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Synergistic anticancer effect by targeting CDK2 and
EGFR-ERK signaling

Jinhuan Wub?*@®, Yuping Chen*?*®, Rui Li***®, Yaping Guan*®, Mu Chen'®, Hui Yin'®, Xiaoning Yang*®, Mingpeng Jin*?®, Bingsong Huang'®,
Xin Ding?@®, Jie Yang'®, Zhe Wang?®, Yiming He!®, Qianwen Wang"?@®, Jian Luo*®, Ping Wang°®, Zhiyong Mao®®, Michael S.Y. Huen’®,
Zhenkun Lou®°@®, Jian Yuan?@®, and Fanghua Gong*®

The EGFR-RAS-ERK pathway is one of the most important signaling cascades in cell survival, growth, and proliferation.
Aberrant activation of this pathway is a common mechanism in various cancers. Here, we report that CDK2 is a novel regulator
of the ERK pathway via USP37 deubiquitinase (DUB). Mechanistically, CDK2 phosphorylates USP37, which is required for
USP37 DUB activity. Further, USP37 deubiquitinates and stabilizes ERK1/2, thereby enhancing cancer cell proliferation. Thus,
CDK2 is able to promote cell proliferation by activating USP37 and, in turn, stabilizing ERK1/2. Importantly, combined CDK1/2 and

EGFR inhibitors have a synergetic anticancer effect through the downregulation of ERK1/2 stability and activity. Indeed, our
patient-derived xenograft (PDX) results suggest that targeting both ERK1/2 stability and activity kills cancer cells more
efficiently even at lower doses of these two inhibitors, which may reduce their associated side effects and indicate a potential

new combination strategy for cancer therapy.

Introduction

The RAS-ERK signaling cascade is evolutionarily conserved
and activated by growth factors binding to receptor tyrosine
kinase (RTK), such as EGFR, which results in the activation of
the small G-protein RAS (Chou et al., 2010; Du et al., 2019).
Subsequently, RAF, MEK, and ERK are successively activated
in a phosphorylation-dependent cascade (Aoki et al., 201;
May and Hill, 2008). The RAS-ERK pathway regulates various
physiological processes, including cell proliferation, survival,
differentiation, and transformation (Aoki et al., 2011; Roux
and Blenis, 2004). Overactivation of the RAS-ERK pathway
occurs in >30% of human malignancies, including lung, co-
lon, and head and neck squamous cell carcinoma (HNSCC;
Mainardi et al., 2018; Yoshida et al., 2006; Zhao and Adjei,
2014). The extracellular signal-regulated kinases ERK1 and
ERK2 (hereafter ERK1/2), central regulators of the RAS-ERK
pathway, are protein-serine/threonine kinases that contrib-
ute to the RAS-ERK signaling module (Lavoie et al., 2020).
ERK1/2 are direct downstream effectors of the dual-specificity
MAPK/ERK kinases MEK1 and MEK2, which are activated

following growth factors and mitogen stimulus. After activation
by the RAS-RAF-MEK kinases cascade, ERK1/2 phosphorylates
downstream effectors to participate in the regulation of nu-
merous physiological processes, including cell adhesion, tran-
scription, survival, proliferation, growth, and differentiation
(Caunt et al., 2015; Roskoski Jr, 2012). Hyperactivation of ERK1/2 is
highly implicated in tumorigenesis as a result of abundant mu-
tations and overexpression of upstream regulators, including
RAS, RAF, and MEK (Frémin and Meloche, 2010; Kaplan et al.,
2011; Yu et al,, 2015). In addition, reactivation of ERK1/2 is a
primary reason for chemoresistance after treatment with EGFR,
KRAS, BRAF, and MEK inhibitors (Fedele et al., 2018; Morris
et al., 2013; Sanchez et al., 2019; Tadesse et al., 2020; Yu et al.,
2015; Zhang et al., 2021a), suggesting that targeting ERK1/2 pro-
tein levels may be a potential strategy for the treatment of
cancers with high ERK status.

Cyclin-dependent kinases (CDKs), a large family of serine/
threonine protein kinases, play pivotal roles in regulating cell
progression, cell cycle, survival, and proliferation (Asghar et al.,
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Figure 1. Combined CDK1/2 inhibitors and EGFR inhibitors present a synergistic anticancer effect. (A) Several lung cancer cell lines were utilized to
perform colony formation as indicated. Data were represented as the means + SD of three independent experiments. (B) Several colon cell lines were utilized
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to perform colony formation as indicated. Data were represented as the means + SD of three independent experiments. (C) Various cancer cell lines were
utilized to perform colony formation as indicated. Data were represented as the means + SD of three independent experiments. (D-F) NCI-A549 (D), RKO (E),
or MBA-MD231 (F) cells were respectively treated with JNJ-7706621 (CDK1/2i, 10 uM), AZD9291 (EGFRi, 10 uM), or |NJ-7706621 (CDK1/2i, 10 uM) + AZD9291
(EGFRI, 10 puM) for 10 h before harvest. The samples were immunoblotted with indicated antibodies. Source data are available for this figure: SourceData F1.

2015; Hochegger et al., 2008). CDK4/6 and CDK1/2 are com-
monly dysregulated in various types of cancers (Musgrove et al.,
2011; Otto and Sicinski, 2017). CDK4/6 inhibitors have been FDA-
approved to kill cancers, while CDK1/2 inhibitors for cancer
treatment are still undergoing clinical trials (Lim et al., 2016;
O’Leary et al., 2016; Sherr et al., 2016; Zhang et al., 2021c).

How ERK1/2 is activated is well-established. MEK1/2 directly
phosphorylates ERK1/2 at Tyr204/187 and Thr202/185, which is
required for ERK1/2 activation (Canagarajah et al., 1997;
Roskoski, 2019; Zhang et al., 1994). Additionally, it was recently
reported that K63-linked polyubiquitination of ERK1/2 promotes
the interaction between MEK1/2 and ERK1/2, which is vital for
MEK1/2-mediated ERK1/2 activation (Zhu et al., 2021). Intrigu-
ingly, MEKKI1 functions as an E3 ligase and promotes ubiquiti-
nation and degradation of ERK1/2 (Lu et al., 2002). However, the
regulation of ERK1/2 protein stability remains to be further
explored. In this study, we found that the CDK2-USP37 axis is a
novel regulator for ERK1/2 through ERK1/2 stabilization.
Mechanistically, CDK2 phosphorylates USP37 at serine 628
(Ser®?®) and then activates USP37 deubiquitinase activity. Fur-
ther, USP37 removes the polyubiquitinated chains from ERK1/2 and
prevents its degradation. Thus, CDK2 upregulates ERK1/2 stabil-
ity via USP37.

Results

Combined CDK1/2 and EGFR inhibitors create a synergistic
anticancer effect

Epidermal growth factor receptor (EGFR), a key upstream
molecule of RAS/RAF/MEK/ERK pathways, plays a pivotal role
in regulating normal cell proliferation, survival, and differenti-
ation (Kong et al., 2021). Aberrant regulation of EGFR resulting
in the activation of the RAS/RAF/MEK/ERK cascade is a com-
mon mechanism in various cancers and is always related to poor
survival (Hirata and Kiyokawa, 2019; Noordhuis et al., 2009).
Several EGFR inhibitors have shown survival benefits for pa-
tients carrying EGFR mutations (Bianco et al., 2007; Troiani
et al., 2012). However, the reactivation of the RAS-ERK path-
way is a major cause of chemoresistance following treatment
with EGFR inhibitors (Corcoran et al., 2012; Ercan et al., 2012;
Hazar-Rethinam et al., 2018), the mechanism for which remains
unclear. Hence, it is urgent to further understand the regulatory
mechanism of the EGFR-RAS-ERK cascade.

Intriguingly, we unexpectedly found that the lower dosage of
CDK1/2 inhibitors significantly enhanced the anticancer effect of
EGFR inhibitors in various cancer cells (Fig. 1, A-C). To identify
the mechanism, ERK1/2 signaling was detected by Western blot
following the use of CDK1/2 inhibitors with or without EGFR
inhibitors. We found that treatment with EGFR inhibitors
markedly decreased the level of ERK1/2 phosphorylation (Fig. 1,
D-F). Surprisingly, treating cells with CDK1/2 inhibitors resulted
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in a sharp decrease in the ERK1/2 protein level (Fig. 1, D-F). In
addition, the combination of EGFR and CDK1/2 inhibitors en-
hanced the decrease in both phosphorylation and protein levels
of ERK1/2 (Fig. 1, D-F). Taken together, our results suggest that
CDK1/2 may regulate ERK1/2 protein levels.

