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USP37 is a SNAI1 deubiquitinase

Zhenna Xiao1,3, Liang Chang1, Jongchan Kim1*, Peijing Zhang1#, Qinglei Hang1, Shannon Yap1, Youming Guo1, 
Zhicheng Zhou1, Liyong Zeng1, Xiaoyu Hu1, Ashley Siverly1, Yutong Sun2, Li Ma1,3

Departments of 1Experimental Radiation Oncology, 2Molecular and Cellular Oncology, The University of Texas 
MD Anderson Cancer Center, Houston 77030, Texas, USA; 3The University of Texas MD Anderson Cancer Center 
UTHealth Graduate School of Biomedical Sciences, Houston 77030, Texas, USA. *Present address: Department of 
Life Sciences, College of Natural Sciences, Sogang University, Seoul 04107, Republic of Korea. #Present address: 
Key Laboratory of Molecular Biophysics of The Ministry of Education, College of Life Science and Technology, 
Huazhong University of Science and Technology, Wuhan 430074, Hubei, China.

Received November 13, 2019; Accepted November 18, 2019; Epub December 1, 2019; Published December 15, 
2019

Abstract: SNAI1, an epithelial-mesenchymal transition (EMT)-inducing transcription factor, promotes tumor me- 
tastasis and resistance to apoptosis and chemotherapy. SNAI1 protein levels are tightly regulated by proteolytic 
ubiquitination. Here, we identified USP37 as a SNAI1 deubiquitinase that removes the polyubiquitination chain 
from SNAI1 and prevents its proteasomal degradation. USP37 directly binds, deubiquitinates, and stabilizes SNAI1. 
Overexpression of wild-type USP37, but not its catalytically inactive mutant C350S, promotes cancer cell migration. 
Importantly, depletion of USP37 downregulates endogenous SNAI1 protein and suppresses cell migration, which 
can be reversed by re-expression of SNAI1. Taken together, our findings suggest that USP37 is a SNAI1 deubiquitin-
ase and a potential therapeutic target to inhibit tumor metastasis. 
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Introduction

More than 90% of cancer-related deaths occur 
in patients with metastasis [1], a multistep  
process in which cancer cells in the primary 
tumor invade extracellular matrix and stromal 
cell layers, intravasate into the blood-circulat-
ing and lymphatic systems, extravasate through 
distant capillaries, and proliferate into second-
ary tumors at distant anatomic sites [2, 3]. 
Epithelial-to-mesenchymal transition (EMT), a 
developmental phenomenon thought to be 
hijacked by pathological processes, is charac-
terized by loss of cell-cell adhesion, repression 
of epithelial marker expression (e.g., E-cad- 
herin), acquisition of mesenchymal markers 
(e.g., vimentin), and increased cell motility and 
invasiveness [4]. EMT was initially identified 
and characterized in early embryonic morpho-
genesis [5, 6], which enables embryonic cells 
to move and form various organs [7]. The EMT 
program is usually inactive in adult tissues but 
can be reactivated during chronic inflammation 
or injury [7]. Notably, cancer cells that have 
undergone EMT become migratory and inva-

sive, which empowers them to disseminate and 
metastasize [8, 9]. 

SNAI1, an EMT-inducing zinc-finger transcrip-
tion factor, binds to two E2-box elements proxi-
mal to the transcriptional start site of the CDH1 
gene, leading to repression of E-cadherin expre- 
ssion [10, 11]. As a convergence point in EMT 
induction [12], SNAI1 has been implicated in 
multiple EMT-dependent and EMT-independent 
functions contributing to tumor growth and 
metastasis [13, 14]. For instance, SNAI1-indu- 
ced EMT not only enhances the migratory capa-
bility of cancer cells but also suppresses host 
immune surveillance to promote melanoma 
metastasis [15]. In cultured cells and develop-
ing embryos, SNAI1 slows down cell cycle pro-
gression by repressing cyclin D2 transcription 
in a context-dependent manner and confers 
resistance to cell death by activating survival 
signaling, such as MEK-ERK signaling and PI3K-
AKT signaling [16]. In basal-like breast cancer, 
SNAI1 interacts with the H3K9 methyltransfer-
ase G9a and DNA methyltransferase Dnmt1 to 
induce promoter hypermethylation and epigen-
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etic silencing of fructose-1,6-biphosphatase 
(FBP1), thereby leading to increased glucose up- 
take, macromolecule biosynthesis, and main- 
tenance of ATP production under hypoxic condi-
tions [17]. Importantly, higher SNAI1 protein 
levels correlate with higher tumor grade, metas-
tasis, and poor clinical outcome [10, 18, 19]. 
Thus, a better understanding of SNAI1 regula-
tion will provide important insights into preven-
tion of tumor progression and metastasis. 

