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Abstract
Zinc �nger E-box binding homeobox 1 (ZEB1) is a transcription factor regulating epithelial to
mesenchymal transition (EMT). To date, regulation of ZEB1 by key signaling pathways including
RAS/RAF/MEK/ERK remains unclear, and few studies have focused on molecular associations or
functional alterations of ZEB1 by post-translational modi�cation. Here, we report an interaction of ZEB1
with the deubiquitinase USP10 that is regulated by MEK-ERK signaling. USP10 removes the K27 linkage
ubiquitination chain on ZEB1 that enhances K48 polyubiquitination and promotes ZEB1 proteasomal
degradation. However, constitutive activation of ERK can phosphorylate USP10 at Ser236 to impair its
interaction with ZEB1 and, thereby, stabilize ZEB1 protein shown to promote colorectal cancer metastasis
in mice. Conversely, inhibition of MEK-ERK blocks USP10 phosphorylation to enhance the USP10-ZEB1
interaction which can suppress ZEB1-mediated tumor cell migration and metastasis in vivo. Together,
these data demonstrate a novel function of USP10 in the regulation of ZEB1 ubiquitination and protein
stability that can inhibit ZEB1-mediated tumor metastasis.

Introduction
Colorectal cancer (CRC) is the 3rd most common cancer in the U.S. and is 2nd only to lung cancer as a
cause of cancer-related mortality [1]. Of new cases of CRC, 20% of patients have metastatic disease and
another 25% who present with localized disease will later develop metastases [2]. Elucidating the
molecular mechanisms underlying tumor metastasis is essential for the development of therapeutic
strategies against CRC. Tumor metastasis is mediated by epithelial-to-mesenchymal transition (EMT) and
this phenotype is associated with invasion, tumor progression and metastasis[3]. With EMT, cells lose
their epithelial characteristics and gain mesenchymal properties such as increased cell migration, tissue
remodeling/wound repair and enhanced cancer stemness [4, 5]. Pleiotropic transcription factors including
the double zinc �nger and homeodomain factor, ZEB1, regulate EMT and ZEB1 promotes tumor
metastasis and treatment resistance in multiple cancer cell types, including CRC [6, 7]. ZEB1 can repress
the expression of epithelial and pro-metastatic genes, such as E-cadherin [8, 9], and its overexpression in
human CRCs is associated with poorer prognosis compared to tumors with low or absent expression[10].

The ZEB1 protein is subject to ubiquitination and degradation, although the mechanism by which ZEB1 is
stabilized in cancer cells is largely unknown [11, 12]. Ubiquitination is a posttranslational modi�cation
that regulates many cellular processes through protein stability, activity or localization [13]. Ubiquitin has
seven lysine residues (K6, K11, K27, K29, K33, K48, K63) and an N-terminus (M1) which can be
conjugated by other ubiquitin moieties to form a polyubiquitination chain [14]. Lysine 48-linked chains
target substrate proteins for proteasomal degradation while the function of K27-linked ubiquitination is
poorly understood. Ubiquitination can be reversed by deubiquitinase (DUB) that regulate protein stability
of which only three DUBs have been shown to remove K27-linkange polyubiquitination chains from their
substrates [15–17]. In this study, we sought to �nd a DUB(s) that may interact with ZEB1 and identi�ed a
ubiquitin-speci�c protease 10 (USP10) as a potential candidate. USP10 is ubiquitously expressed in
many cancer cell types [18], and has been shown to stabilize p53 and SIRT6 proteins as well as the
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NOTCH1 intracellular domain [19, 20, 21]. Previously, we found that USP10 can remove the K63-linkage
polyubiquitination chain on AMPKα and facilitate AMPKα phosphorylation by LKB1 [22]. USP10 has also
been reported to remove the K63 linkage chain from PTEN which restored PTEN phosphatase activity
[23].

In this study, we determined whether the DUB USP10 could regulate ZEB1 stability in human CRC cells
that may contribute to its role in tumor metastasis. We found that ZEB1 could be stabilized by MEK-ERK
signaling and demonstrated for the �rst time that USP10 could remove the K27 linkage polyubiquitination
chain from ZEB1 which enhanced K48 polyubiquitination of ZEB1 and promoted its proteasomal
degradation. These events were shown to suppress the EMT processes of tumor cell migration and
metastasis in a mouse xenograft model.