CDK2 regulates ERK1/2 protein level

Given that treating cells with CDK1/2 inhibitors (CDK1/2i) re-
duced the ERK1/2 protein level, we further studied the role of
CDK1/2 in regulating ERK1/2 stability. As shown in Fig. 2, A-C,
treatment with the proteasome inhibitor MG132 was able to
antagonize CDK1/2i-induced ERK1/2 downregulation. In addi-
tion, CDK1/2i treatment had no effect on the mRNA level of
ERK1/2 (Fig. 2, D and E). Further, the depletion of CDK2 but not
CDK1 significantly decreased ERK1/2 protein levels but not
mRNA levels (Fig. 2, F-I). Meanwhile, decreased ERK1/2 levels
could be reversed by the addition of proteasome inhibitor MG132
(Fig. 2, J-L). In addition, CDK1/2i treatment significantly in-
creased ERK1/2 ubiquitination in different cell lines (Fig. 2,
M-0). Taken together, these results suggested that CDK2
upregulates ERK1/2 protein levels by impairing ERK1/2 poly-
ubiquitination in a proteasome-dependent manner.

USP37 interacts with ERK1/2

Since deubiquitinases (DUBs) play a vital role in removing pol-
yubiquitinated chains from proteins and preventing protein
degradation (Hochstrasser, 1996; Wilkinson, 2000), we screened
deubiquitinase families to identify DUBs that deubiquitinate and
stabilize ERK1/2 and may play a role in connecting CDKs and
ERK1/2. A panel of deubiquitinases were overexpressed in
HEK293T cells individually, and ERK1/2 interacting proteins
were examined. We found that USP37 is a novel binding partner
of ERK1/2 (Fig. 3, A and B). A coimmunoprecipitation assay was
then performed to confirm the interaction between endogenous
USP37 and ERK1/2. As shown in Fig. 3 C, immunoprecipitation of
endogenous ERK1/2 pulled down USP37 proteins in different
cancer cell lines. The interaction between USP37 and ERK1/2 was
further confirmed using a reciprocal coimmunoprecipitation
assay (Fig. 3 D). In addition, the binding between USP37 and
ERK1/2 was further confirmed using bacterially expressed GST-
USP37 proteins (Fig. 3 E). Moreover, the segment of USP37 re-
sponsible for binding with ERK1/2 was mapped. As shown in
Fig. 3 F, the N-terminal region of USP37 (1-330 aa) was critical
for the interaction between USP37 and ERK1/2.

USP37 deubiquitinates and stabilizes ERK1/2

Given that USP37 is a deubiquitinase and interacts with ERK1/2,
it is possible that USP37 could deubiquitinate and stabilize ERK1/2.
First, depletion of USP37 in NCI-H460 or SK-MES-1 cells was
employed to detect the ERK1/2 protein level. As shown in Fig. 4,
A-C, the knockdown of USP37 decreased ERK1/2 protein levels but
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Figure 2. CDK2 regulates ERK1/2 protein level. (A) NCI-A549 cells were treated with JNJ-7706621 (10 puM) alone or combined with MG132 (30 pM) for 10 h
before harvest. Half of the cells were lysed, and then Western blot was performed with the indicated antibodies. (B) Relative ERK1/2 protein levels were
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quantified with GAPDH from A as internal standards. Immunoreactive bands of at least three independent experiments were quantified using ImageJ software.
Data were represented as means + SD. (C) NCI-H460 cells were treated with JNJ-7706621 alone or combined with MG132 (30 uM) for 10 h before harvest. Half
of the cells were lysed and then Western blot was performed with the indicated antibodies. (D) The mRNAs were extracted from the rest of the cells from A
and then subjected to gRT-PCR. B-actin served as an endogenous control. Data were represented as the means + SD of three independent experiments.
(E) The mRNAs were extracted from the rest of the cells from C and subjected to qRT-PCR. B-actin served as an endogenous control. Data were represented as
the means + SD of three independent experiments. (F) HCT-116 and NCI-H460 cells stably expressing control or CDK1 shRNAs as indicated were harvested,
and then cell lysates were blotted with the indicated antibodies. (G and H) RKO (G) and NCI-H460 (H) cells stably expressing control or CDK2 shRNAs as
indicated were harvested, and then cell lysates were blotted with the indicated antibodies. (I) The mRNAs were extracted from the rest of the cells from H and
then subjected to qRT-PCR. B-actin served as an endogenous control. Data were represented as the means = SD of three independent experiments.
() and K) RKO (J) and NCI-H460 (K) cells stably expressing control or two different CDK2 shRNAs were treated with vehicle or MG132 for 10 h before harvest.
Western blot was performed with the indicated antibodies. (L) Relative ERK1/2 or CDK2 protein levels were quantified with GAPDH from K as internal
standards. Immunoreactive bands of at least three independent experiments were quantified using Image] software. Data were represented as means + SD.
(M and N) The various cells transfected with indicated constructs were treated with |NJ-7706621 (10 uM) alone or combined with MG132 (30 pM) for 10 h
before harvest. Covalently modified proteins were purified on NiNTA-agarose under denatured conditions and then blotted with indicated antibodies. (0) The
primary cells of the basal cells transfected with indicated constructs were treated with JNJ-7706621 alone or combined with MG132 for 10 h before harvest.
Covalently modified proteins were purified on NiNTA-agarose under denatured conditions and then blotted with indicated antibodies. Source data are available

for this figure: SourceData F2.

not ERK1/2 mRNA levels. In addition, the decrease in ERK1/2 pro-
tein levels could be reversed using the proteasome inhibitor MG132
(Fig. 4 D). Furthermore, ERK1/2 proteins could be rescued by
reconstituted shRNA-resistant wild-type USP37 (USP37 WT) but
not by the catalytically inactive mutant (USP37 CS) in USP37-
depleted cells (Fig. 4 E). To further confirm whether USP37 plays
a pivotal role in regulating ERK1/2 stability, we treated cells with
cycloheximide (CHX) and then examined the half-life of ERK1/2.
ERK1/2 stability was dramatically decreased in USP37-depleted
cells, while reconstitution of USP37 recovered ERK1/2 protein
stability (Fig. 4, F and G).

Next, we examined whether USP37 deubiquitinates ERK1/2. As
shown in Fig. 4 H, overexpression of wild-type USP37, but not the
USP37 CS mutant, decreased ERK1/2 ubiquitination. On the con-
trary, the depletion of USP37 resulted in a significant increase in
ERK1/2 ubiquitination (Fig. 4, I and J; and Fig. S1, A-C). In addition,
USP37 primarily removed the K48-linked poly-Ub chains from
ERK1/2 (Fig. S1 D). The result was further confirmed using anti-
K48-linkage-specific polyubiquitin antibodies (Fig. S1 E).

To confirm whether USP37 directly deubiquitinates ERK1/2,
an in vitro deubiquitination assay was performed. Fig. 4, Kand L
shows that wild-type USP37, but not the USP37 CS mutant,
deubiquitinated ERK1/2 in vitro. Taken together, these results
indicated that USP37 is a deubiquitinase for ERK1/2 and sta-
bilizes ERK1/2.

USP37 regulates cell proliferation and tumor growth

through ERK1/2

Since the ERK signaling pathway is critical for cancer cell pro-
liferation (Lavoie et al., 2020; Sun et al., 2015), we next studied
whether USP37 functions as a cancer-promoting protein by
regulating the ERK1/2 pathway. As shown in Fig. 5, A-E and Fig.
S2, A-F, depletion of USP37 with two different shRNAs de-
creased the proliferation of various cancer cells. Furthermore,
reconstituting USP37-depleted cells with USP37 WT rescued
these phenotypes, but the USP37 CS mutant did not (Fig. 5, F-H),
suggesting that the deubiquitinase activity of USP37 is essential
for its proliferation ability. In addition, the knockdown of USP37
did not further decrease cell proliferation in ERK1/2-depleted
NCI-H1975 cells, indicating that USP37 regulates cancer cell
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growth and proliferation in an ERKI1/2-dependent manner
(Fig. 5, I-K; and Fig. S2, G and H). To investigate the biological
function of the USP37-ERK1/2 axis in lung cancer cells in vivo,
shRNAs were stably transfected into NCI-A549 cells, which were
subcutaneously implanted into nude mice and monitored for
tumor growth. Mice bearing USP37 shRNA-expressing NCI-
A549 cells showed decreased tumor growth (Fig. 5, L and M).
28 d after tumor cell implantation, a threefold decrease in tumor
volume (Fig. 5, M and N) and a threefold decrease in tumor
weights was observed in tumors formed by USP37-depleted NCI-
A549 cells (Fig. 5 O). Moreover, the depletion of USP37 did not
further inhibit tumor growth in the ERK1/2 knockdown group
(Fig. 5, L-0). These results indicate that USP37 regulates cell
proliferation and tumorigenesis in an ERK1/2-dependent
manner.