The expression of SNAI1 is regulated at the 
transcriptional level by multiple signaling path-
ways, such as transforming growth factor β, 
epidermal growth factor, and Notch pathways 
[9]. In addition, the activity of SNAI1 protein is 
regulated by its subcellular localization, which 
is governed by at least two kinases, GSK3β and 
PAK1, and by the zinc-finger transporter LIV1 
[12]. SNAI1 is a labile protein with a very short 
half-life, due to its constant ubiquitination and 
proteasomal degradation. Several ubiquitin E3 
ligases, including β-TrCP, FBXL14, FBXO11, and 
FBW7, have been shown to promote SNAI1 
ubiquitination and degradation [20-23]. On the 
other hand, three deubiquitinating enzymes 
(DUBs, also called deubiquitinases), DUB3, 
PSMD14, and OTUB1, were found to stabilize 
SNAI1 through deubiquitination [24-27]. In this 
study, we identified USP37 as another SNAI1 
deubiquitinase that directly deubiquitinates 
SNAI1 and promotes cancer cell migration by 
stabilizing SNAI1 protein. 

Materials and methods

Cell lines and chemicals

The HEK293T and HCT116 cell lines were from 
American Type Culture Collection (ATCC) and 
cultured under conditions specified by the man-
ufacturer: base medium supplemented with 
10% fetal bovine serum (FBS) and 1% penicillin 
and streptomycin. The SUM159 cell line was 
from Stephen P. Ethier (Medical University of 
South Carolina) and was cultured in Ham’s F12 
medium supplemented with 5% FBS, 5 μg ml-1 
insulin, 1 μg ml-1 hydrocortisone, and 1% peni-
cillin and streptomycin. The chemicals used for 
treating cells were MG132 (Santa Cruz Biote- 
chnology, sc-201270) and cycloheximide (Sig- 
ma, C7698). Short tandem repeat profiling and 
mycoplasma tests were done by ATCC or MD 
Anderson’s Characterized Cell Line Core 
Facility.

Plasmids and siRNA

pRK5-HA-ubiquitin and the lysine-specific mu- 
tant plasmids (K6, K11, K27, K29, K33, K48, 
and K63) were from Addgene (plasmid number: 
17608, 22900, 22901, 22902, 22903, 17607, 
17605, and 17606). Sixty-eight human DUB 
open reading frames were obtained from the 
Dana-Farber/Harvard Cancer Center DNA Re- 
source Core or MD Anderson’s Functional 
Genomics Core and individually subcloned into 
the pBabe-SFB vector using the Gateway sys-
tem (Invitrogen). The pBabe-puro-SNAI1 plas-
mid was from Robert A. Weinberg (Whitehead 
Institute for Biomedical Research). Full-length 
human SNAI1 was subcloned into the 
pcDNA3.1-MYC vector. pLOC-USP37 and pGIPZ-
USP37 shRNA #1 (V2LHS_200776) and #7 
(V3LHS_317043) were from MD Anderson’s 
Functional Genomics Core. The SFB-USP37C350S 
and pLOC-USP37C350S mutants were generated 
using a QuikChange XL Site-Directed Muta- 
genesis Kit (Agilent Technologies) following the 
manufacturer’s protocol. USP37 siRNA oligo-
nucleotides were synthesized by Sigma and the 
sequences are as follows: USP37 siRNA #1 
(5’-GAUUUGACAGAAUGAGCGAdTdT-3’), USP37 
siRNA #2 (5’-GAAUAAAGUCAGCCUAGUAdTdT-3’), 
and USP37 siRNA #3 (5’-CCAAGGAUAUUUCAG- 
CUAAdTdT-3’). Cells were transfected with the 
indicated oligonucleotide (100 nM) using the 
Oligofectamine reagent (Invitrogen). Forty-eight 
hours after siRNA transfection, cells were used 
for functional assays or collected for Western 
blot analysis.

