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USP4 inhibits SMAD4 monoubiquitination and
promotes activin and BMP signhaling
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Abstract

SMAD4 is a common intracellular effector for TGF-p family cytoki-
nes, but the mechanism by which its activity is dynamically regu-
lated is unclear. We demonstrated that ubiquitin-specific protease
(USP) 4 strongly induces activin/BMP signaling by removing the
inhibitory monoubiquitination from SMAD4. This modification was
triggered by the recruitment of the E3 ligase, SMURF2, to SMAD4
following ligand-induced regulatory (R)-SMAD-SMAD4 complex
formation. Whereas the interaction of the negative regulator c-SKI
inhibits SMAD4 monoubiquitination, the ligand stimulates the
recruitment of SMURF2 to the c-SKI-SMAD2 complex and triggers
c-SKI ubiquitination and degradation. Thus, SMURF2 has a role in
termination and initiation of TGF-p family signaling. An increase in
monoubiquitinated SMAD4 in USP4-depleted mouse embryonic
stem cells (mESCs) decreased both the BMP- and activin-induced
changes in the embryonic stem cell fate. USP4 sustained SMAD4
activity during activin- and BMP-mediated morphogenic events in
early zebrafish embryos. Moreover, zebrafish depleted of USP4
exhibited defective cell migration and slower coordinated cell
movement known as epiboly, both of which could be rescued by
SMAD4. Therefore, USP4 is a critical determinant of SMAD4
activity.
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Introduction

Transforming growth factor B (TGF-B) family members, which
include the TGF-fs, activins, and bone morphogenetic proteins
(BMPs), play pivotal roles in controlling stem cell fate,

& Peter ten Dijke®"

embryogenesis and the maintenance of tissue homeostasis.
Dysregulation of TGF-f family activity causes developmental
defects and diseases (Massagué, 2008; Ikushima & Miyazono,
2010). TGF-B family ligands bind and activate specific heteromeric
type I and type II serine-threonine kinase receptor complexes.
The TGF-B/activin type I receptors, also termed activin receptor-
like kinase (ALK) 5 and 4, mediate carboxy terminal phosphoryla-
tion of receptor-regulated (R)-SMADs, that is, SMAD2 and
SMAD3, whereas BMP type I receptors (i.e. ALK1/2/3/6) phos-
phorylate R-SMAD1, SMADS, and SMADS8. Activated R-SMADs
hetero-oligomerize with the common mediator (Co)-SMAD4,
translocate into the nucleus, and regulate the expression of target
genes (Massagué, 2008; Kang et al, 2009; Moustakas & Heldin,
2009; Ikushima & Miyazono, 2010). SMAD3 and SMAD4 directly
bind to a 5YCAGACA3' DNA sequence, called the SMAD-binding
element (SBE) (ten Dijke & Hill, 2004).

The TGF-B family receptors and downstream SMAD proteins
are subject to complex regulation by reversible interactions with
other proteins, changes in subcellular localization and post-
translational modifications. Emerging studies have revealed key
roles for ubiquitin addition and removal from TGF-B family
components, processes that are mediated by specific E3 ubiquitin
ligases and deubiquitinating enzymes (DUBs), respectively (Lonn
et al, 2009; De Boeck & ten Dijke, 2012). The E3 ligases
SMURF1/2 play prominent roles in the poly-ubiquitination and
degradation of TGF-B family signaling components. SMURFs have
also been shown to indirectly ubiquitinate proteins by forming
complexes with R-SMADs or I-SMADs that contain proline-rich
PPXY motifs that are recognized by a tryptophan-rich WW
domain in SMURFs (Bonni et al, 2001; Morén et al, 2005).
Ubiquitin-specific proteases (USP)4, 11, and 15 act as DUBs for
TGF-B type I receptor and/or R-SMADs (Inui et al, 2011;
Al-Salihi et al, 2012; Eichhorn et al, 2012; Zhang et al, 2012).
SMAD4 is monoubiquitinated at Lysine 519, which inhibits the
formation of a complex with activated, phosphorylated SMAD2
(Dupont et al, 2009). The E3 ligase TRIM33/Ectodermin, which
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contains a PHD domain and a bromodomain, has been impli-
cated in mediating the inhibitory monoubiquitination of SMAD4
in a histone-dependent manner (Agricola et al, 2011). Other
reports, however, have concluded that TRIM33/Ectodermin inter-
acts with activated SMAD2/3 and functions to control erythroid
differentiation independently of SMAD4 (He et al, 2006). More-
over, in mammalian embryonic cells, TRIM33/Ectodermin was
found to be required for SMAD2/3-SMAD4 binding and activa-
tion of poised promoters (Xi et al, 2011).