Results
ZEB1 protein stability is regulated by MEK-ERK signaling

We examined the expression of protein products of EMT transcription factors in CRC cell lines with
constitutive MEK-ERK activation. In RKO isogenic cell lines expressing BRAFV600E vs BRAF wild-type (wt)
[T29], only ZEB1 and ZEB2 protein levels were increased (Fig.1A-B). Treatment of these cells with the MEK
inhibitor cobimetinib suppressed expression of ZEB1 but not ZEB2 (Fig.1B). Similarly, treatment of RKO
cells with the selective BRAFV600E inhibitors vemurafenib (Fig.1C) or encorafenib (Fig. 1D) were each
shown to suppress ZEB1 expression. Furthermore, another MEK inhibitor trametinib was also shown to
decrease ZEB1 expression (Fig. 1D). In Colo320 cells transfected with a mutant KRAS G12D plasmid,
induction of ZEB1 protein expression was observed (Fig.1E). Among EMT factors, these data
demonstrate preferential regulation of ZEB1 by MEK-ERK signaling. 

Treatment of RKO isogenic cells with the proteasome inhibitor, MG132, enhanced ZEB1 expression in
BRAFV600E and in wt cell lines (Fig.1F) indicating that ZEB1 undergoes proteasomal degradation. Cells
treated with MG132 showed decreased K48-linkage polyubiquitinated ZEB1 protein in BRAFV600E cell in
contrast to wt cells (Fig.1G), and this ubiquitination could be reversed by MEK inhibitor treatment
(Fig.1H). Enhanced ZEB1 stability was also observed in BRAFV600E compared to BRAF wt cells by treating
RKO isogenic cells with an inhibitor of protein synthesis, i.e., cycloheximide (Fig. 1D). Treatment with
cobimetinib increased proteasomal degradation of ZEB1 (Fig.1J). Together, these results suggest that
MEK-ERK activation can protect ZEB1 from proteasomal degradation to enhance its stability. 

The functional consequence of ZEB1 stabilization was examined in a wound healing assay.  Isogenic
BRAFV600E cells with overexpression of ZEB1 were observed to migrate faster than did cells with BRAF
wt (Fig.1K), and this result was con�rmed in a transwell assay (Fig.1L-M). An inhibitor of MEK, shown to
suppress ZEB1 (Fig. 1B), blocked CRC cell migration (Fig.1N-P).  These data suggest that regulation of
ZEB1 stability by MEK-ERK can modulate CRC cell migration.
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USP10 can destabilize ZEB1 protein 

Deubiquitinases (DUBs) can regulate protein stability and in a prior study, we reported that ubiquitin-
speci�c protease 10 (USP10) could deubiquitinate and thereby activated AMPK [22]. We examined the
BioGrid database to identify potential DUBs that may interact with ZEB1 and identi�ed USP10 as a
potential candidate (supplementary table S1). As shown in Fig.2A-B, USP10 co-immunoprecipitated with
ZEB1 in RKO cells.  For con�rmation, reciprocal immunoprecipitation using antibodies against USP10 or
ZEB1 were shown to pull down ZEB1 or USP10 proteins, respectively, in Colo320 cells (Fig.2C-D). Since
USP10 is a ubiquitin-speci�c protease, we determined if USP10 can stabilize ZEB1. Unexpectedly,
knockdown of USP10 in RKO cells signi�cantly increased the level of endogenous ZEB1 protein (Fig.2E).
USP10 knockdown using a second shRNA was also shown to induce ZEB1 (Fig.2E), and consistent
results were observed in Colo320 cells (Fig.2F). To determine whether USP10 can regulate ZEB1 stability,
we treated cells expressing USP10 shRNA or control shRNA with cycloheximide and observed that ZEB1
induction was due to its enhanced stability in USP10 knockdown cells (Fig.2G). Furthermore, we found
that K48-linkage polyubiquitination of ZEB1 was decreased in cells expressing USP10 shRNA (Fig.2H),
indicating impaired proteasomal degradation. Together, these results suggest that USP10 serves to
destabilize ZEB1 in human CRC cells. 

Since depletion of USP10 can induce ZEB1, we then determined the effect of USP10 on the ability of
ZEB1 to regulate CRC cell migration. Using a wound healing assay and a transwell assay, we found that
knockdown of USP10 and its associated induction of ZEB1 (Fig. 2E,F), can enhance cell migration in both
assays (Fig.2I-K). To further con�rm that USP10 regulates cell migration through ZEB1, we performed a
knockdown of USP10 or ZEB1 separately or together. CRC cells expressing USP10 shRNA showed faster
migration whereas as cells with ZEB1 shRNA displayed slower migration (Fig. 2L). Knockdown of USP10
in cells with ZEB1 shRNA did not accelerate cell migration (Fig.2L), indicating that USP10 regulates cell
migration through ZEB1.