Lentiviral transduction

For the generation of stable USP37-knockdown 
cells, virus-containing supernatant was collect-
ed 48 hours and 72 hours after co-transfection 
of pCMV-VSV-G, pCMV Δ8.2, and the pGIPZ-
USP37 shRNA vector into HEK293T cells, and 
was then added to the target cells. Forty-eight 
hours later, the infected cells were selected 
with 1 μg ml-1 puromycin (Gibco, A11138-03). 
For the generation of stable USP37-over- 
expressing cells, virus-containing supernatant 
was collected 48 hours and 72 hours after co-
transfection of pCMV-VSV-G, pCMV Δ8.2, and 
the pLOC-USP37 or pLOC-USP37C350S vector 
into HEK293T cells, and was then added to the 
target cells. Forty-eight hours later, the infected 
cells were selected with 10 μg ml-1 blasticidin 
(Life Technologies, R21001).
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Immunoblotting

Western blot analysis was performed with pre-
cast gradient gels (Bio-Rad) using standard 
methods. Briefly, cultured cells were lysed in 
RIPA buffer (Millipore, 20-188) containing pro-
tease inhibitors (Roche). Proteins were sepa-
rated by SDS-PAGE and blotted onto a nitrocel-
lulose membrane (Bio-Rad), followed by incuba-
tion with the specific primary antibodies and 
peroxidase-conjugated secondary antibodies. 
Protein bands were visualized by chemilumi-
nescence (Denville Scientific). The following 
antibodies were used: antibodies against 
β-actin (1:1,000, Santa Cruz Biotechnology, 
sc-47778), FLAG (1:5,000, Sigma, F3165, clo- 
ne M2; or 1:2,000, Sigma, F7425), HA (1:2,000, 
Santa Cruz Biotechnology, sc-7392), MYC (1: 
2,000, Santa Cruz Biotechnology, sc-40, clone 
9E10), USP37 (1:2,000, Abcam, ab190184), 
SNAI1 (1:700, Cell Signaling Technology, 3879, 
clone C15D3), and V5 (1:2,000, Sigma, V8012, 
clone V5-10). The ImageJ program was used for 
densitometric analysis of Western blots, and 
the quantification results were normalized to 
an internal control.

Purification of SFB-tagged proteins

HEK293T cells were transfected with SFB-
tagged GFP, USP29, USP37, or USP37C350S pro-
teins. Forty-eight hours later, cells were collect-
ed and lysed in NETN buffer (20 mM Tris-HCl, 
pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% 
Nonidet P-40) containing protease inhibitors 
(Roche), followed by pulldown with Streptavidin 
Sepharose beads (Sigma-Aldrich, GE17-5113-
01) at 4°C for 2 hours. The beads were washed 
with NETN buffer three times, 10 minutes each 
time. The beads were then incubated in Biotin 
(Sigma) solution (1-2 mg ml-1, dissolved in NETN 
lysis buffer) at 4°C for 2 hours to elute SFB-
tagged proteins. 

Immunoprecipitation and pulldown assays

Cells were lysed in NETN buffer or CHAPS buf-
fer (25 mM Tris-HCl, pH 7.5, 120 mM NaCl, 1 
mM EDTA, 0.33% CHAPS) containing protease 
inhibitors. For immunoprecipitation of tagged 
proteins, cell extracts were incubated with anti-
MYC agarose beads (ThermoFisher Scientific, 
20168) overnight at 4°C. For the pulldown of 
SFB-tagged proteins, cell extracts were incu-
bated with S-protein beads (Millipore, 69704) 
at 4°C for 2 hours. 