c-SKI negatively regulates TGF-f family signaling by interacting
with R-SMADs and SMAD4 and recruiting transcriptional suppres-
sors, such as histone deacetylates and protein arginine methyltrans-
ferases. The resulting complexes compete with the co-activator
p300/CBP (Akiyoshi et al, 1999; Luo et al, 1999; Sun et al, 1999).
c-SKI inactivates R-SMAD-SMAD4 complex formation (Wu et al,
2002) and can inhibit monoubiquitination of SMAD4 (Wang et al,
2008). Moreover, by binding SMADs and co-repressors, c-SKI can
maintain TGF-B-responsive promoters in a repressed state (Luo
et al, 1999; Suzuki et al, 2004; Tabata et al, 2009). Interestingly,
TGF-B stimulation rapidly induces c-SKI degradation (Sun et al,
1999) and the E3 ligase RNF111 has been implicated in this
response (Le Scolan et al, 2008).

In this study, we demonstrated that USP4 acts as a potent activa-
tor of both activin and BMP signaling by directly de-ubiquitinating
the monoubiquitinated SMAD4 that is formed by R-SMAD-SMURF2-
induced monoubiquitination. USP4 ensures that the levels of SMAD
hetero-oligomers are sustained and the SMAD4 DNA binding affinity
is enhanced. It also enables an efficient re-use of SMAD4. Moreover,
we have provided evidence that SMURF2 is a mediator of the TGF-
B/SMAD-induced c-SKI degradation that permits SMAD signaling to
initiate. Our results show that USP4 enhances SMAD4-mediated
activin and BMP pathways in mouse embryonic stem cells (mESCs)
and is required for early zebrafish embryogenesis. Because SMAD4
dysfunction is involved in cancer and other diseases, our findings
could have relevance for understanding and treating these
conditions.

Figure 1. USP4 is required for activin- and BMP-induced SMAD signaling.
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Results
USP4 is required for SMAD signaling

To search for DUBs critical to activin/SMAD signaling, we
performed a gain-of-function screen by overexpressing 74 DUB
cDNAs (Sowa et al, 2009), and measuring their effects on a SMAD2-
SMAD4-dependent transcriptional luciferase reporter (Labbé et al,
1998). Several DUBs, including USP4, potently activated the activin
A (hereafter activin)-induced signal (Figs 1A and EV1A and B). Of
note, USP9X was previously reported to activate TGF-f/nodal
signaling (Dupont et al, 2009); however, when it was tested sepa-
rately (because it was not included in the DUB library), USP9X had
no significant effect on the activity of the reporter (Fig EV1C). Wild-
type USP4 (USP4-WT) potentiated the activin-SMAD signaling in
HepG2 cells. By contrast, a mutant harboring a point mutation in
the active site cysteine (USP4 C311S, hereafter called USP4-CS) was
unable to stimulate the reporter (Fig 1B), showing that the catalytic
activity was essential. Knockdown assays demonstrated that USP4
was required for optimal induction of the activin-SMAD-mediated
transcriptional response (Figs 1C and EV1D). Ectopic expression of
USP4-WT, but not USP4-CS, increased the magnitude and the dura-
tion of the activin-induced SMAD2-SMAD4 complex formation, but
not the levels of SMAD2 phosphorylation in HepG2 cells (Fig 1D).
Consistent with these data, depletion of endogenous USP4 with two
independent shRNAs had the opposite effect in HepG2 cells
(Fig 1E). Moreover, the activin-induced SMAD2-SMAD4 complex
formation was attenuated in USP4-deficient mouse embryonic
fibroblasts (USP4~/~ MEFs) (Fig 1F). The impaired expression of
the activin/SMAD target genes in USP4~/~ MEFs was rescued by
ectopic expression of USP4-WT, but not the USP4-CS mutant
(Fig EV2A).

