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Accumulating evidence indicates that a wide range of E3 ubiq-
uitin ligases are involved in the development of many human
diseases. Searching for small-molecule modulators of these E3
ubiquitin ligases is emerging as a promising drug discovery
strategy. Here, we report the development of a cell-based high-
throughput screening method to identify modulators of E3
ubiquitin ligases by integrating the ubiquitin-reference tech-
nique (URT), based on a fusion protein of ubiquitin located
between a protein of interest and a reference protein moiety,
with a Dual-Luciferase system. Using this method, we screened
for small-molecule modulators of SMAD ubiquitin regulatory
factor 1 (SMURF1), which belongs to the NEDD4 family of E3
ubiquitin ligases and is an attractive therapeutic target because
of its roles in tumorigenesis. Using RAS homolog family mem-
ber B (RHOB) as a SMURF1 substrate in this screen, we identi-
fied a potent SMURF1 inhibitor and confirmed that it also
blocks SMURF1-dependent degradation of SMAD family
member 1 (SMAD1) and RHOA. An in vitro auto-ubiquitina-
tion assay indicated that this compound inhibits both
SMURF1 and SMURF2 activities, indicating that it may be an
antagonist of the catalytic activity of the HECT domain in
SMURF1/2. Moreover, cell functional assays revealed that
this compound effectively inhibits protrusive activity in
HEK293T cells and blocks transforming growth factor �
(TGF�)-induced epithelial-mesenchymal transition (EMT)
in MDCK cells, similar to the effects on these processes
caused by SMURF1 loss. In summary, the screening approach
presented here may have great practical potential for identi-
fying modulators of E3 ubiquitin ligases.

The ubiquitin-dependent pathway is a key regulatory
mechanism that controls the degradation of proteins impor-

tant in various biological processes such as cell cycle, DNA
repair, signal transduction, transcriptional regulation, endo-
cytosis, and stress responses (1–3). Ubiquitination of pro-
teins requires a multienzyme system comprised of ubiquitin-
activating enzyme (E1), ubiquitin-conjugating enzyme (E2),
and ubiquitin ligase enzyme (E3). Ubiquitin is first activated
by binding to E1 and then transferred to an E2 before being
covalently linked to a protein substrate in a reaction cata-
lyzed by E3 ubiquitin ligase (1). Compared with only one E1
enzyme and limited number of E2s in most organisms, there
is a much larger number of E3 ubiquitin ligases. Each E3
ubiquitin ligase recognizes a set of substrates and controls
the specificity in ubiquitin-mediated protein degradation
(2). Therefore, targeting specific E3 ubiquitin ligases using
small molecules is a promising strategy to regulate degrada-
tion of specific proteins.

SMURF1 and SMURF2 are two closely related members of
the NEDD4 family of E3 ubiquitin ligases (4). SMURFs were
first identified as negative regulators of TGF�4 signaling that
either directly target receptor-regulated SMADs for degra-
dation (5–7) or target the TGF� receptors via interactions
with inhibitory SMADs (8 –10). SMURF1 also plays a key
role in regulating cell polarity, protrusive activity, and disso-
lution of tight junctions in TGF�-induced EMT by targeting
the small GTPase RHOA for degradation (11, 12). Thus,
SMURF1 functions in the TGF� signaling both as an antag-
onist of SMAD signaling and an effector of the TGF�/PAR6
pathway during EMT. As the SMAD pathway is a tumor
suppressor pathway, and the TGF�/PAR6-regulated EMT
plays an important role in cancer progression by promoting
an invasive, metastatic phenotype (13), SMURF1 might be a
key player in controlling both cancer cell proliferation and
metastasis during tumorigenesis. Moreover, our recent
study found that SMURF1 targets RHOB, a close family
member of RHOA, for degradation to control its abundance
in cells (14). It is noteworthy that RHOB is recognized as a
tumor suppressor by promoting death of transformed cells
(15), suggesting that SMURF1 may also prevent cancer cell
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death by targeting RHOB for degradation. Hence, these dis-
tinct roles of SMURF1 make it a good candidate as a target
for modulation by small molecules, which will be greatly
beneficial for both a mechanistic understanding of HECT
family ligase catalytic mechanism and cancer drug
development.

Present high-throughput screening methods for identifying
small-molecule modulators of E3 ubiquitin ligases are mainly
limited to in vitro systems, which are complicated and incon-
venient. Here we report a general cell-based high-throughput
screening method by integrating the Dual-Luciferase system
with the ubiquitin-reference technique (URT) (16, 17) to iden-
tify small-molecule modulators of E3 ubiquitin ligases. URT
uses a linear fusion in which a ubiquitin is located between a
protein of interest and a reference protein moiety. The fusion
protein is co-translationally (or nearly so) cleaved by ubiquitin-
specific processing proteases (Ubps) after ubiquitin to produce
equimolar amounts of the protein of interest and the reference
protein bearing the C-terminal ubiquitin moiety (17). By intro-
ducing the internal reference, URT can compensate for sample-
to-sample variation inherent in cell-based screens. In this
study, we applied the URT system to a high-throughput screen
for SMURF1 modulators and identified a novel SMURF1 small-
molecule inhibitor.