CDK2 regulates ERK1/2 stability by phosphorylating and
activating USP37

Previous reports reported that USP37 is a substrate of CDK2 (Huang
et al, 2011). This suggests that CDK2 regulates ERK1/2 protein
stability via USP37. To test this hypothesis, different cancer cells
were treated with CDK1/2 inhibitors and the ERK signaling
pathway was examined. As shown in Fig. 6 A and Fig. S3 A,
CDK1/2 inhibitors significantly decreased ERK1/2 protein levels
and attenuated the ERK signaling cascade. Additionally, CDK1/2 in-
hibitors decreased ERK1/2 protein levels in control cells but not
USP37-depleted cells, suggesting that CDK2 may regulate
ERK1/2 protein levels through USP37 (Fig. 6 B; and Fig. S3, B and
C). Since USP37 could deubiquitinate and stabilize ERK1/2, we
next examined whether CDK2 could affect the USP37-mediated
deubiquitination of ERK1/2. As shown in Fig. 6 C and Fig. S3 D,
overexpression of USP37 resulted in an evident decrease in
polyubiquitination of ERK1/2, while CDK1/2 inhibitors reversed
this function.

Intriguingly, we found that CDK1/2i treatment also markedly
decreased USP37 protein levels but led to a significant increase
in USP37 polyubiquitination (Fig. 6, A and B; and Fig. S3, A-C
and E). Furthermore, the knockdown of CDK2 significantly in-
creased USP37 polyubiquitination (Fig. S3 F). In addition, a CHX
chasing assay showed that the depletion of CDK2 dramatically
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Figure 3. USP37 interacts with ERK1/2. (A and B) HEK293T cells were transfected indicated deubiquitinases (DUBs) plasmid. After transfection for 48 h,
cells were lysed and purified using anti-HA-agarose beads. Then coimmunoprecipitating endogenous ERK1/2 was detected by anti-ERK1/2 antibody.
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(Cand D) The cancer cell lysates were subject to immunoprecipitation with control IgG, anti-ERK1/2 (C), or anti-USP37 (D) antibodies. The immunoprecipitates
were then blotted with the indicated antibodies. (E) HEK293T cell lysates were incubated with GST or GST-USP37 proteins. After washing, proteins bound on
sepharose were blotted with indicated antibodies. (F) HEK293T cells were transfected with the indicated constructs. Cells were lysed and cell lysates were
purified on anti-HA-agarose, and then coimmunoprecipitating endogenous ERK1/2 was detected by anti-ERK1/2 antibody. Source data are available for this

figure: SourceData F3.

decreased USP37 stability (Fig. S3, G and H), suggesting that
CDK1/2 might regulate USP37 protein levels and prevent its
degradation. Moreover, a previous study showed that USP37
could deubiquitinate and stabilize itself (Huang et al., 2011).
Hence, we hypothesized that CDK1/2 might regulate ERK1/2 and
USP37 protein levels by governing USP37 activity. Next, we
examined whether USP37 could deubiquitinate itself. As shown
in Fig. 6 D, compared with cells expressing USP37 WT, more
ubiquitinated USP37 was detected in cells expressing the USP37
CS mutant. In addition, our results coincided with a previous
study that found USP37 to be a substrate of CDK kinases (Huang
et al., 2011; Fig. 6 E). CDK1/2 inhibitors, but not CDK4/6 in-
hibitors, inhibited USP37 phosphorylation (Fig. 6 E).

Next, several candidate sites from the PhoshpoSite Plus da-
tabase (https://www.phosphosite.org/homeAction.action) were
examined along with a previous study (Huang et al., 2011),
which conformed the CDK substrate motif (SP/TP sites). As
shown in Fig. 6 F, the S628A mutant of USP37 markedly de-
creased phospho-CDK substrate signaling, suggesting that S628
is a major site for CDK1/2 mediation of USP37 phosphorylation.
Furthermore, the S628 site of USP37 is highly conserved across
different species (Fig. 6 G). Compared with USP37 wild type, the
USP37 SA (S628A) mutant failed to deubiquitinate ERK1/2 and
USP37 itself (Fig. 6, H and I; and Fig. S3 I), which may explain
why CDK1/2i also decreased USP37 protein levels (Fig. 6, A and
B; and Fig. S3, A-C). However, USP37 phosphorylation did not
affect its binding to ERK1/2 (Fig. 6 J). Additionally, com-
plemented USP37 WT, but not the USP37 SA mutant, restored
the ERK1/2 protein level in USP37-depleted cells (Fig. 6 K).
Moreover, overexpression of USP37 WT or USP37 SD, but not
the USP37 CS or USP37 SA mutants, restored the ERK1/2 protein
level in cells treated with CDK1/2i (Fig. S3 J).

The kinase activity of CDK2 is cell cycle-dependent and is
critical for G1/S transition and cell cycle progression (Hamada
et al., 1996; Hoffmann et al., 1994). Therefore, cells released from
double thymidine block (DTB) treatment were employed to ex-
amine USP37 and ERK1/2 expression at different cell cycle
phases. As shown in Fig. 6 L and Fig. S4 A, there was a high
correlation between the USP37 and ERK1/2 protein levels but not
at the mRNA level during cell cycle progression. However, de-
pletion of USP37 abolished the differential expression of ERK1/2 in
different phases of the cell cycle (Fig. S4 B), suggesting that the
cell cycle regulates ERK1/2 expression in a USP37-dependent
manner. In addition, high polyubiquitination of ERK1/2 or
USP37 was correlated with low ERK1/2 or USP37 protein levels
during cell cycle progression (Fig. 6 L; and Fig. S4, C and D).
These findings suggest that the CDK2-mediated phosphorylation
of USP37 exerted a vital function in regulating USP37 DUB ac-
tivity and the USP37-mediated deubiquitination and stabilization
of ERK1/2.
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It has been reported that USP37 is also a deubiquitinase for
cyclin A, which regulates G1/S transition and cell cycle pro-
gression (Huang et al., 2011). Hence, USP37 may regulate cell
proliferation via both ERK1/2 and cyclin A. As shown in Fig. S4,
E and F, overexpression of ERK1/2 restored cell growth in
USP37-depleted cells, while overexpression of cyclin A had mild
rescue efficiency. Moreover, we found that overexpression of
ERK1/2 but not Cyclin A in USP37-shRNA-depleted cancer cells
led to cells’ resistance to the CDK1/2 inhibitor (Fig. S4 G). In
addition, reconstitution of USP37 partially rescued ERK1/2 pro-
tein levels or tumor cell growth in either CDK2-knockdown or
CDK1/2i-treated cells (Fig. S4, H-K).

USP37 positively correlates with ERK1/2 in clinical

cancer samples

ERK1/2 has been reported as tumor-promoting proteins that
are overactivated or excessively expressed in various cancers
(Samatar and Poulikakos, 2014). However, the mechanism of
ERK1/2 upregulation in cancers remains unknown. We first
examined the expression of USP37 and ERK1/2 in multiple lung
cancer cell lines and lung cancer tissues. As shown in Fig. 7, A-D,
protein levels but not mRNA levels of ERK1/2 and USP37 were
highly correlated and much higher in lung cancer cell lines and
lung cancer tissues. Furthermore, we performed immunohisto-
chemical staining of ERK1/2 and USP37 using the lung cancer
and colon cancer microarrays. As shown in Fig. 7, E-], upregu-
lations of USP37 and ERK1/2 were observed in cancer samples. In
addition, the expressions of USP37 and ERK1/2 positively cor-
related in lung and colon cancer samples (Fig. 7, I and J). Given
that the transcriptomics and proteomics data of cancer cell lines
has been published (Nusinow et al., 2020), data from Cancer Cell
Line Encyclopedia (CCLE; https://sites.broadinstitute.org/ccle/)
were utilized to analyze the correlation between USP37 and
ERK1/2 at the mRNA or protein level. Fig. S5, A and B shows a
higher correlation between USP37 and ERK1/2 in protein than
mRNA expression in cancer cell lines. Taken together, our re-
sults suggest that USP37 and ERK1/2 expressions are highly
correlated in lung and colon cancers.