Activated MEK-ERK signaling promotes cell migration through USP10

We demonstrated that ZEB1 induction was due to its enhanced stability in USP10 knockdown cells (Fig.
2G). To determine if ERK signaling can mediate stabilization of ZEB1 through USP10, knockdown of
USP10 in isogenic cells increased ZEB1 expression in BRAF mutant vs wildtype cells to a similar level
(Fig.3A) that was associated with decreased K48 ubiquitination of ZEB1 (Fig.3B).  The functional
consequence of this �nding was shown in a wound healing assay and a transwell assay that examined
cell migration. In RKO and T29 cells with control shRNA expression, RKO cells expressing BRAFV600E

migrated faster than did T29 cells. However, knockdown of USP10 in both cell lines was shown to
increase cell migration to a similar extent (Fig. 3C). In a transwell assay, depletion of USP10 was also
shown to enhance migration of both isogenic CRC cell lines (Fig.3 D,E). Taken together, activation of
MEK-ERK can stabilize ZEB1 and promote cell migration through USP10.



Page 5/26

We then inhibited ERK signaling which was shown to suppress ZEB1 and its regulation by USP10. In RKO
and Colo320 cells treated with cobimetinib, we observed a decrease in ZEB1 protein level compared to
control treated cells (Fig.4 A,B). Knockdown of USP10 increased ZEB1 expression in the presence or
absence of a MEK inhibitor (Fig.4 A,B) or the BRAF inhibitor, vemurafenib (Fig.4C). Enhanced K48
ubiquitination of ZEB1 was detected in both cobimetinib and vemurafenib treated cells, but knockdown
of USP10 impaired these ubiquitination signals (Fig.4D-E). Cobimetinib was shown to suppress CRC cell
migration whereas depletion of USP10 reversed and accelerated cell migration even in the presence of
MEK inhibition (Fig.4F-H). Accordingly, suppression of MEK-ERK can destabilize ZEB1 through USP10.

USP10 destabilizes ZEB1 by editing its ubiquitination 

As a DUB, USP10 can stabilize its substrate or regulate substrate activity. To elucidate the mechanism of
ZEB1 protein destabilization by USP10, we transfected control and USP10 depleted RKO cells with a
panel of ubiquitin mutants where only one lysine was intact. We detected ZEB1 ubiquitination with
different lysine linkage. Unexpectedly, we found that K27- linkage ubiquitinated ZEB1 was decreased,
whereas K48-linkage ubiquitinated ZEB1 was consistently increased in USP10 knockdown cells (Fig.5A).
This �nding suggests that USP10 can selectively remove K27-linkage to allow for subsequent K48-linked
ubiquitination of ZEB1. USP10 knockdown was shown to increase K27 ubiquitination and inhibit K48
ubiquitination of ZEB1. To con�rm this result, we re-introduced wildtype USP10 or a catalytically dead
mutant of USP10 into USP10 knockdown cells. Reconstitution of wildtype USP10 was shown to reverse
the ubiquitination pattern of ZEB1, but not cells with the catalytic dead mutant (Fig.5B).  

To assess the functional consequence of regulation of ZEB1 by USP10, CRC cell migration was again
analyzed. We observed increased cell migration in USP10 knockdown cells in presence or absence of
cobimetinib (Fig.5C). Next, we assessed the effect of a USP10 catalytically dead mutant on cell
migration. While re-introduction of wt USP10 into USP10 depleted cells was shown to suppress cell
migration, this was not observed for the catalytically dead USP10 mutant. Together, these results suggest
that USP10 can edit ZEB1 ubiquitination and thereby, in�uence CRC cell migration through its DUB
activity.

ERK phosphorylates USP10 at S236 and promotes its disassociation from ZEB1

We determined whether the interaction of USP10 with ZEB1 is altered by MEK-ERK signaling. We found
that the USP10-ZEB1 interaction was attenuated in MEK-ERK activated BRAFV600E compared to BRAF wt
cells (Fig.6A), and this interaction was enhanced by treatment with cobimetinib (Fig.6B). Since ERK
kinases have various cytosolic and nuclear substrates in contrast to RAF and MEK1/2 kinases that have
narrow substrate speci�city [27], we hypothesized that ERK can phosphorylate USP10 which may alter its
interaction with ZEB1.  ERK activated BRAFV600E cells showed enhanced phosphorylation of USP10
compared to wt cells (Fig.6C), and suppression of MEK-ERK attenuated USP10 phosphorylation shown to
enhance the USP10-ZEB1 interaction (Fig.6D). Analysis of the USP10 protein sequence identi�ed two
potential ERK phosphorylation sites, T74 and S236, based on the ERK substrate motif. Whereas mutation
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of Thr to Ala at 74 had no effect phosphorylation of USP10 and its interaction with ZEB1, mutation of Ser
to Ala at 236 suppressed ERK-mediated USP10  phosphorylation and enhanced the USP10-ZEB1
interaction. Furthermore, treatment of cells expressing this phosphorylation mutant (S236A) with
cobimetinib did not alter the phosphorylation event nor the interaction between USP10 and ZEB1 (Fig.6E),
and a double mutant behaved similarly to the S236A mutant (Fig.6E). Importantly, expression of the
USP10 S236A mutant was shown to suppress K27 ubiquitination and to increase K48 ubiquitination of
ZEB1 (Fig.6F) that resulted in its degradation (Fig. 6G) and its suppression of cell migration.  Lastly,
inhibition of MEK/ERK failed to impact ZEB1 ubiquitination pattern, protein stability and cell migration in
cells expressing the S236A mutant (Fig.6F-H).