Results

Construction of URT-luciferase high-throughput screening
system

To screen for small-molecule inhibitors of SMURF1, we used
the SMURF1 substrate RHOB as a target protein to develop a
cell-based high-throughput screening system using Dual-Lu-
ciferase and URT. In this procedure, N-terminally triple FLAG-
tagged Renilla luciferase (RL) is linked to the N terminus of a
ubiquitin K48R mutant (UbR48) moiety that is in turn linked
to triple FLAG-tagged firefly luciferase (FL). The resulting
3�FLAG-RL-UbR48-3�FLAG-FL was then fused to the target
substrate RHOB to generate the final fusion protein 3�FLAG-
RL-UbR48-3�FLAG-FL-RHOB. The expression plasmid is des-
ignated as pRUF(RL-UbR48-FL)-RHOB as diagrammed in Fig.
1A. The very end amino acid residue (glycine) in UbR48 provides
a proteolytic cleavage site for the endogenous Ubps, yielding
equimolar amount of the triple FLAG-tagged target protein
FL-RHOB and reference protein RL-UbR48. The UbR48 mutant
was used instead of WT ubiquitin (Ub) to prevent a potential
K48 ubiquitin conjugation on RL-Ub, which may function as
a degradation signal of RL-Ub. The steady-state levels of FL-
RHOB and RL-UbR48 can then be quantified by measuring the
activities of FL and RL, respectively, using the Dual-Glo Lucif-
erase Assay System (Promega). The RL-UbR48 is stable and acts
as an internal reference, whereas FL-RHOB is a substrate of
SMURF1 and its degradation inversely correlates with the
activity of FL; therefore, the activity of SMURF1 can be revealed
by the ratio of FL activity to RL activity (FL/RL). The presence
of SMURF1 inhibitor will block SMURF1-mediated FL-RHOB
degradation and increase the FL/RL ratio. Conversely, the
FL/RL ratio will be reduced in the presence of SMURF1
activator.

To test the feasibility of this system, we first examined the
steady-state levels of FL-RHOB fusion protein by immunoblot-
ting. As expected, the steady-state level of FL-RHOB was
reduced by co-expression of WT SMURF1, but not by the cat-
alytically inactive form SMURF1-C699A, whereas the steady-
state level of RL-UbR48 was not affected by either of them (Fig.
1B). Furthermore, the proteasome inhibitor MG-132 prevented
SMURF1-dependent loss of FL-RHOB, indicating that
SMURF1-mediated RHOB degradation is through the ubiqui-
tin-proteasome pathway (Fig. 1B). Next, we calculated the ratio
of the two luciferase reporter proteins by measuring their activ-
ities. Quantification of the FL/RL ratio was in good agreement
with our analysis by immunoblotting, showing that co-expres-
sion of WT SMURF1 reduced the FL/RL ratio from 10 to 4,
whereas co-expression of SMURF1-C699A had no effect on the
FL/RL ratio. Treatment with MG-132, however, prevented the
decrease of FL/RL ratio caused by SMURF1 (Fig. 1C). Thus,
analysis of protein levels using URT–Dual-Luciferase Assay
provides an accurate measurement of SMURF1-dependent
RHOB turnover.

To explore the capacity of the URT–Dual-Luciferase
method in a high-throughput setting, pRUF-RHOB was co-
transfected with SMURF1 into HEK293T cells, which were
subsequently seeded in 96-well plates and then treated with
either the solvent DMSO as negative control or MG-132 as
positive control. After overnight treatment, the activities of
FL and RL were measured using the Dual-Glo Luciferase
Assay System with a Varioskan Flash instrument (Thermo
Scientific) in 96-well format. Assay performance was then
assessed by measuring the value of Z-factor, which is a coef-
ficient for the screening window (18). Z-factor is calculated
using the formula Z � 1 � (3�s�3�c)/��s-�c�, in which �s
and �c are the standard deviations (S.D.s) of samples and
controls, �s and �c are the means of samples and controls,
respectively. As shown in Fig. 1D, using FL activity alone, the
assay yielded a very poor Z value (�0.12). However, the assay
quality was dramatically improved when the FL/RL ratio was
used, with the Z-factor rising to 0.69 (Fig. 1E), converting a
poor method into an excellent assay (18). In addition, URT
normalization provided an excellent correction of variation
because of differences in cell-seeding densities. Seeding with
different amount of cells drastically changed the FL activity
in the screen (Fig. 1F); however, the FL/RL ratio was not
significantly affected by the cell seeding (Fig. 1G).

High-throughput screening for SMURF1 inhibitors

Next, the high-throughput URT–Dual-Luciferase screening
system was applied to screen for SMURF1 inhibitors using one
of our in-house compound libraries, which contains a total of
5000 compounds. For this, HEK293T cells were co-transfected
with pRUF-RHOB and SMURF1 in a large batch and subse-
quently seeded in 96-well plates. Individual wells were then
treated overnight with 10 �M of each compound from this
library, and the FL and RL activities were then measured and
analyzed. In each plate, the first column was treated with
DMSO as a negative control, whereas the last column received
MG-132 as a positive control. A cutoff corresponding to the
assay mean � 4 � S.D. was used for hit selection, which yielded

High-throughput screen for modulators of E3 ligases

J. Biol. Chem. (2019) 294(8) 2880 –2891 2881



37 out of 5000 compounds as potential SMURF1 antagonists
(0.74% hit rate) (Fig. 2).

