with
A549 cells stably expressing WT CHIP or mutant CHIP (D134N,
E301Q) (2 x 10° cells per mice). Scale bar: 500 um. i Quantification of
metastatic nodules described in h. n=7 mice for each cell line.
J Representative images of the hematoxylin—eosin stained lungs of
mice 4 weeks after intravenous injection with A549 cells stably
expressing WT CHIP or mutant CHIP (D134N, E301Q). Scale bar:
500 um. k Quantification of metastatic nodules per section described
in j. n="7 mice for each cell line. Data are shown as mean =+ s.d.
Statistical analyses in g, i, k were performed using Student’s ¢ tests.
*p <0.05, *#p <0.01, ***p <0.001, ****p <0.0001.

In vitro ubiquitylation assay

The reaction was carried out at 37°C for 2h in 20 ul
reaction buffer (20 mM Tris-HCI, pH 7.2, 5mM MgCl,,
50mM NaCl, 1mM 2-mercaptoethanol, 10% glycerol)
containing the following components: 50 uM of ubiquitin,
100nM human E1, 2uM UbE2D3, 2uM CHIP, 2 uM
Hsp70, 2mM ATP (all from Ubiquitin-Proteasome Bio-
technologies, Cat. no. J5110), SuM GST-OTUD3. The
reaction was terminated by adding 0.4 ml pull-down buffer
(20 mM Tris-HCI, pH 7.5, 500 mM NaCl, 1% Triton X-100,
0.02% BSA, and 5 mM p-mercaptoethanol). After addition
of 40 ul of glutathione—Sepharose, the samples were rotated
at 4 °C for 6 h. The beads were washed with 1 ml of pull-
down buffer three times. The proteins bound to beads were
released by boiling in 50 ul of 2x SDS-PAGE sample
buffer for 10 min. The samples were then resolved by 8%
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SDS-PAGE followed by immunoblot analysis using a
monoclonal anti-His antibody.

Cell proliferation assay

The A549 or H1299 cells stably knocked down for control
or CHIP were plated in 96-well plates (100 pl cell suspen-
sions, 1x 10 cells/ml). Twenty-four hours later, 10 pl
WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt] was
added to each well and incubated at 37 °C for 1 h followed
by absorbance measurement at 450 nm.

Colony formation assays

For colony formation assay, H1299 and AS549 cells
expressing the indicated genes were diluted to the single-
cell suspension and 500 or 1000 cells were cultured in every
well of six-well plate at 37 °C with 5% CO, incubator for
2 weeks. Then the colonies were stained with 0.1% crystal
violet and counted.

Invasion assay

Invasion assay was performed in a 24-well plate with
8.0 um polycarbonate membrane inserts (Corning) coated
by 60 ul Matrigel matrix (Corning). In brief, 3 x 10° H1299
or A549 cells resuspended by serum-free medium were
plated in each insert. The inserts were placed in the well
containing 10% FBS (Hyclone) culture medium. After 24 h,
non-invaded cells were removed and the inserts were
washed in PBS, fixed in 4% formaldehyde for 10 min and
stained with 0.1% crystal violet for 5 min. The wells were
photographed and the stained cells were counted.

Cohort and immunohistochemistry

Tumour tissue microarrays, purchased from Shanghai
Outdo Biotech Company, contain 75 pairs of lung adeno-
carcinoma together with matched adjacent normal lung
tissue, respectively. Immunohistochemistry was performed
by using the avidin-biotin complex method (Vector
Laboratories), including heat-induced antigen-retrieval
procedures. Incubation with antibodies against CHIP
(1:400; A1169, ABclonal Technology), OTUD3 (1:200;
HPAO028543, Sigma), GRP78 (1:200, 11587-1-AP, Pro-
teintech) and Ki-67 (1:200, 12202, CST) was carried out at
4.°C for 12h. All staining was assessed by a quantitative
imaging method; the percentage of immunostaining and the
staining intensity were recorded. An H-score was calculated
using the following formula: H-Score=Y% (PIxI])=
(percentage of cells of weak intensity x 1) 4 (percentage of
cells of moderate intensity x 2) 4 (percentage of cells of
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strong intensity x 3). PI indicates the percentage of positive
cells vs. all cells, and [ represents the staining intensity.

Tumour metastasis assay

BALB/c nude mice (4-6 weeks old, 18.0 £2.0 g, male)
were randomly divided into indicated groups; the mice in
the groups were injected intravenously or subcutaneously
with the indicated cells stably expressing the indicated
shRNAs or constructs (2 x 10° cells in a volume of 100 pl
PBS). The mice were dissected to observe the metastatic
organs 4 weeks after injection. For the subcutaneously
injected mice, the subcutaneous tumours were removed
2 weeks after injection. Hematoxylin and eosin staining
was reviewed to identify the cancer tissue and normal
tissue.

Statistical analysis

The statistical significance of differences between two
groups was calculated with the two-tailed Student’s 7 test,
and error bars represent standard deviation of the mean
(s.d.). Statistical comparisons of the means of multiple
groups were calculated using two-way ANOVA. Correla-
tions between two variables were performed using chi-
square test or Pearson correlation test. Statistical analyses,
unless otherwise indicated, were performed using GraphPad
Prism 5 or 7. Data are shown as mean +s.d. P<0.05 was
considered statistically significant.
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