Targeting MEK-ERK-USP10-ZEB1 axis inhibits metastasis in vivo.

To further study the role of the MEK-ERK-USP10- ZEB1 axis in tumor metastasis, we utilized a human-
mouse xenograft model. We found that knockdown of USP10 in RKO cells xenografted into mice
promoted lung metastasis to a signi�cantly greater extent compared to xenografted control cells (Fig.
7A,B). Furthermore, knockdown of ZEB1 was also shown to dramatically suppress lung tumor
development, whereas knockdown of USP10 in ZEB1-depleted cells failed to further reduce the number of
lung nodules (Fig.7A,B). These results demonstrate that USP10 can regulate CRC cell metastasis through
the EMT transcription factor ZEB1.

We then determined whether inhibition of MEK-ERK signaling can suppress tumor metastasis through the
USP10-ZEB1 axis in our CRC mouse model. We treated cells with encorafenib in combination with
cetuximab since this EGFR inhibitor is needed due to rebound activation of EGRF signaling when
RAF/RAS MEK-ERK signaling is inhibited [28]. While treatment with encorafenib or cetuximab alone did
not signi�cantly suppressed tumor metastasis, we found that their combination signi�cantly suppressed
lung metastasis in our CRC murine model (Fig.7C,D). To further demonstrate the role of USP10 in MEK-
ERK-mediated CRC metastasis, we performed knockdown of USP10 in xenografted CRC cells which was
shown to markedly enhance lung metastasis in the presence or absence of treatment with encorafenib,
cetuximab or their combination (Fig.7C,D).

Discussion
ZEB1 is a transcription factor that promotes tumor invasion and metastasis via EMT, and its expression
increases during neoplastic progression [29]. Among the EMT master transcription factors, only ZEB1
was found to be regulated by the RAS/RAF/MEK/ERK signaling pathway in this study. Constitutive
activation of MEK-ERK was shown to stabilize ZEB1 protein, and inhibitors of this signaling pathway
suppressed ZEB1 due to a shortened half-life. Posttranslational modi�cations (PTMs) of ZEB1 regulate
protein half-life, sub-cellular localization, and DNA/protein binding ability [30]. To date, few studies have
focused on PTMs of ZEB1 which may be critical to its ability to promote tumor metastasis. In this report,
we made the novel observation that ERK kinase can phosphorylate USP10 at serine 236 which was
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potently suppressed by MEK-ERK inhibition. These events lead to enhanced CRC cell migration and tumor
metastasis in vivo consistent with the function of ZEB1 as a regulator of EMT and CRC metastasis.