Subsequently, we investigated the role of USP4 in BMP/SMAD
signaling. USP4-WT, but not USP4-CS, promoted the BMP/SMAD-
mediated transcriptional response, and USP4 depletion
reduced BMP-induced reporter activation (Fig EV2B and C). The

A DUB cDNA screening data from HEK293T cells. USP4, which strongly activates the TGF-B-induced SMAD2-SMAD4-dependent ARE-Luc transcriptional reporter, is
indicated (with green square). Testing refers to the analysis of individual cDNAs. Transfection with constitutively active (ca)ALK4 or SMAD2 together with SMAD4
was included as controls that potently activate the response (indicated with yellow and red squares, respectively). The inhibitory SMAD7 was used as control that
potently inhibits the response (blue square); the x- and y-axes are the relative luciferase activity in two replicates, P < 0.01.

Effect of USP4 wild-type (USP4-WT) and the USP4 mutant that lacked de-ubiquitinating enzyme activity (USP4-CS) (B) or knockdown (shUSP4 #1 and #2) (C). The

ARE-Luc transcriptional response induced by activin A (50 ng/ml) in HepG2 cells. The data are presented as means + SD. Co.vec, empty vector; Co.sh, non-targeting

overexpression of USP4-WT or USP4-CS (D) or stable knockdown of USP4 with shRNA (shUSP4 #1 and #2) (E), after stimulation with activin A (50 ng/ml) for the

B, C
shRNA. * indicates statistical significance (P < 0.05). Experiments were performed in triplicate.

D, E Immunoprecipitation (IP) and immunoblot (IB) analyses of SMAD2-SMAD4 complex formation and SMAD2 phosphorylation in HepG2 cells following stable
indicated times. IB for actin was included as loading control.

F,G

A (50 ng/ml) or BMP2 50 ng/ml) for the indicated times.

IP and IB analyses of SMAD2-SMAD4 (F) or SMAD1/5-SMAD4 (G) formation in wild-type (USP4”/+) and USP4 knockout (USP4’/’) MEFs after stimulation with activin

H Relative expression levels of zebrafish sox32, gata5, and goosecoid (gsc) in embryos, as indicated by quantitative real-time PCR (QRT-PCR). The quantified mRNA
levels were normalized to B-actin and presented relative to control embryos. * indicated the statistical significance (P < 0.05). Experiments were performed on at

least three independent injected embryos.

I, Inhibitory action of usp4 depletion on activin- and bmp4-induced phenotype. Embryos were fixed and hybridized with probes for sox32, gata5 and goosecoid (gsc)
(1) and bmp2 and evel ()). See also the overview images of the embryos in the Fig EV2F and G.

K The relative expression levels of zebrafish bmp2 and evel as indicated by qRT-PCR. The quantified mRNA levels were normalized to B-actin are presented relative
to control embryos. * indicates statistical significance (P < 0.05). Experiments were performed on at least three independent injected embryos.

Data information: (B, C; H; K) two-tailed, unpaired t-test.
Source data are available online for this figure.
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BMP-induced SMAD complex (SMAD1/5-SMAD4) was stabilized by
USP4-WT, whereas BMP-induced SMAD1 phosphorylation remained
unchanged (Fig EV2D). USP4 depletion impaired the formation of
the BMP-induced SMAD complex (SMAD1/5-SMAD4), but had no
effect on SMAD1 phosphorylation (Fig EV2E). Compared to the
wild-type MEFs, the formation of the BMP-SMAD (SMAD1)-SMAD4
complex was reduced in USP4~/~ MEFs (Fig 1G). We further exam-
ined USP4 function in zebrafish embryos. Consistent with the
results obtained with cultured cells, quantitative real-time PCR
(qQRT-PCR) analysis and in situ hybridization showed that usp4-
depleted zebrafish embryos express only low amounts of the activin
signaling targets sox32, gataS, and gsc (Figs 1H and [, and EV2F and
G). In addition, usp4 depletion was associated with a severe defect
in the nodal-related squint (sqt)-initiated responses (Fig EV3). These
results are in line with our previous observations that ectopic
expression of usp4 mRNA in zebrafish strongly promotes the expres-
sion of the Nodal target genes goosecoid (gsc) and notail (ntl)
(Zhang et al, 2012). Similarly, induction of the bmp2 and evel
mesodermal markers by ectopic expression of bmp4 and bmp7 was
impaired in usp4 morphants (Fig 1J and K). Expression of target
BMP genes such as vox and vent was stimulated by usp4 mRNA
ectopic expression and impaired by MO-mediated usp4 depletion
(Fig EV2H). Taken together, these results indicated that USP4 is a
critical activator of activin- and BMP-SMAD signaling in mammalian
cells and zebrafish embryos.