Combined CDK1/2 and EGFR inhibitors have a synergetic
anticancer effect in vivo

CDK2 upregulates ERK1/2 stability through USP37. Meanwhile,
EGFR inhibitors could decrease ERK1/2 activity. We hypothe-
sized that a combination of CDK2 and EGFR inhibition might
obtain a synergetic anticancer effect through the down-
regulation of ERK1/2 stability and activity. CDK1/2 and EGFR
inhibitors were examined to determine if their combination
produced synergistic killing effects on cancer cells with EGFR
mutations. As shown in Fig. 8, A and B, CDK1/2 inhibitor led
cancer cells with EGFR mutants to more sensitize to EGFR
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Figure 4. USP37 deubiquitinates and stabilizes ERK1/2. (A) Cells stably expressing control or USP37 shRNAs were harvested. The cells were lysed and
Western blot was performed with the anti-ERK1/2, anti-USP37, and anti-GAPDH antibodies. (B) Cells stably expressing control or USP37 shRNAs were
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collected and then half of the cells were lysed and Western blot was performed with the indicated antibodies. (C) The mRNAs were extracted from the rest of
the cells from B and subjected to qRT-PCR. B-actin served as an endogenous control. Data were represented as the means = SD of three independent ex-
periments. (D) Cells stably expressing control or USP37 shRNAs were treated with vehicle or MG132 for 10 h before harvest. Cells were lysed and then Western
blot was performed with the indicated antibodies. (E) Cells stably expressing control or USP37 shRNAs were transfected with the HA-USP37-WT (wild type) or
HA-USP37-C350S (catalytically inactive mutant) for 48 h. Cells were lysed and then Western blot was performed with the indicated antibodies. (F) Cells
expressing control, USP37 shRNA, USP37 shRNA together with shRNA-resistant USP37 were treated with cycloheximide (CHX) and then harvested at the
indicated four-point times (0, 2, 4, and 6 h). The samples were immunoblotted with indicated antibodies. (G) Quantification of the ERK1/2 protein levels relative
to GAPDH shown in F using Image] software. (H) Cells transfected with indicated constructs were treated with MG132 for 12 h before being harvested.
Covalently modified proteins were purified on NiNTA-agarose under denatured conditions and then blotted with indicated antibodies. (I and J) The cell of
HEPG2 (C) or NCI-H460 (D) stably expressing control or USP37shRNAs were transfected with His-ub and then were treated with MG132 for 12 h before being
harvested. Covalently modified proteins purified on NiNTA-agarose under denatured conditions. Ubiquitinated ERK1/2 was detected by anti-ERK1/2 antibody.
(K and L) Deubiquitination of ERK1 or ERK2 in vitro by USP37. Ubiquitinated ERK1/2 protein was incubated with purified USP37 WT or USP37 CS in vitro and

then blotted with the indicated antibodies. Source data are available for this figure: SourceData F4.

inhibition in vitro. To further confirm this synergistic cell-
killing effects in vivo, we performed a xenograft assay using
the NCI-H1975 cell line, which carries the EGFR L858R mutant.
As shown in Fig. 8, C-E, treatment with a CDK1/2 inhibitor or
EGFR inhibitor alone showed slight growth inhibition; however,
combination treatment dramatically suppressed the tumor
growth (Fig. 8, C-E).

Next, we examined USP37 and ERK1/2 expression in several
colon cancer tissues. As shown in Fig. S5 C shows a good cor-
relation between USP37 and ERK1/2 expression in these colon
cancer tissues, and the case2 sample showed higher USP37 and
ERK1/2 expression, which was utilized to establish a patient-
derived xenograft (PDX) model. As shown in Fig. 8, F-N and
Fig. S5 D, CDK1/2 or EGFR inhibitors alone resulted in a slight
inhibition in tumor growth and phosphor-ERK1/2. However,
combination treatment significantly decreased tumor growth
and phosphor-ERK1/2 and promoted cancer cell apoptosis
(Fig. 8, F-N and Fig. S5 D).

These results suggest that CDK1/2 and EGFR inhibitors pos-
sess synergetic anticancer effects through the downregulation of
ERK1/2 stability and activity. Dual targeting of both ERK1/2 sta-
bility and activity killed cancer cells more efficiently, even in
lower doses of these two inhibitors, which could reduce the
chemotherapeutic side effects, and indicates a potential new
combination strategy for clinical cancer therapy.

Discussion

The EGFR-RAS-ERK pathway is one of the most important
signaling cascades promoting cell survival, growth, and pro-
liferation (Chou et al., 2010). Overactivation of this pathway is
widely observed in various cancers (Aoki et al., 2011; Lavoie
et al, 2020). Additionally, cell cycle-dependent kinases
(CDKs) and their partner cyclins are other vital modulators in-
volved in cell survival and proliferation (Ding et al., 2020). The
aberrances of CDKs, especially CDK1/2/4/6, are highly impli-
cated in tumorigenesis, and targeting CDK proteins is a prom-
ising strategy for cancer therapy (Otto and Sicinski, 2017;
Susanti and Tjahjono, 2021; Zhang et al., 2021b, 2021c). Even
though CDK kinases and the EGFR-RAS-ERK signaling cascade
are two important regulators controlling cell growth, the rela-
tionship between CDKs and the EGFR-RAS-ERK signaling
pathway is unclear. Overactive EGFR due to frequent mutations
or overexpression is observed in various cancers, including lung

Wu et al.
USP37 positively regulate EGFR-EK pathway

cancer, colon cancer, and pancreatic cancer (Normanno et al.,
2006). Several EGFR inhibitors have a great effect on inhibiting
tumor growth and benefit patients with EGFR-overactivated
cancers by downregulating the RAS-ERK signaling pathway
(He et al.,, 2021; Huang and Fu, 2015). However, like other
chemotherapeutic drugs, chemoresistance is the major cause of
EGFR inhibitor therapy failure (Chong and Janne, 2013; Misale
et al,, 2014). Reactivation of ERK1/2 has been reported to be one
of the main factors resulting in chemoresistance in EGFR in-
hibitor therapies (Aoki et al., 2011; Ercan et al., 2012; Huang and
Fu, 2015). Hence, it is necessary to clarify the ERK1/2 regulation
further.

This study found that CDK2 is a novel modulator of ERK1/2 and
that USP37, a deubiquitinase, is the link between CDK2 and
the ERK signaling cascade. Our study resulted in a model of
the phosphorylation-deubiquitination cascade referred to as the
CDK2-USP37 axis that regulates the deubiquitination and stabi-
lization of ERK1/2. Mechanistically, depletion of CDK2 or treat-
ment with CDK1/2 inhibitors decreased ERK1/2 protein levels
through USP37, which deubiquitinates and stabilizes ERK1/2.
Meanwhile, USP37 is phosphorylated and activated by CDK2,
promoting the removal of polyubiquitin chains from ERK1/2 and
resulting in the stabilization of ERK1/2.

USP37 promotes cancer cell growth via ERK1/2 in vitro and
in vivo. Importantly, the combination of CDK1/2 and EGFR in-
hibitors results in a synergetic anticancer effect through the
downregulation of ERK1/2 stability and activity. Our findings
suggest that a chemotherapeutic “double strike” theory is nec-
essary to kill cancer cells. Mechanistically, EGFR inhibitor
treatment downregulates the RAS-ERK signaling cascade by
inhibiting the phosphorylation of key pathway components.
However, CDK1/2 inhibitors hindered the RAS-ERK signaling
cascade by destabilizing ERK1/2 protein levels. Hence, ERK sig-
naling is extremely downregulated by the synergistic effects of
these dual strikes. In our PDX models shown in Fig. 8, F-N, we
used a lower dose of EGFR inhibitors (AZD9291) and CDK1/2 in-
hibitors (JNJ-7706621) compared with previous reports. How-
ever, CDK1/2 or EGFR inhibitors alone showed slight inhibition
in colon cancer PDX growth, while combined low doses of CDK1/2
and EGFR inhibitors significantly decreased colon cancer PDX
proliferation. These results suggested that dual strikes for tar-
geting both ERK1/2 stability and activity can kill cancer cells
more efficiently even in lower doses, which could reduce the
chemotherapeutic side effects associated with larger doses. Thus,
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Figure 5. USP37 regulates cell proliferation and tumor growth through ERK1/2. (A) Cells stably expressing control or USP37 shRNAs were lysed and cell
lysates were then blotted with the indicated antibodies. (B) Cells from A were utilized to perform a colony formation assay. (C) Quantitation of the colonies is
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shown in B. Data were represented as the means + SD of three independent experiments. Statistical analyses were performed with a two-tailed paired t test.
*¥¥P < 0.001 (Control versus USP37sh1), ***P < 0.001 (Control versus USP37sh2). (D) Cells from A were utilized to perform soft agar colony formation assay.
Scale bars represent 100 um. (E) Quantification of the colonies shown in D. Data was represented as the means + SD of three independent experiments.
Statistical analyses were performed with a two-tailed paired t test. ***P < 0.001 (Control versus USP37sh1), ***P < 0.001 (Control versus USP37sh2). (F) Cells
stably expressing control or USP37 shRNAs were transfected with the HA-USP37-WT (wild type) or HA-USP37-C350S (catalytically inactive mutant). Cells were
lysed and then Western blot was performed with the indicated antibodies. (G) Cells from F were utilized to perform a colony formation assay. (H) Quantitation
of the colonies is shown in G. Data were represented as the means = SD of three independent experiments. Statistical analyses were performed with two-tailed
paired t test. **P < 0.01, ***P < 0.001; N.S. stands for no significant change. (1) Cells stably expressing the control sShRNA, USP37shRNA, ERK1/2shRNA, or
USP37shRNA together with ERK1/2shRNA were lysed, and cell lysates were blotted with the indicated antibodies. (J) Cells from | were utilized to perform a
colony formation assay. (K) Quantitation of the colonies is shown in |. Data were represented as the means + SD of three independent experiments. Statistical
analyses were performed with two-tailed paired t test. ***P < 0.001; N.S. stands for no significant change. (L) Cells stably expressing the control shRNA,
USP37shRNA, ERK1/2shRNA, or USP37shRNA together with ERK1/2shRNA were lysed, and cell lysates were blotted with the indicated antibodies. (M-0) Cells
from L were subcutaneously injected into nude mice (2 x 106 cells). Mice were sacrificed after 4 wk. Tumor images were acquired as shown in M. Tumor
volumes (N) and tumor weights (O) were measured. n = 5; data points in N represent mean tumor volume + SD. Data points in O represent mean tumor weight
+ SD. Statistical analyses were performed with a two-tailed unpaired t test. **P <0.01; N.S. stands for no significant change. Source data are available for this