ZEB1 protein is subject to ubiquitination and degradation, however, the speci�c mechanism by which
cellular ZEB1 is stabilized remains unclear. We mutated the ERK-regulated phosphorylation site on USP10
which changed serine to alanine at residue Ser 236 and was shown to impair the dissociation of ZEB1
from its novel interaction with the DUB USP10. ZEB1 has been reported to interact with USP51 resulting in
its deubiquitination and stabilization, which is distinct from its deubiquitination by USP10 shown here
which resulted in ZEB1 proteasomal degradation [31]. Ubiquitination is achieved through ubiquitin-
activating (E1) and -conjugating enzymes (E2) as well as ubiquitin-protein ligase (E3) resulting in
ubiquitin being conjugated to a substrate protein. Lysine 48-linked chains and Lysine 63-linked chains are
the most well characterized linkages. Importantly, the E3 ligases SIAH1, TRIM26 and FBXO45 are
responsible for k48 polyubiquitinated ZEB1 and in this manner, promote ZEB1 degradation. However, the
mechanism and function of the atypical lysine 27-linked chains is poorly understood. Lysine 27-linked
chains were initially found to localize on the lysosome with a role in mitochondrial autophagy and more
recently, were reported to regulate the DNA damage response and autoimmunity. In this study, we
identi�ed a novel function of K27-linkage polyubiquitination chains shown to modulate ZEB1 protein
stability. To date, only three DUBs have been shown to remove K27-linkage polyubiquitination chains
from their substrates. USP19 deubiquitinates the K27-linked chain from TRIF and modulates TLR3/4
innate immune responses[15, 16]. OTUD6A erases K27-linked polyubiquitination of Brg1, and USP38
deposes IL-33 mediated K27-linked ubiquitination of IL-33R to �ne tune its activation[15–17]. Here, we
found that the DUB activity of USP10 can remove the K27-linked ubiquitin chain from ZEB1 with a
resultant increase in K48-linked ubiquitinated ZEB1 that led to its proteasomal degradation. Other
examples exist for �ne tuning of protein stability by competition with different polyubiquitinated chains.
In this regard, K33-linked polyubiquitin chains on TBK1 can prevent its degradation, and USP38 cleaves
K33 ubiquitination chains allowing for subsequent K48-linked ubiquitination mediated by DTX4 and
TRIP[32]. Understanding the mechanisms that regulate ZEB1 ubiquitination levels may provide a
promising strategy for targeting E3 ubiquitin ligase and DUBs in cancer treatment. Two known E3 ligases
responsible for K27-linked ubiquitination have been reported, including NEDD4 and HACE1 [33, 34]. Our
planned studies will explore whether these or other E3 ligases can contribute to the K27-linked
ubiquitination of ZEB1.

We further studied the role of the MEK-ERK-USP10-ZEB1 axis in tumor metastasis using a mouse
xenograft model. We found that USP10 can regulate human CRC cell metastasis in this model through
ZEB1. Furthermore, inhibition of MEK-ERK signaling was shown to suppress tumor metastasis through
the USP10-ZEB1 axis. In human CRCs, mutations in RAS/RAF are key drivers of MEK-ERK signaling and
in patients whose CRC harbors a BRAFV600E mutation, treatment with encorafenib combined with the anti-
EGFR antibody cetuximab has been shown to extend patient survival and is a standard regimen for this
molecularly-de�ned tumor subset [35]. While treatment with encorafenib or cetuximab alone did not
signi�cantly suppressed tumor metastasis in our xenograft model generated using control CRC cells,
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whereas the drug combination did achieve suppression of lung metastases. Moreover, suppression of
USP10 was shown to enhance lung tumor metastasis despite treatment with these drugs alone or in
combination indicative of drug resistance.

In summary, constitutive activation of MEK-ERK can phosphorylate USP10 at a novel site (S320) shown
to disassociate USP10 from ZEB1 that resulted in ZEB1 protein stabilization, enhanced cell migration,
and tumor metastasis. Inhibition of MEK-ERK signaling suppressed USP10 phosphorylation, enhanced its
interaction with ZEB1, and removed its K27polyubiquitination chain that led to increased K48-linked
polyubiquitination and its proteasomal degradation (shown schematically in Fig. 8). These events served
to suppress ZEB1-regulated EMT and tumor metastasis. Taken together, these �ndings demonstrate a
novel function of USP10 in the regulation of ZEB1 ubiquitination and protein stability that can inhibit
ZEB1-mediated tumor metastasis.

Materials & Methods
Cell culture and reagents

Human CRC cell line RKO (ATCC CRL-2577) was obtained from the ATCC (Manassas, Virginia); Colo320
was a gift from Dr. Johnsen (Mayo Clinic). RPMI medium supplemented with 10% (v/v) fetal bovine
serum (FBS) were used for culturing CRC cell lines. Dulbecco’s modi�ed Eagle’s medium supplemented
with 10% FBS was used for culturing HEK293T cells. All cell lines were authenticated by short tandem
repeat analysis and routinely tested using MycoAlert Mycoplasma detection set. Cells were treated with
the following drugs: cobimetinib (GDC-0973/XL-518; Active Biochem, Hongkong, China), BRAF inhibitor
vemurafenib (PLX-4032; Active Biochem), cetuximab (Eli Lilly, Indianapolis, Indiana), encorafenib
(Selleckchem, Radnor, Pennsylvania) and trametinib (Selleckchem). The following antibodies were used
in this study: Snail antibody ( Cell Signaling Technology, Danvers, Massachusetts, Cat# 4223), Slug
antibody (Cell Signaling Technology Cat# 94296), β tubulin antibody (Cell Signaling Technology Cat#
2146), phospho-p44/42 MAPK (Erk1/2) [Thr202/Tyr204] antibody (Cell Signaling Technology Cat# 4370),
p44/42 MAPK (Erk1/2) antibody (Cell Signaling Technology Cat# 4695), E cadherin antibody (Cell
Signaling Technology Cat# 3195), ZEB1 antibody for immunoblotting (Bethyl Laboratories, Montgomery,
Texas, Cat# A301-922A), ZEB antibody for immunoprecipitation (Santa Cruz Biotechnology, Dallas,
Texas, Cat# sc-515797), USP10 antibody for immunoprecipitation (Santa Cruz Biotechnology, Cat# sc-
365828), Twist1 antibody (Abcam, Bradford, Massachusetts, Cat#ab50887), K48 linkage ubiquitination
antibody (Abcam Cat# ab140601) and K27 linkage ubiquitination antibody (Abcam Cat# ab181537),
anti-HA antibody (Proteintech, Rosemont, Illinois, Cat# 51064-2-AP) and Twist2 antibody (Proteintech
Cat# 11752-1-AP).