In vitro binding assay

Purified His-SNAI1 (Abcam, ab134870) was 
incubated with mammalian purified SFB-DUBs, 
followed by pulldown with S-protein beads at 
4°C for 2 hours. After the pulldown assay, the 
nickel magnetic agarose beads or S-protein 
beads were washed with NETN buffer and the 
bound proteins were eluted by boiling in 1× 
Laemmli buffer.

Deubiquitination of SNAI1 in vivo and in vitro

For the in vivo deubiquitination assay, HEK293T 
cells were transfected with indicated plasmids 
and then treated with the proteasome inhibitor 
MG132 (10 μM) for 6 hours. Cells were lysed in 
RIPA buffer (Millipore, 20-188) containing pro-
tease inhibitors (Roche). For denaturing, lysates 
with 1% SDS were heated at 95°C for 5 min-
utes, followed by 10-fold dilution with lysis buf-
fer (to 0.1% SDS) and sonication, as described 
previously [28]. The cell extracts were subject-
ed to immunoprecipitation and Western blot 
analysis with the indicated antibodies. For the 
preparation of ubiquitinated SNAI1 as the sub-
strate for the in vitro deubiquitination assay of 
SNAI1, HEK293T cells were co-transfected with 
HA-ubiquitin and MYC-SNAI1 and then treated 
with MG132 for 6 hours. Ubiquitinated SNAI1 
was purified from the cell extracts with anti-
MYC beads. After extensive wash with NETN 
buffer, the bound proteins were incubated with 
purified SFB-tagged GFP, USP37, or USP37C350S 
proteins in deubiquitination buffer (50 mM Tris-
HCl at pH 8.0, 50 mM NaCl, 1 mM EDTA, 10 mM 
dithiothreitol, 5% glycerol) at 37°C for 2 hours. 
The beads were then washed three times with 
deubiquitination buffer, and the bound proteins 
were eluted by boiling in 1× Laemmli buffer and 
then subjected to immunoblotting analysis with 
the indicated antibodies. 

Cell proliferation assay

To measure cell proliferation rates, we plated 
equal numbers of cells in 6-well plates. Cells 
were trypsinized and counted on the indicated 
days. Cell counts were obtained from a TC10 
Automated Cell Counter (Bio-Rad). 

Migration assay 

To measure cell motility, we plated the indicat-
ed cells in the top chamber with the non-coated 
membrane (24-well insert; pore size, 8 μm; BD 
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Biosciences) in serum-free medium, and medi-
um supplemented with serum was used as a 
chemoattractant in the lower chamber. After 
incubation for 18 hours, cells that did not 
migrate through the pores were removed with a 
cotton swab. Then cells on the lower surface of 
the membrane were fixed with 10% formalin, 
stained with 0.2% crystal violet at room tem-
perature for 45 minutes, and then counted. 

Statistical analysis

Each experiment was repeated three times or 
more. Data are presented as mean ± s.e.m., 
and a two-tailed unpaired t-test was used to 
compare two groups of independent samples.

Results 

USP37 binds, deubiquitinates, and stabilizes 
SNAI1 

Deubiquitinases are proteases that remove 
mono-ubiquitin or ubiquitin chains from sub-
strate proteins [29]. To identify deubiquitinases 
that associate with SNAI1, we first screened for 
SNAI1-interacting DUBs by an S-protein bead 
pulldown assay using a panel of 68 human 
SFB-tagged DUBs [30-32]. We transiently co-
transfected each SFB-tagged DUB with MYC-
tagged SNAI1 into HEK293T cells and pulled 
down the DUBs with S-protein beads, and we 
detected the physical association of SNAI1 with 
23 DUBs (Figure 1A). Because nearly one-third 
of the 68 DUBs interacted with SNAI1 in this 
pulldown assay, we performed a secondary 
screen to determine which DUBs modulate 
SNAI1 protein levels. We transfected the 23 
identified DUBs individually into HEK293T cells 
and found that only USP29, USP36, and USP37 
markedly upregulated SNAI1 protein (Figure 
1B). The interactions between these three 
DUBs and SNAI1 were verified by a confirmato-
ry pulldown assay (Figure 1C) and by a co-
immunoprecipitation assay, in which SFB-
tagged USP29, USP36, or USP37 was co-immu-
noprecipitated with MYC-SNAI1, but not with 
MYC-GFP (Figure 1D). 