USP4 interacts with SMAD4 and targets monoubiquitinated
SMAD4 for deubiquitination in vitro

The fact that USP4 did not affect activin/BMP-induced SMAD phos-
phorylation but did promote maintenance of the SMAD hetero-
oligomer complex indicated that USP4 acts downstream of the
activin/BMP type I receptor. Indeed, unlike its activity toward the
TGF-B type I receptor (Zhang et al, 2012), USP4 did not act as a
DUB for the activin/BMP type I receptors. We therefore tested
whether USP4 targets the Co-SMAD or the I-SMAD. Overexpressed
USP4 did bind to SMAD4, but not to SMAD7 (Fig 2A). Moreover,
USP4 co-localized with SMAD4 in the cytoplasm (Appendix Fig S1)

USP4 controls SMAD4 activity ~ Fangfang Zhou et al

and recombinant USP4 associated with SMAD4 in vitro using a
glutathione S-transferase (GST) pull-down assay (Fig 2B). Next, we
investigated whether USP4 affects SMAD4 ubiquitination. Figure 2C
shows that a SMAD4-USP4-WT complex was not ubiquitinated,
whereas SMAD4 bound to the USP4-CS mutant was highly ubiquiti-
nated (of which the main fraction was monoubiquitinated). Purified
(GST)-USP4 WT but not GST-USP4-CS removed the monoubiquitin
from SMAD4 (Fig 2D). We therefore tested whether USP4 specifi-
cally acts as a DUB for the monoubiquitinated SMAD4 by perform-
ing in vitro de-ubiquitination assays. We purified active USP4 and
determined its de-ubiquitinating activity by measuring its ability to
cleave a ubiquitin-AMC substrate (Fig 2E). As shown in Fig 2F, two
forms of Flag-SMAD4 were purified from transfected HEK293T cells:
unmodified SMAD4 and a higher molecular weight form, which
corresponded (by size) to monoubiquitinated SMAD4. This modified
SMAD4 was rapidly converted to free SMAD4 when it was incu-
bated with increasing doses of USP4 consistent with the idea that
USP4 cleaves the monoubiquitin from SMAD4 in vitro. To further
test this idea, we purified ubiquitinated SMAD4 (mainly monoubig-
uitinated SMAD4) and showed that it was cleaved upon incubation
with USP4 (Fig 2G). This occurred rapidly; 50% of the monoubiqui-
tinated SMAD4 was cleaved within 20 min of the addition of USP4
(Fig 2H). Taken together, our results demonstrate that monoubiqui-
tinated SMAD4 is a substrate of USP4.

Consistent with a previous report (Dupont et al, 2009), site-
specific mutation of Lysine 519 to arginine abolished the SMAD4
monoubiquitination (Fig 2I). To address whether USP4 specifically
targets SMAD4 Lysine 519 monoubiquitination, we covalently
linked a 21-amino acid SMAD4 peptide containing Lysine 519
(SMAD4 amino acids 508-529) to a ubiquitin molecule in vitro
and incubated this substrate with 100 nM of active USP4. The
level of the ubiquitinated SMAD4 peptide decreased when it was
incubated with USP4 and there was a concomitant increase in
free SMAD4 peptide (Fig 2J). These data suggest that the ubiqui-
tin molecule covalently linked to SMAD4 is cleaved by USP4
and that a minimal SMAD4 region that includes the putative
monoubiquitination site is sufficient for USP4-mediated de-
ubiquitination (Fig 2J).

Figure 2. USP4 interacts with SMAD4 and de-ubiquitinates mono-ubiquitinated SMAD4 in vitro.
A Immunoblot (IB) analysis of whole-cell lysate (TCL) and immunoprecipitates derived from HEK293T cells transfected with Myc-USP4 and Flag-SMAD4 or SMAD?.

B 1B analysis of purified SMAD4 bound to GST-USP4 in vitro.

C 1B analysis of whole-cell lysate and immunoprecipitates derived from HEK293T cells transfected with Flag-SMAD4, Myc-USP4 WT, or USP4 C311S and
immunoprecipitated with anti-Myc and subsequently anti-Flag antibodies. 1, Flag-SMAD4; 2, Flag-SMAD4+Myc-USP4 WT; 3, Flag-SMAD4+Myc-USP4-CS. Position of

mono- and polyubiquitinated SMAD4 on the IB is indicated.

D The HA-ubiquitinated SMAD4 substrate (purified using denaturing conditions) was incubated with purified recombinant USP4 WT or USP4 CS at 37°C for 1 h. The
reaction was terminated by the addition of SDS sample buffer followed by a 2-min heat denaturation at 95°C. The reaction products were evaluated using IB analysis.