Lentiviral shRNA mediated knockdown

Two Human USP10 shRNA were transfected with pMD2G (Addgene, Watertown, Massachusetts, Plasmid
#12259) and pSPAX2 (Addgene Plasmid #12260) into HEK293T cells to generate lentivirus as previously
described [22]. CRC cells were incubated with lentiviruses and 8 µg/ml polybrene per the manufacturer’s
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instructions. When cells achieved 80% con�uence after lentivirus infection, cells were incubated with
medium containing puromycin (1:5000 v/v). Forty-eight hours later, knockdown e�ciency was
determined by immunoblotting. Production and transduction of lentivirus into target cells and elimination
of non-transduced target cells were performed per standard procedures, as described previously [24].

Immunoblotting and immunoprecipitation

Immunoblot and immunoprecipitation assays were performed as described previously [25]. Brie�y, NETN
buffer [20 mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.5% Nonidet P-40, 100 mM NaCl], 10 mM NaF, 50 mM β-
glycerophosphate, and 1 mg/ ml each of pepstatin A and aprotinin were used to lyze the cells. Cell
lysates were centrifuged at 10,000 rpm for 15 min and the supernatant was removed and incubated with
2 µg of the indicated antibody and 20 µl protein A or protein G Sepharose beads (GE Healthcare,
Marlborough, Massachusetts) overnight at 4°C. Immunoprecipitates were centrifuged at 8000 rpm for 1
min, washed twice with cold NETN buffer and boiled with 1× Laemmli buffer for 10 min. The samples
were separated by SDS–PAGE and then transferred to PVDF membranes using the semi-dry method
(Trans-Blot® Turbo™ Transfer System, Bio-Rad, Hercules, California). PVDF membranes were incubated
with 5% milk for 1 h, following by incubation with the indicated primary antibody overnight at 4oC. On the
following day, the membrane was washed with PBST buffer x3, and then incubated with goat anti-rabbit
HRP (Jackson Immunoresearch, West Grove, Pennsylvania, AB_2313567) or goat anti-mouse HRP
(Jackson Immunoresearch, AB_10015289) secondary antibodies for 1 hour. After washing x3 in PBST
buffer, the membranes were incubated with ECL and the signal was detected by Azure Imaging system
(Dublin, California) or X-ray �lm.

Deubiquitination assay

Deubiquitination assays were performed as previously described [22]. Brie�y, cells with the indicated
treatments were incubated with 10µM MG132 for 6 hours. Cells were then lysed using 1% SDS, boiled at
100o C for 20 min, and diluted with NETN buffer containing a protease inhibitor cocktail. The cell lysate
supernatant was immunoprecipitated with ZEB1 antibody and the immunocomplexes were analyzed by
immunoblot assay.

Wound healing assay

A wound healing assay was performed as previously described [26]. RKO cells were seeded in 6-well
plates and cultured in RPMI1640 media containing 10% FBS until 100% con�uence was achieved at
which time, media was replaced with serum-free medium and incubated for 24 hours. Monolayer cells
were scraped off with a P200 tip and washed several times to remove cellular debris. Cells were then
cultured with complete medium in the presence of mitomycin C (10µg/mL), to block cell proliferation, in
addition to the indicated treatment. After 16 hours, cells were �xed with 3.7% paraformaldehyde and
images were acquired.

Transwell assay
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To assess cell migration, RKO cells in serum free RPMI media with the indicated treatments were placed
in the top chamber of transwell migration chambers (8.0 µm pore polycarbonate membrane insert;
Corning, Glendale, Arizona). The lower wells were �lled with RPMI supplemented with 10% FBS and the
indicated treatment. Twenty-four hours later, cells were removed from the top surface of the transwell
membrane using a cotton swab and migrated cells on the lower membrane surface were �xed, stained,
photographed, and counted at light microscopy 20X magni�cation.