To determine whether these three SNAI1-
interacting DUBs promote SNAI1 deubiquitina-
tion, we co-transfected USP29, USP36, USP37, 
or a negative control (USP44 or GFP) with MYC-
SNAI1 and HA-ubiquitin into HEK293T cells, 
treated the cells with MG132 to inhibit protea-

somal degradation, pulled down SNAI1 by anti-
MYC beads, and detected SNAI1 polyubiquiti-
nation by immunoblotting. USP29, USP36, and 
USP37, but not USP44 or GFP, reduced the 
polyubiquitination of SNAI1 (Figure 1E). To de- 
termine which of the three DUBs stabilizes SN- 
AI1 protein, we transiently transfected HEK29- 
3T cells with pBabe-SNAI1, MYC-GFP, and SFB-
tagged GFP or DUB, treated the cells with 100 
μg ml-1 cycloheximide (CHX), and determined 
SNAI1 levels at different time points. Although 
all three DUBs increased the steady-state level 
of SNAI1 protein (Figure 1B), only USP29 and 
USP37 increased the half-life of ectopically 
expressed SNAI1 protein (Figure 1F). 

Next, to determine whether USP29 and USP37 
are able to interact with SNAI1 directly, we per-
formed an in vitro binding assay using purified 
proteins. As shown in Figure 1G, bacterially 
purified His-SNAI1 protein bound to mammali-
an purified SFB-USP37 but not to SFB-GFP or 
SFB-USP29 under cell-free conditions, sug-
gesting that USP37 may directly regulate SN- 
AI1. Collectively, these results indicate that 
USP37 is a strong candidate for the SNAI1 
deubiquitinase. 

USP37 stabilizes SNAI1 protein through deu-
biquitination

To further investigate the effect of USP37 on 
SNAI1, we co-expressed SFB-USP37 with MYC-
SNAI1 in HEK293T cells and examined endog-
enous SNAI1 protein levels. Wild-type USP37, 
but not the catalytically inactive mutant 
USP37C350S, markedly upregulated SNAI1 pro-
tein, which was similar to the effect of MG132 
treatment (Figure 2A), suggesting that the 
enzymatic activity of USP37 is required for ele-
vating SNAI1 protein levels. To determine 
whether USP37’s catalytic activity is required 
for stabilizing SNAI1 protein, we transfected 
HEK293T cells with MYC-SNAI1 and USP37 or 
USP37C350S, treated the cells with 100 μg ml-1 
cycloheximide, and determined MYC-SNAI1 lev-
els at different time points. Overexpression of 
wild-type USP37, but not USP37C350S, increased 
the half-life of SNAI1 protein (Figure 2B). 
Conversely, knockdown of USP37 in HEK293T 
cells markedly shortened the half-life of ectopi-
cally expressed MYC-SNAI1 protein (Figure 2C). 

We reasoned that USP37 stabilizes SNAI1 
through deubiquitination. First, we transiently 
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Figure 1. USP37 is a direct positive regulator of SNAI1. A. Twenty-three of 68 DUBs physically associated with SNAI1. 
Each SFB-tagged DUB was co-transfected with MYC-SNAI1 into HEK293T cells, followed by pulldown with S-protein 
beads and immunoblotting with antibodies against FLAG and MYC. B. Upper panel: each SFB-tagged DUB was trans-
fected into HEK293T cells, followed by immunoblotting with antibodies against SNAI1, FLAG, and β-actin. Lower 
panel: quantification of SNAI1 protein levels (normalized to β-actin). C. SFB-tagged DUBs and MYC-SNAI1 were 
co-transfected into HEK293T cells, followed by pulldown with S-protein beads and immunoblotting with antibodies 
against FLAG and MYC. D. SFB-tagged DUBs and MYC-SNAI1 or MYC-GFP were co-transfected into HEK293T cells, 
followed by immunoprecipitation (IP) with anti-MYC beads and immunoblotting with antibodies against FLAG and 
MYC. E. Left panel: HEK293T cells were co-transfected with HA-ubiquitin, MYC-SNAI1, and SFB-tagged DUBs, fol-
lowed by immunoprecipitation with anti-MYC beads and immunoblotting with antibodies against HA and MYC. Cells 
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transfected HEK293T cells with HA-ubiquitin, 
MYC-SNAI1, and SFB-tagged USP37 or US- 
P37C350S, and then treated the cells with 10 μM 
MG132 for 6 hours. MYC-SNAI1 was immuno-
precipitated by anti-MYC beads, and its polyu-
biquitination was detected by an antibody 
against HA. As expected, wild-type USP37, but 
not USP37C350S, substantially reduced SNAI1 
polyubiquitination (Figure 2D). To further deter-
mine whether USP37 directly deubiquitinates 
SNAI1, we incubated purified USP37 or 
USP37C350S and ubiquitinated SNAI1 purified 
from HEK293T cells in a cell-free system. Wild-
type USP37, but not USP37C350S, markedly 
decreased SNAI1 polyubiquitination in vitro 
(Figure 2E), suggesting that USP37 can directly 
deubiquitinate SNAI1. 