figure: SourceData F5.

this method is a potential strategy for clinical cancer therapy.
More importantly, MAPK signaling pathway-targeting therapies,
including EGFR, KRAS, BRAF, and MEK inhibitors, directly or
indirectly target ERK1/2 phosphorylation and activation, while
CDK1/2 inhibitors can directly target ERK1/2 on the protein level.
However, reactivation of ERK1/2 by an alternative compensation
pathway is a major cause of chemoresistance after EGFR, KRAS,
BRAF, and MEK inhibitor treatments (Fedele et al., 2018; Morris
et al., 2013; Sanchez et al., 2019; Tadesse et al., 2020; Yu et al.,
2015; Zhang et al., 2021a). Meanwhile, CDK1/2 inhibitors may be
a potential choice for recurring cancers by downregulating
ERK1/2 protein levels.

Materials and methods

Cell culture

Human lung cancer cells (NCI-A549, NCI-H460, SK-MES-1, NCI-
H1299, and NCI-H1975), normal lung cells (BEAS-2B), and breast
cancer cells (MBA-MD-231 and MCF-7) were purchased from the
American Type Culture Collection (ATCC). Human colon cancer
cells (HCT-116, SW620, SW480, and RKO), cervical cancer cells
(Hela), liver cancer cells (HEPG2), and HEK293T cells were also
purchased from ATCC. SW480 was cultured in L-15 supple-
mented with 10% fetal bovine serum (FBS). Human lung cancer
cells were cultured in RPMI-1640 supplement with 10% FBS.
Unless otherwise stated, all other cells were maintained in
DMEM supplemented with FBS.

Plasmids, reagents, and antibodies

DUB plasmids were purchased from Addgene. HA-FLAG-USP37
was subcloned into PLVX3 or pGEX-4T-2 vectors (Clontech).
USP37 T191A, S210A/T211A/S213A, S457A/S462A, T627/S613A,
S650A/S652A, S628A, T631A, SI138A, and C350S mutants were
established by a two-step mutation method. All the vectors were
confirmed using DNA sequencing.

MG132, cycloheximide (CHX), puromycin, polybrene,
streptavidin-linked agarose, anti-FLAG M2 agarose, and anti-HA
M2 agarose were from Sigma-Aldrich. CDK1/2 inhibitors (JNJ-
7706621), EGFR inhibitors (AZD9291), and CDK4/6 inhibitors (PD
0332991) were purchased from Selleck.
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The following antibodies were used in this research: anti-
GAPDH (60004-1-lg), anti-B-actin (66009-1-Ig; Proteintech),
anti-USP37 (18465-I1-AP; Proteintech), anti-p44/42 MAPK
(ERK1/2; 9102S; CST), anti-phospho-p44/42 MAPK (ERK1/2 and
Thr202/Tyr204; 9101S; CST), anti-CDK1 (19532-I-AP; Pro-
teintech), anti-CDK2 (10112-I-AP; Proteintech), anti-Histone-H3
(17168-1-AP; Proteintech), anti-phosphor-Histone-H3 (ab5176;
Abcam), anti-cyclinA2 (67955S; CST), anti-P-CDK substrate
(9477S; CST), anti-RSK (9333S; CST), anti-MSK (3489S; CST),
anti-Phospho-p90RSK (Ser380; 9341S; CST), anti-Phospho-MSK1
(Thr581; 9595S; CST), anti-HA-tag (3724S; CST), anti-Myc (2276S;
CST), anti-ub (P4D1; Santa Cruz Biotechnology), anti-K63-linkage
Specific Polyubiquitinatin (12930S; CST), anti-K48-linkage Spe-
cific Polyubiquitinatin (ab140601; Abcam), anti-Cleaved-caspase3
(9664S; CST), and anti-Ki67 (34330SF; CST). All antibodies were
obtained from formal commercial channels.

Lentivirus packaging and infection

USP37 short hairpin RNAs (shRNAs), ERKIshRNAs, ERK2shR-
NAs, CDK1shRNAs, and CDK2shRNAs were purchased from
miaoling bio website (http://www.miaolingbio.com/):

USP37 shRNA #1: 5'-GGAGTACACAGAAGCTGAAGC-3’

USP37 shRNA #2: 5'-GGAGATAAGTAAGAGAGATGC-3'

ERK1 shRNA #1: 5'-TCATCGGCATCCGAGACATTC-3’

ERK2 shRNA #1: 5'-GCACCAACCATCGAGCAAATG-3'

CDK1 shRNA #1: 5'-GGATGTGCTTATGCAGGATTC-3’

CDK1 shRNA #2: 5'-GGGTCAGCTCGTTACTCAACT-3’

CDK1 shRNA #3: 5'-GGTCAGTACATGGATTCTTCA-3’

CDK2 shRNA #1: 5'-GGCCAGGAGTTACTTCTATGC-3'

CDK2 shRNA #2: 5'-CTCCTGGGCTGCAAATATTAT-3’

USP37siRNA#1: 5'-AAGCGTGGTTTACTTACAA-3'

USP37siRNA#2: 5'-GGAGTGCACATATGGCAAT-3'.

Plko.1 lentiviral or plvx3 constructs and packaging plasmids
(pMD2G and pSPAX2) were used to package the virus into
HEK293T cells by using Lipofectamine 2000 transfection rea-
gent (Thermo Fisher Scientific). Viral supernatant was collected
twice (24 and 48 h) after the cotransfection of lentiviral vectors
and packaging plasmids (pMD2G and pSPAX2). Various cancer
or HEK293T cells were infected with viral supernatant with the
addition of polybrene (8 ug/ml; Sigma-Aldrich), which enhances
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Figure 6. CDK2 regulates ERK1/2 stability by phosphorylating and activating USP37. (A) Cells were untreated or treated with JNJ-7706621 for three
different point times (0, 6, and 12 h) before harvest, and then cell lysates were blotted with the indicated antibodies. (B) Cells stably expressing control shRNA
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or USP37shRNA were with/without the JNJ-7706621 before harvest, and then cell lysates were blotted with the indicated antibodies. (C) Cells transfected with
as indicated constructs were treated with as indicated. Covalently modified proteins purified on NiNTA-agarose under denatured conditions. Ubiquitinated
ERK1/2 was detected by anti-Myc antibody. (D) Cells transfected with as indicated plasmids were treated with MG132 for 10 h before being harvested.
Covalently modified proteins purified on NiNTA-agarose under denatured conditions. Ubiquitinated USP37 was detected by anti-HA antibody. (E) HA-USP37
WT was transiently transfected into HEK293T cells. These cells were subsequently treated with vehicle, CDK1/2i, or CDK4/6i for 12 h. Cells were lysed and
purified using anti-HA-agarose beads. One of the samples was additionally treated with Lambda PPase as indicated. The immunoprecipitates were then
blotted with the indicated antibodies. (F) USP37 WT or several USP37 SA mutant plasmids were transfected into HEK293T cells, respectively. Cell lysates were
immunoprecipitated with HA beads and immunoblotted as indicated. (G) Sequence alignment of USP37 in various species. *: phosphorylation site.
(H) HEK293T cells were transfected with Myc-ERK2 plasmid together with His-ub, and then treated with as indicated. Cell lysates were purified with anti-Myc
beads and immunoblotted with indicated antibodies. (I) Cells transfected with the indicated constructs were treated with MG132 for 10 h before being
harvested. Covalently modified proteins purified on NiNTA-agarose under denatured conditions. Ubiquitinated USP37 was detected by anti-HA antibody.
(J)) Cells transfected with the indicated constructs. After transfection 48 h, cells were lysed and purified using anti-HA-agarose beads. The immunoprecipitates
were then blotted with the indicated antibodies. (K) Cells stably expressing control shRNA or USP37shRNA were transfected with the indicated constructs
were lysed, and cell lysates were blotted with the indicated antibodies. (L) Cells were treated with double thymidine block (DTB) and then released as indicated

time points, and then the cell lysates were blotted with the indicated antibodies. Source data are available for this figure: SourceData F6.

infection efficiency. Stable cells were selected with media con-
taining puromycin (2 ug/ml Sigma-Aldrich), which was
screened in 5% culture at 37°C for about 7-14 d. The stable cell
lines were determined by immunoblotting.