Because nonspecific inhibitors that target E1, E2, or protea-
some could also block SMURF1-dependent degradation of
FL-RHOB, we designed a secondary screen to rule out the non-
specific inhibitors by applying these compounds to a SMURF1-
unrelated ubiquitin-dependent proteasome pathway. For this
purpose, the N-end rule pathway, which determines the in vivo
half-life of a protein depending on the identity of its N-terminal
residues (19, 20), was employed. The ek sequence, which

encodes a 45-residue segment of the Escherichia coli Lac
repressor and was used in previous studies of N-end rule path-
way (17, 21), was inserted into pRUF vector to generate pRUF–
R-ek (Fig. 3A). Expression of pRUF–R-ek in cells will generate
the fusion protein 3�FLAG-RL-UbR48–R-ek–FLAG-FL, which
will subsequently yield an equimolar amount of the reference
protein RL-UbR48 and the target protein R-ek–FL with the argi-
nine (R) residue at the N-terminal (Fig. 3A). According to the
N-end rule pathway, short-lived R-ek–FL generated by pRUF–
R-ek will be targeted by endogenous E3 ubiquitin ligase UBR1

Figure 1. Cell-based high-throughput URT-Dual-Luciferase Assay system for SMURF1. A, a schematic of the pRUF-RHOB construct. A fusion protein
comprised of triple FLAG-tagged RL, UbR48 moiety, triple FLAG-tagged FL, and RHOB is cleaved in vivo by Ubps at the UbR48-RHOB junction to yield
equimolars of triple FLAG-tagged RL-UbR48 and triple FLAG-tagged FL-RHOB. The triple FLAG-tagged FL-RHOB is a substrate of SMURF1 and will be
degraded in the presence of SMURF1. B, analysis of the steady-state levels of FL-RHOB by immunoblotting. HEK293T cells were transfected with
pRUF-RHOB and HA-tagged SMURF1 (HA/SMURF1), WT, or catalytically inactive mutant C699A, as indicated. After overnight treatment with or without
5 �M MG-132, total cell lysates were subjected to immunoblotting using indicated antibodies to determine the steady-state protein levels. C, luciferase
assay of FL-RHOB. HEK293T cells were transfected with pRUF-RHOB and HA/SMURF1 WT or C699A, and treated with or without 5 �M MG-132 as in (B) and
then applied to Dual-Glo Luciferase Assay to measure the activities of FL and RL. Results were plotted as the ratio of FL activity to RL activity (FL/RL). D
and E, evaluation of the screening system. HEK293T cells co-transfected with pRUF-RHOB and WT HA/SMURF1 were treated overnight with DMSO (open
circles) and 5 �M MG-132 (filled squares) as negative or positive controls, respectively. Luciferase activities were measured and plotted using either FL
activity alone (D) or the FL/RL ratio (E). F and G, the URT system effectively corrects variation of cell numbers. HEK293T cells co-transfected with
pRUF-RHOB and WT HA/SMURF1 were seeded with varying number of cells as indicated and treated with DMSO or MG-132 as in (D). Luciferase activities
were measured and plotted as FL alone (F) or FL/RL (G).
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that belongs to the family of RING-type E3 ubiquitin ligases (19,
22), which differs from the HECT family E3s in structure and
catalytic mechanism. As expected, the steady-state level of
R-ek–FL was significantly increased by MG-132 treatment,
whereas overexpression of SMURF1 did not significantly affect
the levels of R-ek–FL, confirming that R-ek–FL is not a sub-
strate for SMURF1 (Fig. 3, B and C). pRUF–R-ek was thus used
in the secondary screen to eliminate nonspecific inhibitors
from the 37 selected compounds from the primary screen. The
major difference between primary screen and secondary screen
is the two different types of E3s that were used in the screens.
Therefore, compounds affecting both FL-RHOB degradation
and R-ek–FL degradation are likely false-positive hits that tar-
get common components in these two screens, such as E1, E2,
or proteasome. The compound HS-152, 4-chloro-N-((3-(4-
methylpiperazine-1-carbonyl) phenyl) carbamoyl)-benzamide,
with molecular weight of 400.86, was the only one affecting the
steady-state level of FL-RHOB, but not the level of R-ek–FL,
and therefore was identified as a potential specific inhibitor of
SMURF1 (Fig. 3D). The compound HS-152 was resynthesized
for further characterization. The detailed synthetic procedure
and chemical characterization of HS-152 are provided in the
supporting data.