USP37 promotes cancer cell migration

To validate that USP37 regulates endogenous 
SNAI1 protein, we individually transfected three 
independent USP37 siRNAs (#1, #2, and #3) or 
the scrambled siRNA into HEK293T cells, and 
we found that all three USP37 siRNAs reduced 
endogenous SNAI1 protein levels (Figure 3A). 
Conversely, overexpression of wild-type USP37, 
but not USP37C350S, increased endogenous 
SNAI1 protein levels (Figure 3B), suggesting 
that USP37 consistently stabilizes SNAI1 in 
HEK293T cells. To determine whether USP37 
regulates SNAI1 in cancer cells, we transfected 
two independent USP37 siRNAs (#2 and #3) 
into two cell lines expressing high levels of 
endogenous SNAI1 protein: a breast cancer cell 
line SUM159 and a colon cancer cell line 
HCT116. In both cell lines, we found that both 
siRNAs drastically reduced SNAI1 protein levels 
(Figure 3C). On the other hand, overexpression 
of wild-type USP37 increased endogenous 
SNAI1 protein levels in both SUM159 and 
HCT116 cells, whereas overexpression of the 
USP37C350S mutant did not (Figure 3D).

SNAI1-induced EMT promotes cell migration. To 
determine whether USP37 induces EMT, we 
stably transduced USP37 or USP37C350S into 
HEK293T cells. As expected, overexpression of 
USP37 downregulated the epithelial marker 
E-cadherin and upregulated SNAI1 and the 
mesenchymal marker vimentin (Figure 3E), 
suggesting that USP37 may be implicated in 
EMT. Notably, overexpression of the deubiquiti-
nase-dead mutant USP37C350S, which did not 
upregulate SNAI1, did not affect the expression 
of EMT markers (Figure 3E).

To determine the biological effect of USP37 in 
cancer cells, we transfected wild-type USP37 
or USP37C350S into SUM159 cells and per-
formed Transwell migration assays. Wild-type 
USP37, but not USP37C350S, markedly increased 
cell migration (Figure 3D and 3F). A similar 
effect was observed in HCT116 cells (Figure 3D 
and 3G). Conversely, shRNA-mediated stable 
knockdown of USP37 in HCT116 cells down-
regulated SNAI1 protein (Figure 3H) and 
reduced cell migration (Figure 3I) with a minor 
effect on cell proliferation (Figure 3J). 

To determine whether SNAI1 functionally medi-
ates the effect of USP37 on cell migration, we 
transiently transfected MYC-GFP or MYC-SNAI1 
into HCT116 cells transduced with USP37 
shRNA or the control shRNA and then per-
formed Transwell migration assays. Ectopic 
expression of SNAI1 in USP37-knockdown 
HCT116 cells fully reversed USP37 shRNA-
induced inhibition of cell migration (Figure 4A 
and 4B). These results indicate that USP37 pro-
motes cancer cell migration and that this func-
tion is mediated, at least in part, by its sub-
strate SNAI1. 