RNA extraction, reverse transcription, and real-time PCR

RNA samples were extracted with RNAiso Plus reagent (Takara),
and reverse transcription was performed according to the
manufacturer’s instructions. Real-time polymerase chain reac-
tion (PCR) was performed using Power SYBR Green PCR Master
Mix (Takara). Each data point was repeated three times with
independent samples and normalized with B-actin gene as the
control.

The 2722Ct method was used for quantification of gene
expression.

USP37 sequence (5'->3') Forward primer: 5-GGAACACTC
TTCTGGTGGCA-3’; Reverse primer: 5'-GTGAGAGGAAAGGGG
CACTC-3'.

ERK1sequence (5'->3') Forward primer: 5'-GGCCCGAAACTA
CCTACAGT-3'; Reverse primer: 5'-TAGGTAGGTCATCCAGCT
CCA-3'.

ERK2 sequence (5'->3') Forward primer: 5'-CCAGAGAAC
CCTGAGGGAGA-3'; Reverse primer: 5-TGTTGAGCAGCAGGT
TGGAA-3'.

B-actin sequence (5’->3') Forward primer: 5'-CATCCTGCG
TCTGGACCT-3'; Reverse primer: 5'-GTACTTGCGCTCAGGAGG
AG-3';

CDK2 sequence (5'->3') Forward primer: 5'-CCAGGAGTT
ACTTCTATGCCTGA-3'; Reverse primer: 5'-TTCATCCAGGGG
AGGTACAAC-3'.

Coimmunoprecipitation and Western blotting

For transient transfection and coimmunoprecipitation assays,
constructs encoding HA-tagged ERK1 or HA-tagged ERK2 were
transiently cotransfected into HEK293T cells for 48 h before
harvest. The transfected cells were lysed with NETN buffer
(20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, and 0.5%
Nonidet P-40) containing 1x protease inhibitors cocktail (Roche)
on ice for 30 min. After the removal of cell debris by centrifu-
gation at 12,000 rpm for 15 min, the soluble fractions were
collected and incubated with HA beads for 4 h at 4°C. Beads were
washed five times with NETN buffer and boiled in 1x SDS
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loading buffer for 10 min. Then, the proteins isolated were
subjected to SDS-PAGE gels for electrophoresis separation. The
separated proteins were transferred to 0.45 pm PVDF mem-
brane (Thermo Fisher Scientific). The membrane was blocked
by 5% non-fat milk in TBST buffer (TBST with 0.1% Tween 20)
for 30 min at room temperature and washed three times, for
10 min each, with TBST. Then the membrane was incubated
with the primary antibodies at 4°C overnight. The membrane
was washed three times with TBST, incubated with the anti-
rabbit IgG secondary antibody (Proteintech) or anti-mouse IgG
secondary (SA0O0001-2; Proteintech) at room temperature for
1 h, and after washing, visualized under a chemiluminescence
imaging system (5200CE; Tanon) by an enhanced chemilumi-
nescence (ECL) detection kit (89880; Thermo Fisher Scientific).
Finally, bands of Western blot were quantified by using Image]
1.53a (1.8.0_172; Java) software.

Protein stability assay

To examine ERK1/2 or USP37 protein stability, cycloheximide
(CHX, 0.1 mg/ml) was added to the cell culture medium and cells
were harvested at the indicated times. The harvested cells were
lysed in NETN buffer (20 mM Tris-HCI, pH 8.0, 100 mM NaCl,
1 mM EDTA, and 0.5% Nonidet P-40) containing 1x protease
inhibitors cocktail (Roche) on ice for 30 min. After the removal
of cell debris by centrifugation at 12,000 rpm for 15 min, the
soluble fractions were boiled in reducing SDS sample buffer.
Then, the lyses were analyzed by Western blot with antibodies.
Finally, quantification of the ERK1/2 or USP37 protein levels
relative to GAPDH was done using Image] 1.53a (1.8.0_172; Java)
software.

Deubiquitination of ERK1/2 in vivo and in vitro

For the in vivo ubiquitination assay, HEK293T cells were
transfected with HA-USP37 wild-type (WT) or mutant Cys 350
to Ser (CS) and His-ub. After 2 d, cells were treated with MG132
(30 uM) for 12 h before harvesting. Cells were lysed in a buffer
containing 8 M Urea, 0.1 M NaH,PO,, 300 mM NaCl, and 0.01 M
Tris (pH 8.0). Lysates were incubated with Ni-NTA agarose
beads (Sigma-Aldrich) for 1-2 h at room temperature. Beads
were washed five times with lysis buffer. Input samples and
beads were boiled in loading buffers and analyzed using SDS-
PAGE and immunoblotting.
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Figure 7. USP37is positively correlated to ERK1/2 in clinical cancer samples. (A) Cell lysates from several lung cancer cell lines were blotted with USP37
and ERK1/2 antibodies. Lysates from normal lung epithelial cell line BEAS-2B were used as a control. (B) The mRNAs were extracted from the rest of the cancer
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cells from A and subjected to gRT-PCR. B-actin served as an endogenous control. Data was represented as the means + SD of three independent experiments.
(C) Lung cancer tissue and corresponding normal lung tissues were blotted with USP37 and ERK1/2 antibodies. Lysates from corresponding normal lung tissues
were used as a control. (D) The mRNAs were extracted from the rest of the tissue from C and subjected to qRT-PCR. B-actin served as an endogenous control.
Data was represented as the means + SD of three independent experiments. (E) Representative images of immunohistochemical staining of USP37 and ERK1/2 in
normal and lung cancer tissue microarray. Scale bars, 300 or 50 pm. (F) Correlation study of ERK1/2 and USP37 in lung cancer. Statistical analyses were
performed with 2 test. R, Pearson correlation coefficient. (G) Representative images of immunohistochemical staining of USP37 and ERK1/2 in normal and
colon cancer. Scale bars, 300 or 50 um. (H) Correlation study of ERK1/2 and USP37 in colon tissue microarray. Statistical analysis was performed with y? test.
R, Pearson correlation coefficient. (1) Quantification of ERK1/2 and USP37 protein levels in normal and lung cancer tissue microarray. Statistical analyses were
performed with y? test. (J) Quantification of ERK1/2 and USP37 protein levels in normal and colon tissue microarray. Statistical analyses were performed with

X? test. Source data are available for this figure: SourceData F7.

For the in vitro deubiquitination assay, HA-ERK2 was coex-
pressed with His-ub in HEK293T cells. After treatment as de-
scribed above, ubiquitinated ERK2 was purified from the cell
extracts with anti-HA-antibody-coated agarose beads in HA-
lysis buffer (50 mM Tris-HCl pH 7.8, 137 mM NaCl, 10 mM
NaF, 1 mM EDTA, 1% Triton X -100, 0.2% Sarkosyl, 1 mM DTT,
10% glycerol and fresh proteinase inhibitor). After extensive
washing with the HA-lysis buffer, the proteins were eluted with
HA-peptides. The HEK293T cells were transfected with HA-
USP37 wild-type (WT) or mutant Cys 350 to Ser (CS mutant) and
purified using HA antibody-coated agarose beads. The purified
HA-ERK2 proteins were incubated with purified USP37 proteins
in deubiquitination buffer (50 mM Tris-HCl pH 8.0, 50 mM
NaCl, 1 mM EDTA, 10 mM DTT, 5% glycerol) for 2 h at 37°C. After
the reaction, deubiquitination was analyzed by Western blot
with indicated antibodies.