Characterization of the SMURF1 inhibitor

To further characterize the capability of compound HS-152
to inhibit SMURF1 activity, we first examined its efficacy in
preventing SMURF1-dependent protein degradation. Indeed,
HS-152 not only potently inhibited SMURF1-mediated RHOB
degradation with an IC50 of 3.2 �M (50% inhibitory concentra-
tion) (Fig. 4A), but also strongly blocked SMURF1-mediated
RHOA and SMAD1 degradation (IC50 4.4 �M and 2.1 �M,
respectively) (Fig. 4, B and C). We investigated whether
HS-152– caused up-regulation of SMURF1 substrates is indeed
through affecting SMURF1. To this end, we examined the
effects of HS-152 on endogenous RHOB levels in control and
SMURF1 knockdown cells. As shown in Fig. 4D, treatment of
HS-152 significantly increased endogenous RHOB levels in

control cells. Knockdown of SMURF1 also increased RHOB
levels; however, HS-152 could not further increase RHOB levels
in SMURF1 knockdown cells, indicating that HS-152–
mediated increase of RHOB levels is through SMURF1. We
next performed in vitro ubiquitination assay to investigate
whether HS-152 stabilizes RHOB via inhibiting SMURF1-me-
diated RHOB ubiquitination. As expected, HS-152 significantly
blocked SMURF1-mediated RHOB ubiquitination in a dose-de-
pendent manner (Fig. 4E).

We further examined the specificity of HS-152 by comparing
its capability on blocking catalytic activities of SMURF1 and its
family members SMURF2, NEDD4 –1, and NEDD4 –2. Unlike
SMURF1, SMURF2 contains an extra WW domain and is sub-
ject to auto-inhibiting its catalytic activity via its C2 domain
(23). Therefore, we assessed HS-152 activity toward SMURF2
using SMURF2-�C2, which is a hyperactive form of SMURF2
that lacks of the N-terminal C2 domain. Treatment with
HS-152 significantly blocked auto-ubiquitination of SMURF1
and SMURF2-�C2, but not NEDD4 –1 and NEDD4 –2, in cells
and in vitro (Fig. 5, A and B), indicating that HS-152 is a rela-
tively specific inhibitor of SMURFs. Furthermore, to confirm
that the inhibitory activity of HS-152 toward SMURFs did not
reflect activity on upstream steps in the ubiquitination cascade,
we examined E1-dependent ubiquitin charging of E2 UBCH7,
the preferred E2 for SMURF1 (24). Even at 10 �M, a concentra-
tion at which HS-152 strongly inhibited SMURF1 and SMURF2
activity, UBCH7 was still charged efficiently (Fig. 5C), indicat-
ing that HS-152 works indeed at the E3 step. Meanwhile,
UBCH7 showed similar affinity to SMURF1 in the presence or
absence of HS-152, indicating that HS-152 does not affect bind-
ing of E2 to SMURF1 (Fig. 5D). Previous study showed that the
phenylalanine residue located four amino acids from the C-ter-
minal of HECT domain (�4F) is essential for transferring ubiq-
uitin from HECT domain to substrate, but not critical for the
formation of ubiquitin-thioester intermediate with the catalytic
cysteine residue of HECT domain (25). We next further used
the �4F to alanine mutant SMURF1 (SMURF1-F728A) to

Figure 2. High-throughput screening for SMURF1 inhibitors. HEK293T cells co-transfected with pRUF-RHOB and WT HA/SMURF1 were treated overnight
with 10 �M of each compound from the compound library. DMSO (green circles) and 5 �M MG-132 (red triangles) were used as negative or positive controls,
respectively. Activities of FL and RL were measured and results plotted as FL/RL. Solid lines represent the mean and the mean � 4 � S.D. of all assay points
excluding MG-132–treated wells.
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investigate in which step HS-152 interrupts SMURF1 catalysis.
Indeed, SMURF1-F728A formed thioester bond with ubiquitin.
Interestingly, treatment of HS-152 did not affect the formation
of the ubiquitin-thioester intermediate (Fig. 5E), suggesting

that the mechanism by which HS-152 inhibits SMURF1 activity
is through blocking the transfer of ubiquitin from HECT
domain to the substrates to form isopeptide bond. In addition,
we verified that HS-152 functions as a reversible inhibitor of
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SMURF1 by washout experiment (Fig. 5F). Altogether, these
data suggest that HS-152 directly targets the catalytic activity of
SMURF HECT domains.

Our previous studies showed that SMURF1 functions as a
downstream effector of PAR6, a component of the polarity
complex and is important for cell protrusive activity and TGF�-
induced EMT (11, 12). Therefore, we sought to examine
whether HS-152 is able to inhibit these SMURF1-dependent
pathways. We first examined the effect of HS-152 on the pro-
trusive activity of HEK293T cells. Similar to the phenotype
observed when SMURF1 expression was knocked down (12),
overnight treatment with HS-152 dramatically blocked the for-
mation of cell protrusions (Fig. 6A). Because SMURF1-medi-
ated RHOA degradation is a key step in the SMURF1-regulated
protrusive activity, knockdown of SMURF1 results in an accu-
mulation of RHOA, which subsequently inhibits the cell pro-
trusive activity. Therefore, concomitantly knocking down
RHOA levels suppresses the effect of SMURF1 knockdown and
restores the protrusive activity (12). Similarly, knockdown of
RHOA significantly rescued the protrusion formation of
HEK293T cells treated with HS-152 (Fig. 6B), indicating that
the loss of protrusion caused by HS-152 treatment is also
because of accumulation of RHOA.