Discussion

In summary, our findings suggest that USP37 
deubiquitinates and stabilizes SNAI1 and pro-
motes cell migration. In cancer, SNAI1 regu-

were treated with 10 μM MG132 for 6 hours before collection. Before immunoprecipitation, lysates were heated 
at 95°C for 5 minutes in the presence of 1% SDS (for denaturing), followed by 10-fold dilution with lysis buffer and 
sonication. Right panel: immunoblotting of HA-ubiquitin, MYC-SNAI1, FLAG-DUBs, and HSP90 in the input. F. Upper 
panel: HEK293T cells were co-transfected with SNAI1, MYC-GFP, and SFB-tagged GFP or DUBs, treated with 100 
μg ml-1 cycloheximide (CHX), harvested at different time points, and then immunoblotted with antibodies against 
SNAI1, MYC, and FLAG. MYC-GFP served as the control for transfection. LE: long exposure. SE: short exposure. 
Lower panel: quantification of SNAI1 protein levels (normalized to MYC-GFP). G. Upper panel: SFB-GFP, SFB-USP29, 
and SFB-USP37 were purified from HEK293T cells transfected with SFB-tagged GFP or DUBs, via pulldown with 
Streptavidin beads, followed by elution with biotin. Purified SFB-GFP, SFB-USP29, or SFB-USP37 was incubated with 
purified His-SNAI1, followed by pulldown with S-protein beads and immunoblotting with antibodies against SNAI1 
and FLAG. Lower panel: purified proteins were analyzed by SDS-PAGE and Coomassie blue staining. 
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Figure 2. USP37 stabilizes SNAI1 protein through deubiquitination. A. HEK293T cells were transfected with SFB-
GFP, SFB-USP37, or SFB-USP37C350S, treated with 10 μM MG132 for 6 hours, harvested, and immunoblotted with 
antibodies against SNAI1, FLAG, and β-actin. B. Upper panel: HEK293T cells were co-transfected with V5-GFP and 
SFB-tagged GFP, USP37, or USP37C350S, treated with 100 μg ml-1 cycloheximide (CHX), harvested at different time 
points, and then immunoblotted with antibodies against MYC, V5, and FLAG. V5-GFP served as the control for trans-
fection. Lower panel: quantification of SNAI1 protein levels (normalized to V5-GFP). C. Upper panel: HEK293T cells 
were co-transfected with MYC-SNAI1, V5-GFP and USP37 siRNA #3 or scrambled siRNA, treated with 100 μg ml-1 
cycloheximide (CHX), harvested at different time points, and then immunoblotted with antibodies against MYC, V5, 
β-actin and FLAG. V5-GFP serves as the control for transfection. Lower panel: quantification of SNAI1 protein levels 
(normalized to V5-GFP). D. HEK293T cells were co-transfected with MYC-SNAI1, HA-ubiquitin (Ub), and SFB-tagged 
USP37 or USP37C350S, followed by immunoprecipitation with anti-MYC beads and immunoblotting with antibodies 
against HA and MYC. Cells were treated with 10 μM MG132 for 6 hours. Before immunoprecipitation, lysates were 
heated at 95°C for 5 minutes in the presence of 1% SDS (for denaturing), followed by 10-fold dilution with lysis 
buffer and sonication. E. SFB-GFP, SFB-USP37, and SFB-USP37C350S were purified from HEK293T cells transfected 
with SFB-tagged GFP or DUBs. Ubiquitinated MYC-SNAI1 was purified with anti-MYC beads from HEK293T cells co-
transfected with MYC-SNAI1 and HA-Ub, and was then incubated with purified SFB-tagged GFP or DUBs. After the in 
vitro deubiquitination, bound proteins were eluted and immunoblotted with antibodies against HA and MYC. Purified 
proteins were analyzed by SDS-PAGE and Coomassie blue staining.
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Figure 3. USP37 promotes cancer cell migration. (A) Immunoblotting of USP37, SNAI1, and β-actin in HEK293T cells 
transfected with USP37 siRNA or a scrambled control (NC). (B) Immunoblotting of FLAG-USP37, SNAI1, and β-actin 
in HEK293T cells transfected with SFB-tagged GFP, USP37, or USP37C350S. (C) Immunoblotting of USP37, SNAI1, and 
β-actin in SUM159 and HCT116 cells transfected with USP37 siRNA or a scrambled control (NC). (D) Immunoblot-
ting of FLAG-USP37, SNAI1, and β-actin in SUM159 and HCT116 cells transfected with SFB-tagged GFP, USP37, or 
USP37C350S. (E) Immunoblotting of USP37, SNAI1, E-cadherin, vimentin, and β-actin in HEK293T cells transduced 
with RFP, USP37, or USP37C350S. (F) Transwell migration assays of SUM159 cells transfected with SFB-tagged GFP, 
USP37, or USP37C350S. (G) Transwell migration assays of HCT116 cells transfected with SFB-tagged GFP, USP37, or 
USP37C350S. (H) Immunoblotting of USP37, SNAI1, and β-actin in HCT116 cells transduced with USP37 shRNA or 
scramble shRNA (NC). (I) Transwell migration assays of HCT116 cells transduced with scrambled shRNA or USP37 
shRNA. (J) Growth curves of HCT116 cells transduced with scrambled shRNA or USP37 shRNA. n = 3 biological rep-
licates. Error bars in (F), (G), (I), and (J) are s.e.m. P values were calculated from a two-tailed t-test.
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lates tumor recurrence, metastasis, immune 
evasion, cell cycle progression, cell survival, 
and cancer metabolism [15-18]. Because 
SNAI1 protein is a transcription factor localized 
predominantly in the nucleus, it is difficult to 
directly target SNAI1 by small-molecule inhibi-
tors. Considering the important roles of SNAI1 
in tumor progression, identifying targets up- 
stream of SNAI1 that are amenable to thera-
peutic intervention could be a promising strat-
egy to suppress cancer metastasis. 