Soft agar colony-formation assay

Cancer cells were infected with lentivirus encoding the indi-
cated shRNAs. After selection with puromycin, the indicated
stable knockdown cells (1,000 cells per well in a 6-well plate)
were plated in 0.8% (wt/vol) low-melting temperature agarose
in 1.2% (wt/vol) agarose base layer, both of which contained
complete medium. After 2 wk, colonies were visualized and
counted at room temperature under a light microscope
(DMi3000 B; Leica) using a 4x objective lens (numerical
aperture, 0.70).

Colony formation assay

Drug sensitivity was determined using the colony formation assay.
Various cancer cells (1,000 cells per well) were inoculated into a
six-well plate and cultured for 1 d, then treated with CDK1/2 in-
hibitors, EGFR inhibitors, or both at indicated doses, and incu-
bated for 2 wk to allow colony formation. Colonies were stained
with Giemsa and quantified. Colonies were visualized and
counted at room temperature under a camera (230, EXPEEDSG;
Nikon).

Tissue microarray

Cancer and adjacent normal tissue samples were purchased from
Alenabio (Lun-2085a) and Shanghai Outdo Biotech Company
(HLugA060PG02, HRec-Adel50CS-02). Immunohistochem-
ical staining was carried out with the IHC Select HRP/DAB kit
(cat. DAB50; Millipore) using USP37 (dilution 1:200) or ERK1/2 (di-
lution 1:200) antibodies. The immunostaining was scored by
pathologists in a blinded manner. A four-tier grading system

Wu et al.
USP37 positively regulate EGFR-EK pathway

(0 = negative, 1 = weak, 2 = moderate, and 3 = strong staining
intensity) was used, as previously described (Yuan et al., 2010).
Meanwhile, the “negative” and “weak” staining samples were
grouped into “low” group and “moderate,” respectively, and
“strong staining intensity” stanning samples were grouped into
“high” group.

PDX studies

The PDX model was obtained from the Anorectal Surgery De-
partment of Shanghai East Hospital, Shanghai, China. PDX tumor
fragments (3 x 3 x 3 mm?3) were implanted in both armpits of
female nude mice purchased from the Beijing Vital River Labo-
ratory Animal Technology Co., Ltd. Approximately 6 d after PDX
inoculation, the nude mice were randomly assigned to treatment
groups. The tumors were allowed to grow to an average volume of
150-250 mm? as detected by caliper measurements. Animals were
treated via intraperitoneal injections two times per week. The
control mice received saline, while the treatment groups received
JNJ-7706261 (CDK1/2 inhibitors) at 10 mg/kg, AZD991 (EGFR in-
hibitors) at 2 mg/kg, or a combination thereof. Mice were 8 wk old
and treatment group sizes included at least five to eight mice per
group. In the PDX studies, tumor volume was measured every 2 d
with calipers and the tumor volume (TV) was calculated as TV = (D
x d?/2), where “D” is the largest and “d” is the smallest superficial
visible diameter of the tumor mass. All results were documented
as mm?>. Tumor weight was measured when the tumors were
subcutaneously removed from the nude mouse.

Statistical analysis

For cell survival assay, drug sensitivity analysis, and soft agar,
data are represented as the mean + SD of three independent
experiments. For positive cells assay, data are represented as the
mean + SD of three independent experiments. For the animal
study, data are represented as the mean + SD of five mice. Sta-
tistical analysis was performed with a two-tailed paired Stu-
dent’s t test or x2 test. Statistical significance is represented in
figures by *P < 0.05; **P < 0.01; ***P < 0.001; N.S. stands for no
significant change.

Online supplemental material

Fig. S1 contains additional information in support of Fig. 4 and
shows that USP37 removes K48-linked ubiquitin chains of ERK1/2.
Fig. S2 contains additional information in support of Fig. 5 and
manifests that USP37 regulates cancer cell proliferation through
ERK1/2. Fig. S3 (in support of Fig. 6) indicates that CDK2 regu-
lates USP37 stability by phosphorylating and activating USP37.
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Figure 8. Combined CDK1/2 and EGFR inhibitors have a synergetic anti-cancer effect in vivo. (A and B) NCI-H1975 (A) or PC-9 (B) cells were utilized to
performed CCK-8 assays as indicated. Data were represented as the means + SD of three independent experiments. (C-E) JNJ-7706621 at 10 mg/kg (twice/
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week), AZD9291 at 2 mg/kg (twice/week), or the combination was administered twice a week via intraperitoneal injection to Nu/Nu mice bearing the NCI-
H1975 cell line xenografts (n = 5/group). Combination treatment led to a statistically significant decrease in tumor growth compared with either single-agent
treatment. Mice were sacrificed after 4 wk. Tumor images were acquired as shown in C. Tumor volumes (D) and tumor weights (E) were measured. Data points
in D represent mean tumor volume + SD, n = 5. Data points in E represent mean tumor weight + SD, n = 5. Statistical analyses were performed with two-tailed
paired t test. **P < 0.01; N.S. stands for no significant change. (F-H) Tumor growth assay of colon PDX xenografts in Nu/Nu mice treated with vehicle, JNJ-
7706621 (10 mg/kg, twice/week), AZD9291 (2 mg/kg, twice/week), or the combination for the models in vivo. Mice were sacrificed after 4 wk. Tumor images
were acquired as shown in F. Tumor volumes (G) and tumor weights (H) were measured. Data points in G represent mean tumor volume + SD, n = 5. Data
points in H represent mean tumor weight + SD, n = 5. Statistical analyses were performed with two-tailed paired t test. **P < 0.01, ***P < 0.01; N.S. stands for
no significant change. (I-N) Representative images of H&E, Cleaved caspase3, Ki67, USP37, ERK1/2, and p-ERK1/2 staining using colon PDX tissues from |. Scale
bars, 50 um. (J-N) Quantification of cleaved caspase3 (J), Ki67 (K), p-ERK1/2 (L), USP37 (M), and ERK1/2 (N). Statistical analyses were performed with two-

tailed paired t test. **P < 0.01, ***P < 0.01; N.S. stands for no significant change.

Fig. S4 (in support of Fig. 6) shows that CDK2 through USP37
regulates cell growth. Fig. S5 has additional data that support
Figs. 7 and 8, showing that combined CDK1/2 and EGFR in-
hibitors have a synergetic anticancer effect in vivo.

Data availability
The datasets and unique materials generated during the current
study are available from the corresponding author upon rea-
sonable request.
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Figure S1. Related to Fig. 4. USP37 removes K48-linked ubiquitin chains of ERK1/2. (A and B) Cells stably expressing control or USP37shRNAs were
transfected with HA-ERK2 or HA-ERK1 combined with His-ub and then treated with MG132 for 12 h before being harvested. Covalently modified proteins
purified on NiNTA-agarose under denatured conditions. Ubiquitinated ERK1/2 was detected by anti-HA antibody. (C) Primary cells of the basal cells transfected
with vector or USP37siRNAs constructs were treated with MG132 (30 puM) for 10 h before harvest. Covalently modified proteins were purified on NiNTA-
agarose under denatured conditions and then blotted with indicated antibodies. (D) Ubiquitin chain type on ERK1/2. ERK1/2 expression vectors and indicated
HA-tag ubiquitin were transfected into USP37 expression cells. Cell lysates were boiled and immunoprecipitated with anti-HA beads and immunoblotted as
indicated. (E) HEK293T cells transfected with the USP37 constructs were treated with MG132 for 10 h before harvest. ERK1/2 was immunoprecipitated with
anti-ERK1/2 monoclonal antibodies and immunoblotted with anti-ubiquitin (linkage-specific-k48) antibodies or anti-ubiquitin (linkage-specific-k63) antibodies.
Source data are available for this figure: SourceData FS1.