Previous study showed that SMURF1 activity is required for
TGF�-induced EMT (11). The Madin-Darby canine kidney
(MDCK) cells displayed apical-basal polarity and formed tight
junctions in the absence of TGF�. After 24 h treatment with
TGF�, MDCK cells underwent EMT that was characterized by
loss of tight junctions and rearrangement of cortical actin cyto-
skeleton into stress fibers. Indeed, knockdown of SMURF1 dra-
matically blocked TGF�-induced EMT in MDCK cells (Fig. 6, C
and D). The efficiency of knockdown of SMURF1 was examined
by immunoblotting assay (Fig. 6E). Similarly, HS-152 treatment
significantly blocked TGF�-induced dissociation of tight junc-
tions even after 24 h treatment with TGF� (Fig. 6, F and G).
Furthermore, despite blocking dissolution of tight junctions,
HS-152 treatment did not block TGF�-dependent phosphory-
lation and nuclear accumulation of SMAD2 (Fig. 7, A and B),
and subsequent expression of mesenchymal marker protein
vimentin (Fig. 7, C and D), indicating that HS-152 does not
affect TGF�-dependent SMAD2 activation, which is in good
agreement with previous study showing that blocking TGF�-
dependent EMT by interfering with the PAR6/SMURF1/
RHOA pathway is independent of SMAD activation (11).

Discussion

Dysregulation of protein degradation plays pivotal roles in
development of many human diseases like cancer (26, 27). Inhi-
bition of proteasome would induce multiple events that lead to
cell death or growth inhibition of malignant cells (27). As a

matter of fact, bortezomib is the first proteasomal inhibitor that
was approved by the Food and Drug Administration for treat-
ment of relapsed and refractory multiple myeloma (28, 29).
However, because of their nonspecific effects on all ubiquitin-
proteasome pathways, proteasomal inhibitors inevitably
involve the risk of side effects and the administered dose needs
to be carefully monitored (27, 29). Continually increasing evi-
dence shows that a number of E3 ubiquitin ligases are closely
related to human cancer (30, 31). Unlike proteasome, E1, or E2,
E3 ubiquitin ligases have much higher substrate specificity.
Specifically targeting desired E3 ubiquitin ligases would be an
alternative way with less associated toxicity than proteasomal
inhibitors. Hence, high-throughput screening for inhibitors of
E3 ubiquitin ligases is drawing much attention for cancer drug
development from the pharmaceutical industry and academic
studies.

Present general high-throughput screening methods for
screening E3 ubiquitin ligase inhibitors have mainly relied on in
vitro strategies including UbFluor, fluorescence resonance
energy transfer (FRET), homogenous time-resolved fluores-
cence (HTRF), electrochemiluminescence, scintillation prox-
imity assay (SPA), and dissociation-enhanced lanthanide flu-
oroimmunoassay (DELFIA) (32, 33). However, all these
screening assays require purification of proteins (ubiquitin, E1,
E2, E3 and often a substrate) and in vitro fluorescence or isotope
labeling, which make the assays complicated and expensive.
Moreover, compounds identified in vitro entail a verification or
validation by cell-based assays for their specificity, permeabil-
ity, and efficacy. In this work, we have developed a cell-based
high-throughput screening method for E3 ubiquitin ligases
using the URT–Dual-Luciferase. In this system, FL was used as
target protein reporter, whereas RL was used as reference
reporter to normalize the variation resulting from cell seeding,
transfection, expression level, toxicity effect and other sample-
to-sample variation. Moreover, URT significantly improved the
assay quality of the screen, allowing us to fulfill the screen that
was hard to execute without the URT normalization. It must be
addressed that co-transfection of an RL vector and a substrate-
linked FL vector cannot fully serve to replace our single fusion
protein approach, as the two individually transcribed mRNAs
may be affected or translated differently in the presence of
added drugs. Through adaptation of proper substrates, this
method allows high-throughput screening for both inhibitors
and activators of other E3 ubiquitin ligases, for example, the E3
of N-end rule pathway that was used in our secondary screen.
Hence, this cell-based in vivo high-throughput screening sys-
tem is a highly sensitive, cost effective, and convenient system
for screening modulators of E3 ubiquitin ligases. Alternatively,
fluorescent proteins such as YFP and CFP might also be used as