DUB3, PSMD14, and OTUB1 have recently 
been shown to deubiquitinate SNAI1 and pro-
mote tumor metastasis in breast cancer or 
esophageal squamous cell carcinoma [24-27]. 
DUB3 did not stand out as a SNAI1-interacting 
DUB in our initial screening, indicating that the 
interaction between DUB3 and SNAI1 may not 
be strong enough in HEK293T cells, and that 
screening methods other than our interaction 
screen may identify additional weak-interacting 
SNAI1 DUBs. It should be noted that we previ-
ously used the same approach to identify the 

[36], PLZF/RARA [37], and c-Myc [38]. In addi-
tion, USP37 plays an important role in regulat-
ing DNA replication by deubiquitinating Cdt1 
[39]. Taken together with our findings, these 
results suggest that USP37 may emerge as a 
potential therapeutic target. 
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Figure 4. SNAI1 mediates USP37-induced cell migration. A. Immunoblotting of 
USP37, SNAI1, and β-actin in HCT116 cells transduced with USP37 shRNA or 
a scramble control with or without MYC-SNAI1 overexpression. B. Transwell mi-
gration assays of HCT116 cells transduced with USP37 shRNA or a scramble 
control with or without MYC-SNAI1 overexpression. Error bars are s.e.m. P val-
ues were calculated from a two-tailed t-test.

DUBs for PTEN [30], β-ca- 
tenin [32], EZH2 [33], and 
YAP [34], demonstrating the 
value of this method. In our 
screen, we did find that 
OTUB1 interacted with SNAI1 
(Figure 1A); however, OTUB1 
did not increase SNAI1 pro-
tein levels as much as 
USP29, USP36, or USP37 
did (Figure 1B), indicating 
that OTUB1 may not play a 
major role in stabilizing 
SNAI1 protein in our system. 

Notably, USP37 is highly ex- 
pressed in breast cancer 
and positively correlated wi- 
th mortality rates [35]. It has 
been reported that USP37 
can interact with and stabi-
lize the Hedgehog pathway 
component Gli-1 and regu-
late EMT, cell invasion, and 
stemness via the Hedgehog 
pathway [35]. Several other 
proteins have also been 
identified as USP37 sub-
strates. For example, USP37 
regulates the stability of 
oncogenic proteins 14-3-3γ 
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