Wu et al. Journal of Cell Biology
USP37 positively regulate EGFR-EK pathway https://doi.org/10.1083/jcb.202203005

S1


https://doi.org/10.1083/jcb.202203005

A NCI-H460

-
N
=3

S 3 _ 120
N 1 & [}
IS 5 100 USP37 3 100 =USP37
- & 2 ) sERK1/2 e +ERK1/2
shRNA: & 8 9@ 2 ] .
130 gy« ~|USP3T o 5 60
2 40 2 40
£
.| == T"|ERKIZ  § 20 £ 2 I
.l '3 Q
0 £
35— GAPDH Ctrl  USP37sh1 USP37sh2 Ctrl USP37sh1 USP37sh2
B NCI-H460 c NCI-H460
ShRNA shRNA
USP37-2 Ctrl USP37-1 USP37-2
Nee 4
LA )
s0pm
£ 100
3
2 80
£
2 60
>
5 40
8 20
0 0
Ctrl USP37sh1 USP37sh2 Ctrl USP37sh1 USP37sh2
D HEPG2 E HEPG2 F HEPG2
o shRNA shRNA
I ©
HENA E 5 5% USP37-1 USP37-2 Ctrl USP37-1 USP37-2
S| 1 O =] =] - — . - - - —

H g 100
£ £
2 g 80
5 €
c E 60
g g 40
s S
8 3 20
0
Ctrl  USP37sh1 USP37sh2 Ctrl  USP37sh1 USP37sh2
G HEPG2 H HEPG2
ctrl USP37 CtrlshRNA  USP37shRNA 120 i
ShRNA  shRNA T | =
_ £ 100
N H
£ &% % 3 £ 80
shRNA: 5§ S B & y © 3 60
>
s K
S8 20
olme = e | o l o
3 ShRNA  Ctrl USP37  ERK12  ERK1/2
35 GAPDH i
Ctrl ShARNA USP37 shRNA

Figure S2. Related to Fig. 5. USP37 regulates cell proliferation through ERK1/2. (A) Cells stably expressing as indicated USP37 shRNAs were lysed and cell lysates
were then blotted with the indicated antibodies. Light panel: Immunoreactive bands were quantified using ImageJ software. Relative USP37 and ERK1/2 protein
levels were quantified with GAPDH from Fig. S2 A as internal standards. Right panel: Immunoreactive bands were quantified using Image] software. Relative USP37
and ERK1/2 protein levels were quantified with GAPDH from Fig. 5 A as internal standards. (B) Cells from A were performed colony formation assay as indicated.
Upper panel: The representative images of colony formation. Lower panel: Quantitation of the colonies. Data were represented as the means + SD of three
independent experiments. Statistical analyses were performed with two-tailed paired t test. ***P < 0.001 (Control versus USP37sh1), ***P < 0.001 (Control versus
USP37sh2). (C) Cells from A were utilized to perform soft agar colony formation assay. Scale bars represent 50 um. Upper panel: the representative images of
colony formation. Lower panel: Quantitation of the colonies. Data was represented as the means + SD of three independent experiments. Statistical analyses were
performed with two-tailed paired t test. ***P < 0.001 (Control versus USP37sh1), ***P < 0.001 (Control versus USP37sh2). (D) Cells stably expressing the control
or USP37 shRNAs were lysed and cell lysates were then blotted with the indicated antibodies. (E) Cells from D were utilized to perform colony formation assay as
indicated. Upper panel: The representative images of colony formation. Lower panel: Quantitation of the colonies. Data were represented as the means + SD of
three independent experiments. Statistical analyses were performed with two-tailed paired t test. ***P < 0.001 (Control versus USP37sh1), ***P < 0.001 (Control
versus USP37sh2). (F) Cells from D were utilized to perform soft agar colony formation assay. Scale bars represent 100 um. Upper panel: The representative
images of colony formation. Lower panel: Quantitation of the colonies. Data were represented as the means + SD of three independent experiments. Statistical
analyses were performed with two-tailed paired t test. ***P < 0.001 (Control versus USP37sh1), ***P < 0.001 (Control versus USP37sh2). (G) Cells stably ex-
pressing the control shRNA, USP37 shRNA, ERK1/2 shRNA, or USP37shRNA together with ERK1/2 shRNA were lysed, and cell lysates were blotted with the
indicated antibodies. (H) Cells from G were utilized to performed colony formation assay. Left panel: The representative images of colony formation. Right panel:
Quantitation of the colonies. Data was represented as the means + SD of three independent experiments. Statistical analyses were performed with two-tailed
paired t test. ***P < 0.001 (Control versus USP37sh), n.s (ERK1/2sh versus ERK1/2sh together with USP37sh). Source data are available for this figure: SourceData
FS2.
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Figure S3. Related to Fig. 6. CDK2 regulates USP37 stability by phosphorylating and activating USP37. (A) Cells were treated with/without JNJ-7706621 for
the three different point times (0, 6, and 12 h) before harvest, and then cell lysates were blotted with the indicated antibodies. (B) Cells stably expressing
control shRNA or USP37 shRNA were treated with/without JNJ-7706621 before harvest, and then cell lysates were blotted with the indicated antibodies.
(C) Immunoreactive bands of at least three independent experiments were quantified using Image| software. Relative ERK1/2 and USP37 protein levels were
quantified with GAPDH from B as internal standards. Data were represented as means + SD. (D) Cells transfected with the indicated constructs were treated
with/without JNJ-7706621, and then treated with MG132 for 10 h before harvested. Covalently modified proteins purified on NiNTA-agarose under denatured
conditions. Ubiquitinated ERK1/2 was detected by anti-Myc antibody. (E) Cells transfected with the indicated constructs were with/without NJ-7706621 and
meanwhile treated with MG132 for 10 h before being harvested. Covalently modified proteins were purified on NiNTA-agarose under denatured conditions.
Ubiquitinated USP37 was detected by anti-HA antibody. (F) Cells stably expressing control or CDK2shRNAs were transfected with His-ub, and then were
treated with MG132 for 12 h before harvested. Covalently modified proteins purified on NiNTA-agarose under denatured conditions. Ubiquitinated USP37 was
detected by anti-HA antibody. (G) Cells expressing Control, CDK2shRNA1, and CDK2shRNA2 were treated with cycloheximide (CHX) and then harvested at the
indicated four-point times (0, 3, 6, and 10 h). The samples were immunoblotted with indicated antibodies. (H) Quantification of the USP37 protein levels
relative to GAPDH shown in G using Image] software. (1) HEK293T cells were transfected with Myc-ERK1 plasmid together with His-ub, and then treated with
as indicated. Cell lysates were purified with anti-Myc beads and immunoblotted with indicated antibodies. (J) Cells were transfected with the indicated
constructs and treated with JNJ-7706621 before harvest, and cell lysates were blotted with the indicated antibodies. Source data are available for this figure:
SourceData FS3.
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Figure S4. Related to Fig. 6. CDK2 through USP37 regulates cell growth. (A) The mRNAs were extracted from the rest of the cells from Fig. 6 L, and then
subjected to qRT-PCR. B-actin served as an endogenous control. Data was represented as the means + SD of three independent experiments. (B) Cells stably
expressing USP37shRNAs were treated with double thymidine block (DTB) and then released as indicated time points, and then cell lysates were blotted with
the indicated antibodies. (C and D) Cell were transfected with the indicated constructs. Cells were treated with double thymidine block (DTB) and then
released as indicated time points, and then were treated with MG132 for 12 h before harvested. Covalently modified proteins purified on NiNTA-agarose under
denatured conditions. Ubiquitinated ERK1/2 (C) or USP37 (D) was detected by anti-Myc antibody or anti-HA antibody. (E) Cells stably expressing control shRNA
or USP37shRNA were transfected with the indicated constructs were lysed, and cell lysates were blotted with the indicated antibodies. (F and G) Cells from E
were utilized to perform colony formation (F) or CCK8 assays (G) as indicated. Data were represented as the means + SD of three independent experiments.
Statistical analyses were performed with two-tailed paired t test. *P < 0.05, **P < 0.01, ***P < 0.001. (H) Cells stably expressing control shRNA or CDK2shRNA
were transfected with the indicated constructs were lysed, and cell lysates were blotted with the indicated antibodies. (1) Cells from H were utilized to perform
colony formation as indicated. Data were represented as the means + SD of three independent experiments. Statistical analyses were performed with two-
tailed paired t test. **P < 0.01. (J) Cells stably expressing control or USP37 and treated with JNJ7706621 were lysed and cell lysates were blotted with the
indicated antibodies. (K) Cells from | were utilized to perform colony formation as indicated. Data were represented as the means + SD of three independent
experiments. Statistical analyses were performed with two-tailed paired t test. **P < 0.01. Source data are available for this figure: SourceData FS4.
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Figure S5. Related to Figs. 7 and 8. Combined CDK1/2 and EGFR inhibitors have a synergetic anticancer effect in vivo. (A and B) The date of gene expression
from the CCLE database or proteomics from https://depmap.org. The cell lines were classified according to the site of the disease. The correlation between
ERK1 or ERK2 with USP37 was analyzed in isotype cell line respectively. P < 0.05 was considered statistically significant. Pearson correlation coefficient was
used to represent the size of the correlation. (C) Tissue derived from five colon cancer patients was examined for ERK1/2 and USP37 protein levels by Western
blot. The highest ERK1/2 colon cancer tissue among these five colon cancer tissues was employed to construct xenograft (PDX) models derived from patients.
(D) ERK1/2, p-ERK1/2, and USP37 protein levels from the colon cancer PDX xenografts (Fig. 8 F) were examined by Western blot. Source data are available for

this figure: SourceData FS5.
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