Figure 3. Counterscreen using the N-end rule pathway. A, a schematic of the pRUF–R-ek construct. The pRUF–R-ek is designed similarly to pRUF-RHOB (Fig.
1A) except that triple FLAG-tagged FL-RHOB is replaced by R-ek–FLAG-FL. B, immunoblotting assay of the steady-state levels of R-ek–FL. HEK293T cells were
transfected with pRUF–R-ek with or without HA/SMURF1 as indicated. After 3 h treatment with or without 10 �M MG-132, steady-state protein levels were
determined by immunoblotting total cell lysates using indicated antibody. C, luciferase assay of R-ek–FL. HEK293T cells were transfected with or without
HA/SMURF1 and pRUF–R-ek, and treated with or without MG-132 as in (B). The activities of FL and RL were then measured and plotted as FL/RL. D, counter-
screen of selected compounds from the primary screen. HEK293T cells transfected with pRUF–R-ek were treated 6 h with 10 �M of each of the 37 compounds
identified in the primary screen. DMSO and MG-132 were used as negative and positive controls, respectively. The effect of each compound on the FL-RHOB/RL
or R-ek–FL/RL ratio was plotted relative to the mean of the eight DMSO-treated control wells, respectively. Solid lines represent the mean � 4 � S.D. of the DMSO
controls, as indicated. Arrow and asterisk show the compound that had minimal effect on R-ek–FL/RL ratio.
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reporters in our high-throughput screening system, which will
further cut down the cost and even will be able to provide a
real-time monitoring system for living cell assays. In addition,
we observed some conjugation products of RL-UbR48, although
these conjugations had no significant effect on RL activity so
that did not affect the screen, suggesting that RL-UbR48 can still

be used as a source of ubiquitin for conjugation reactions
and/or be conjugated with Ub. Therefore, a Ub mutant with all
K to R substitutions and mutation(s) that may preclude it as a
substrate of E3 Ub ligases for conjugation reactions but not
affect the cleavage by Ubps might be a better choice in the
future application of this method.

Figure 4. HS-152 inhibits SMURF1-mediated ubiquitination and degradation. A, HS-152 inhibits SMURF1-mediated RHOB degradation in a dose-
dependent manner. HEK293T cells were transfected with FLAG-tagged RHOB (F/RHOB) and WT or C699A FLAG-tagged SMURF1 (F/SMURF1) as indicated.
After overnight treatment with or without different doses of HS-152, total cell lysates were subjected to immunoblotting using indicated antibodies.
The steady-state protein levels were quantified using Image Lab software (Bio-Rad) with �-actin as a loading control. Results were plotted in right panel
as the levels of F/RHOB in cells co-transfected with WT F/SMURF1 and F/RHOB at each dose of HS-152 treatment relative to the level of F/RHOB in cells
transfected with F/RHOB alone and without HS-152 treatment. B, HS-152 inhibits SMURF1-mediated RHOA degradation in a dose-dependent manner.
HEK293T cells transfected with indicated FLAG-tagged RHOA (F/RHOA) and F/SMURF1 (WT or C699A) were treated with different doses of HS-152 and
subjected to immunoblotting and then quantified and plotted as in (A). C, HS-152 inhibits SMURF1-mediated SMAD1 degradation in a dose-dependent
manner. HEK293T cells transfected with indicated FLAG-tagged SMAD1 (F/SMAD1) and F/SMURF1 (WT or C699A) were treated with a different dose of
HS-152 and subjected to immunoblotting and then quantified and plotted as in (A). D, HS-152 up-regulates endogenous RHOB levels through SMURF1.
HEK293T cells transfected with control shRNA (sh-Con) or shRNA against SMURF1 (sh-SMURF1) and treated 4 h with or without 2 �M HS-152 and then
subjected to immunoblotting assay. The lower panel presents quantitative analysis of Western blotting results (mean � S.D. of three independent
experiments). E, HS-152 inhibits SMURF1-mediated RHOB ubiquitination in vitro. FLAG-tagged RHOB (F/RHOB) and His-tagged SMURF1 (His/SMURF1)
expressed and purified from bacteria were subjected to an in vitro ubiquitination assay in the absence or presence of different doses of HS-152 as
indicated. The reaction products were then subjected to anti-FLAG immunoprecipitation (IP) followed by immunoblotting assay to detect ubiquitin-
conjugated RHOB ((Ub)n-RHOB) using an anti-ubiquitin antibody.
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Recent studies indicate that SMURF1 and SMURF2 are also
involved in cancer progress (34). SMURFs negatively regulate
TGF� signaling by targeting TGF� receptors and R-SMADs.
Intriguingly, TGF� signaling plays a complex role during tumor
progress. In normal tissue TGF� is a tumor suppressor, but in
later stages of cancer progression TGF� can often stimulate a
metastatic phenotype (35). Therefore, the dual role of TGF�
signaling in tumorigenesis leads to a dilemma for therapeutic
purpose through either stimulating or suppressing TGF� sig-
naling. Our previous studies showed that SMURF1 regulates
cell polarity, protrusive activity, and TGF�-dependent EMT by
targeting small GTPase RHOA for degradation, suggesting that
SMURF1 plays a key role at late stages of tumorigenesis through
promoting invasiveness and metastasis of tumor cells (11, 12).
A potential way for cancer treatment we proposed could be
through inhibiting SMURF1 activity, which will block metasta-
sis of tumor cells without impairing TGF�-induced cell growth
inhibition.