Animal studies

All animal experiments were performed following the protocol approved by the Institutional Animal Care
and Use Committee (Mayo Clinic, Rochester, Minnesota). Female 4–6 weeks old Balb/c nude mice (strain
#:002019) were purchased from Jackson Laboratory. For analyzing lung metastasis, 1 × 106 RKO
parental cells or knockdown cells were resuspended in sterile PBS and injected into the lateral tail vein of
the nude mice. After 7 days of injection, mice were randomized into control or treatment groups (n = 5)
and treated with indicated drugs either by gavage feeding or by i.p. injection until termination of the
experiment. Mice were euthanized at week 10 and visible lung metastatic nodules were examined using a
dissecting microscope. Quanti�cation and data analysis were performed blinded to treatment arms.

Statistical analysis
Data derived from the transwell assay and the tail vein injection assay were presented as mean ± 
standard deviation (SD) or standard error of the mean (SEM). All cell culture experiments were performed
in triplicate. Data were analyzed using the Student’s t test (two-tailed) or one way ANOVA as indicated,
and results were considered statistically signi�cant if *p < 0.05 or **p < 0.01, as shown.
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Figure 1

MEK-ERK signaling regulates ZEB1 protein stability and CRC cell migration.

A, Immunoblot analysis of expression of EMT master transcription factors in isogenic RKO cells including
parental RKO (BRAFV600E/V600E/wt) and T29 (BRAFwt/−/− ). B, Immunoblotting of EMT factors in isogenic
RKO cells treated with vehicle or MEK inhibitor, cobimetinib (2µM). C, Immunoblotting of EMT factor
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proteins in RKO cells treated with BRAF inhibitor vemurafenib (5µM) or vehicle. D-E, Detection of ZEB1
protein expression in RKO cells treated with the BRAFV600E inhibitor, encora�nib combined with the MEK
inhibitor, trametinib (10µM) (D), and Colo320 cells transfected with KRAS G12D (E). G-H, Analysis of K48
linkage polyubiquitination of ZEB1 in isogenic RKO cells (G) and RKO cells treated with vehicle or
cobimetinib (2µM) (H). I-J, Determination of ZEB1 protein half-life in isogenic RKO cells (I) and RKO cells
treated with vehicle or cobimetinib (J). K-L Analysis of isogenic RKO cell migration in wound healing (K)
and transwell (L) assays. M Quanti�cation of migrated cells shown in (L). N-O Analysis of RKO cell
migration in presence of cobimetinib (2µM) or vehicle by wound healing (N) and transwell (O) assays. P
Quanti�cation of migrated cells in (O). Migrated cells were quanti�ed from images (n=5) (M,P). Data are
presented as mean ± SD. Student t test. **, p < 0.01.
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Figure 2

USP10 interacts with and stabilizes ZEB1 leading to suppression of CRC cell migration.

A-D, Interaction of ZEB1 and USP10 by immunoprecipitation in RKO (A-B) or Colo320 cells (C-D). E-F,
Immunoblotting of ZEB1 in control shRNA and two different USP10 shRNA-expressing RKO (E) or
Colo320 cell lines (F). G, Analysis of K48 linkage polyubiquitination of ZEB1 in USP10 knockdown cells vs
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control cells.  H, Determination of ZEB1 protein half-life in control shRNA or USP10 shRNA expressing
cells. I-J, Analysis of cell migration by wound healing assay in RKO cells expressing control shRNA or
USP10 shRNA (I) and also shown in a transwell assay (J). K, Quanti�cation of migrated cells in (J). L
,Quanti�cation cell migration by transwell assay in RKO cells expressing control shRNA, USP10 shRNA,
ZEB1 shRNA or USP10 shRNA/ZEB1 shRNA. Migrated cells were quanti�ed from the images (n=5) (K,L).
Data are presented as mean ±SEM one-way ANOVA t-test. **, p < 0.01.
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Figure 3

Constitutive activation of MEK-ERK signaling stabilizes ZEB1 through USP10.

A, Analysis of ZEB1 protein expression in isogenic RKO cells expressing control shRNA or USP10 shRNA.
B, Immunoblotting of K48 linkage polyubiquitination of ZEB1 in control shRNA- or USP10 shRNA-
expressing isogenic RKO cells. C-D, Assessment of cell migration by wound healing assay in isogenic
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RKO cells expressing control shRNA or USP10 shRNA (C) and transwell assay (D). E, Quanti�cation of
migrated cells in (D). Migrated cells were quanti�ed from the images (n=5) (E). Data are presented as
mean ±SEM one-way ANOVA t-test . **, p < 0.01.