Previous study using a virtual screening strategy identified
small-molecule compounds that block the interaction of
SMURF1 WW1 domain and SMAD1/5 therefore inhibit
SMURF1-mediated SMAD1/5 ubiquitination (36). Using the
same strategy, Zhang et al. (37) identified small compounds
that target Ub-binding region of SMURF1 HECT domain to
inhibit SMURF1 ligase activity. However, all these compounds
only showed effects on blocking SMURF1-mediated SMAD1/5
degradation but not RHOA degradation; therefore, it is not clear
whether they are able to prevent tumor cell migration and EMT.
Through our screen, we successfully identified a potent SMURF1
small-molecule inhibitor, which not only blocks SMURF1-medi-
ated SMAD1 degradation, but also blocks SMURF1-mediated
RHOA or RHOB degradation. Indeed, this compound dramati-
cally blocked SMURF1-regulated protrusive activity and TGF�-
induced EMT, but did not inhibit TGF�/SMAD pathway. Thus,
the SMURF1 inhibitor we obtained in this screen could be a poten-
tial lead compound for cancer therapy to block TGF�-promoted
tumor metastasis.

Experimental procedures

DNA constructs and reagents

Constructs for expression of human SMURF1 (WT and
C699A), SMURF2 (WT and �C2), RHOA, RHOB, and
SMAD1 have been described previously (7, 12, 14, 23, 38).
SMURF1-F728A mutant was generated by PCR-based site-
directed mutagenesis. pRUF-RHOB was generated by PCR
FL from pGL2 vector (Promega), RL from pRL-CMV (Pro-

mega), RHOB from pCMV5-RHOB (14), Ub-K48R from
pcDNA3-URT construct (gift from Dr. A. Varshavsky), and
then sequentially cloned into pCMV5 vector. One triple
FLAG tag was added to the N-terminal of RL, and another
triple FLAG tag was inserted between Ub and FL (Fig. 1A).
The pRUF–R-ek was modified from pRUF-RHOB using
Arg-ek (R-ek)-FL to replace FL-RHOB. The arginine (R) res-
idue of R-ek was directly after Ub. The ek was generated by
PCR from pGEX-4T-1 vector (GE Healthcare). A FLAG tag
was inserted between ek and FL to allow for easy detection of
the fusion protein (Fig. 3A). Short hairpin RNAs (shRNAs)
against SMURF1 and RHOA were described previously (14).
Dual-Glo assay reagent is from Promega. MG-132 is from
Sigma-Aldrich.

Cell culture and transfection

HEK293T and MDCK cells were grown in high-glucose Dul-
becco’s modified Eagle’s medium (HyClone) containing 10%
(v/v) fetal calf serum (Gibco), 100 units/ml streptomycin and
penicillin (EMD Millipore) at 37 °C in a humidified 5% CO2
incubator. HEK293T cells were transiently transfected using
the calcium-phosphate method as described previously (39).

URT–Dual-Luciferase assay

HEK293T cells were trypsinized 16 h after transient transfec-
tion with the desired constructs, then seeded at a density of
20,000 cells per well in 96-well plates and allowed to attach for
8 –10 h. Subsequently, the cells were treated with different
compounds from the compound library for 12–16 h incubation
before applied to measure activities of firefly luciferase and
Renilla luciferase using the Dual-Glo Luciferase Assay System
(Promega) according to the company’s protocol using a Varios-
kan Flash Multimode Microplate Reader (Thermo Scientific).

Immunoblotting, in vitro ubiquitination, and
immunofluorescence assays

Immunoblotting and in vitro ubiquitination assay were per-
formed as described previously except RHOB was used instead
of RHOA (39). Immunofluorescence was performed as
described previously (14) and fluorescence imaging was done
by a Leica TCS SP8 confocal microscope. The antibodies used
were anti-FLAG M2 mAb (Sigma-Aldrich), anti-HA mAb
(Santa Cruz Biotechnology, SC7392), anti-ubiquitin P4D1 mAb
(Santa Cruz Biotechnology, SC8017), anti-His antibody (Santa
Cruz Biotechnology, SC8036), anti-SMURF1 antibody (Abcam,
ab57573), anti-RHOB antibody (Santa Cruz Biotechnology,

Figure 5. HS-152 inhibits catalytic activities of SMURFs. A, HS-152 inhibits auto-ubiquitination of SMURF1 and SMURF2-�C2 in cells. HEK293T cells were
transfected with HA-tagged ubiquitin (HA/Ub) and FLAG-tagged SMURF1, SMURF2-�C2, NEDD4 –1, or NEDD4 –2 as indicated. The cells were treated 3 h with
40 �M MG-132 and then subjected to anti-FLAG immunoprecipitation (IP) followed by immunoblotting assay to detect ubiquitin-conjugated E3s ((Ub)n-E3)
using anti-HA antibody. B, HS-152 inhibits auto-ubiquitination of SMURF1 and SMURF2-�C2 in vitro. Purified SMURF1, SMURF2-�C2, NEDD4 –1, and NEDD4 –2
were subjected to an in vitro auto-ubiquitination assay in the absence or presence of HS-152 at the indicated concentrations and ubiquitin-conjugated E3s
((Ub)n-E3) were detected by immunoblotting with anti-ubiquitin antibody. C, HS-152 does not inhibit E2 UBCH7 ubiquitin conjugation. E2 UBCH7 conjugation
by E1 enzyme was conducted with varying concentrations of HS-152 as indicated. Reactions were stopped in nonreducing SDS sample buffer and then were
applied to immunoblotting under nonreducing condition (left panel), or were reduced using DTT prior to SDS-PAGE (right panel). Ubiquitin and ubiquitin
conjugated to UBCH7 via the reductant-sensitive thioester bond are indicated. D, HS-152 does not affect binding of E2 to Smurf1. Purified Smurf1 and UBCH7
were subjected to GST pulldown assay in the absence or presence of indicated amount of HS-152. E, HS-152 does not affect formation of ubiquitin-thioester
intermediate in vitro. Purified Smurf1-F728A mutant was subjected to an in vitro auto-ubiquitination assay in the absence or presence of indicated amount
HS-152. Reactions were stopped as in (C) to examine the thioester bond formation. F, HS-152 is a reversible inhibitor of SMURF1. Purified SMURF1 was
incubated with 5 �M HS-152 for 20 min and then carried out with or without washing three times, as indicated, before subjected to an in vitro auto-
ubiquitination assay.
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SC180), anti–ZO-1 antibody (EMD Millipore, MABT11), anti-
vimentin antibody (BD Biosciences, 550513), anti-SMAD2
mAb (Cell Signaling Technology, 3122S), anti–p-SMAD2 mAb
(Cell Signaling Technology, 3108S), anti–�-actin mAb (Santa
Cruz Biotechnology, SC47778), and anti-GAPDH mAb (Santa
Cruz Biotechnology, SC32233). Phalloidin conjugated to Texas
Red (Invitrogen) was used to visualize F-actin.

Statistical analysis

Two-tailed Student’s t tests were performed to evaluate sta-
tistical significance. p � 0.05 was considered a statistically sig-
nificant change. *, p � 0.05; **, p � 0.01; ***, p � 0.001. All the
values were presented as mean � S.D. of at least triplicate
experiments.

Figure 6. HS-152 inhibits cell protrusive activity and TGF�-induced EMT. A, HS-152 has a similar effect with SMURF1 shRNA on inhibiting protrusive activity
of HEK293T cells. Twenty-four h after being transfected with control shRNA (sh-Con) or shRNA against SMURF1 (sh-SMURF1) (lower panel), or overnight after
being treated with or without 1 �M HS-152 (upper panel) as indicated, HEK293T cell morphology was imaged by phase contrast microscopy. B, HS-152– caused
loss of protrusion depends on RHOA. HEK293T cell morphology was imaged by phase contrast microscopy 24 h after co-transfection with the indicated
combination of sh-SMURF1 and sh-Con or shRNA against RHOA (sh-RHOA) (lower panel), or treated another 4 h with DMSO or 1 �M HS-152 20 h after
transfection with sh-Con or sh-RHOA (upper panel) as indicated. C and D, knockdown of SMURF1 blocks TGF�-induced EMT. MDCK cells transduced with
lentivirus encoding sh-Con or sh-SMURF1 were treated 20 h with or without 100 pM TGF�, and then subjected to immunofluorescence assay. ZO-1 staining was
detected with an anti-ZO-1 antibody (green), and F-actin was visualized with Texas red-conjugated phalloidin (red) (C). The percentages of cells with tight
junctions (TJs) were plotted in (D). Five random areas were counted for each experiment and data of three independent experiments were assessed and
represented as mean � S.D. (D). E, knockdown efficiency of SMURF1. MDCK cells transduced with lentivirus encoding sh-Con or sh-SMURF1 were subjected to
immunoblotting assay to examine the knockdown efficiency of SMURF1. F and G, HS-152 inhibits TGF�-induced EMT. MDCK cells pretreated 12 h with DMSO
or 0.05 �M HS-152 were treated another 20 h with or without 100 pM TGF� and then subjected to immunofluorescence assay (F). Quantification of cells with
tight junctions was as in (D).
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Figure 7. HS-152 does not interfere with TGF�/SMAD pathway. A, HS-152 does not inhibit TGF�-induced phosphorylation of SMAD2. MDCK cells pre-
treated 12 h with DMSO or 0.05 �M HS-152 were treated 20 h with or without 100 pM TGF� and then subjected to immunoblotting of total cell lysates with
indicated antibodies. B, HS-152 does not hinder the nuclear accumulation of SMAD2 in response to TGF� treatment. MDCK cells pretreated 12 h with or without
0.05 �M HS-152 were treated another 20 h with or without 100 pM TGF�, and then subjected to immunofluorescence assay. ZO-1 staining was detected with
an anti-ZO-1 antibody (green), and SMAD2 was detected with an anti-SMAD2 antibody (red). C, HS-152 does not block TGF�-induced vimentin expression.
MDCK cells treated as in (B) were subjected to immunofluorescence assay to detect ZO-1 (green) and vimentin (red) staining using anti–ZO-1 and anti-vimentin
antibodies, respectively. D, HS-152 blocks TGF�-induced down-regulation of ZO-1 but not up-regulation of vimentin. MDCK cells treated as in (B) were
subjected to immunoblotting assay with indicated antibodies.
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