Figure 4

Targeting MEK-ERK signaling destabilizes ZEB1 through USP10.
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A-B, Immunoblot showing ZEB1 protein expression in control shRNA or two different USP10 shRNA
expressing RKO cells (A)or Colo320 cells (B) with or without treatment with cobimetinib.

C, Immunoblot assessment of ZEB1 protein expression in control shRNA or two different USP10 shRNA
expressing RKO cells in presence or absence of vemurafenib. D-E, Analysis of K48 linkage
polyubiquitination of ZEB1 in RKO cells expressing control shRNA or USP10 shRNA with or without
cobimetinib (D) or vemurafenib (E). F-G, Assessment of cell migration in RKO cells expressing control
shRNA or USP10 shRNA treated with vehicle or cobimetinib in a wound healing assay (F) or transwell
assay (G). H Quanti�cation of migrated cells in (G). Migrated cells were quanti�ed from the images (n=5)
(H). Data are presented as mean ±SEM one-way ANOVA t-test. **, p < 0.01.
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Figure 5

USP10 edits ZEB1 ubiquitination.

A, Analysis of effect of USP10 on ZEB1 ubiquitination using a panel of ubiquitin mutants. B, Analysis of
ZEB1 K27 linkage and K48 linkage polyubiquitination in RKO cells expressing control shRNA, USP10
shRNA, wildtype USP10 reconstituted cells or USP10 catalytically dead mutant cells. C, Quanti�cation of
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cell migration (transwell assay) in RKO cells expressing control shRNA, USP10 shRNA, USP10 shRNA+
WT USP10, and USP10 shRNA+ CA USP10 in presence or absence of cobimetinib. Migrated cells were
quanti�ed from the images (n=5) (C). Data are presented as mean ±SEM one-way ANOVA t-test. **, p <
0.01.
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Figure 6

Phosphorylation of USP10 by ERK impairs its interaction with ZEB1 and results in ZEB1 stabilization. 

A-D, Analysis of interaction between ZEB1 and USP10 by co-immunoprecipitation in isogenic RKO cells
(A, C) or RKO cells treated with vehicle or cobimetinib(B,D). E, Identi�cation of the ERK-mediated
phosphorylation site on USP10 protein. Phospho-MAPK substate antibody is used to detect
phosphorylation of USP10 by ERK. F-H, Analysis of ZEB1 K27 linkage and K48 linkage polyubiquitination
(F) ZEB1 protein expression (G) or cell migration (H) in RKO cells expressing control shRNA, USP10
shRNA, wildtype USP10 reconstituted cells or USP10 S236A mutant expressing cells in the presence or
absence of cobimetinib treatment. Migrated cells were quanti�ed from the images (n=5) (H). Data are
presented as mean ±SEM one-way ANOVA t-test. **, p < 0.01.
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Figure 7

Inhibition of MEK-ERK-USP10-ZEB1 signaling suppresses CRC metastasis in vivo.

 A, Representative image (H&E sections) of metastatic lung nodules generated by tail vein injection of
RKO cells into nude mice. Injected RKO cells included those expressing control shRNA, USP10 shRNA,
ZEB1 shRNA, and USP10 shRNA+ ZEB1 shRNA expressing RKO cell. B, Quanti�cation of metastatic lung
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nodules in (A). C, Representative image (H&E) of metastatic lung nodules induced by injection of RKO
cells expressing control shRNA or USP10 shRNA in presence of vehicle, encorafenib, cetuximab, or their
combination. D, Quanti�cation of metastatic lung nodules in (C). lung colonies were quanti�ed from the
lung tissue (n=5) (B,D). Data are presented as mean ±SEM one-way ANOVA t-test. *, p < 0.05,**, p < 0.01.

Figure 8
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Schematic Model. Constitutive activation of the RAS/RAS/MEK/ERK axis phosphorylates USP10 at S236,
and this phosphorylation induces the dissociation of USP10 from ZEB1 resulting in stabilization of ZEB1.
These events lead to enhanced cell migration and tumor metastasis (left panel). Inhibition of MEK-ERK
signaling is shown to suppress ERK-mediated USP10 phosphorylation and increase the USP10-ZEB1
interaction which enhances cleavage of the K27 linkage polyubiquitination chain from ZEB1. K27
polyubiquitin chain cleavage leads to increased K48 linked polyubiquitination of ZEB1 and its
proteasomal degradation that can suppress cell migration and metastasis(right panel).
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