E Analysis of the kinetic hydrolysis of the ubiquitin-AMC substrate by USP4. Fluorescence excitation wavelength, 380 nm; emission wavelength, 460 nm.

F 1B analysis of purified Flag-SMAD4 protein incubated with increasing concentrations of recombinant USP4 for 30 min. The mono-ubiquitinated SMAD4 was removed

by USP4, while the amount of free SMAD4 remains constant.

G The effect of an optimal concentration (20 nM) of recombinant USP4 on the cleavage of monoubiquitinated SMAD4 shown by anti-Flag Western blotting. Right
panel shows quantified percentage of free SMAD4. The line indicates where the gel has been cut; all samples were run on the same gel. See also the source data.
H The kinetic effect of an optimal concentration (20 nM) of recombinant USP4 on the cleavage of monoubiquitinated SMAD4. Right panel shows quantified percentage

of substrate.

| Lysine 519 of SMAD4 is monoubiquitinated. IB analysis of whole-cell lysate and immunoprecipitates derived from HEK293T cells that stably expressed HA-Ub and

were transfected with Flag SMAD4 or Flag-SMAD4 K519R.

] Deubiquitination of TAMRA-labeled SMAD4 508-529 peptide covalently ubiquitinated on K519, incubated with 100 nM USP4. Samples taken from the reaction at
various time points were loaded on SDS—PAGE, visualized (upper panel), and quantified (lower panel) using the TAMRA (tetramethylrhodamine) fluorescence.

Source data are available online for this figure.
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USP4 removes SMAD4 monoubiquitination in vivo

Next, we investigated the physical and functional interactions
between USP4 and SMAD4 in cells. Interestingly, co-expression of
SMAD4 and USP4 (WT or mutant versions) revealed that whereas
monoubiquitinated SMAD4 efficiently interacted with USP4, the
SMAD4-K519R mutant (lacking the putative monoubiquitination
site) failed to bind to USP4. Consistent with this finding, an artifi-
cial monoubiquitinated SMAD4 peptide mimic, that is, the C-term-
inal ubiquitin-fused SMAD4, had enhanced affinity for USP4
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(Fig 3A). Thus, USP4 preferentially interacts with monoubiquiti-
nated SMAD4, and the two proteins appear to dissociate following
its deubiquitination.

To analyze whether USP4 acts as a DUB for monoubiquiti-
nated SMAD4 in vivo, we transfected HEK293T cells with expres-
sion plasmids encoding the HA-tagged wild-type ubiquitin or
mutants (K48- and K63-, that form only Lys-48 or only Lys-63
polyubiquitin chains, respectively). The Flag-tagged SMAD4
proteins were then affinity-purified, and their ubiquitination
status was visualized by immunoblotting for HA-ubiquitin. Both
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Figure 3. USP4 removes monoubiquitin from SMADA4 in vivo.

Immunoblot (IB) analyses of whole-cell lysates and immunoprecipitates derived from HEK293T cells that had been transfected with the indicated plasmids (A-F).

A
cut, see also source data.

B Cells that stably expressed HA-Ub were transfected with Flag-SMAD4, Myc-USP4 WT, or Myc-USP4-CS.

(@]

data.
E Cells that stably expressed HA-Ub were transfected with Myc-USP4-WT or Myc USP4-CS.

o m

that expressed HA-Ub.

H Schematic that depicts USP4 removing SMAD4 monoubiquitination.

Source data are available online for this figure.

mono- and poly-ubiquitination appeared as modifications of the
Flag-tagged SMAD4 (Fig 3B). Both the K48- and K63- Ub mutants
were found to be conjugated to SMAD4, indicating that multiple
types of polyubiquitination can occur on SMAD4 (Fig 3C).
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inactive

Cells were transfected with Flag-SMAD4, Myc-USP4-WT, and Lysine 48 mutated (K48-) or Lysine 63 mutated (K63-) Ub.
Cells that stably expressed HA-Ub were transfected with Flag-SMADs and Myc-USP4. The black line indicates where the Western blot image was cut, see also source

Cells that stably expressed HA-Ub were transfected with control non-targeting shRNA (Co.sh) or USP4 shRNA (#1 or #2).
IB analysis of whole-cell lysate and immunoprecipitates derived from wild-type (USP4*/+) and USP4-deficient (USP4~/~) MEFs that had been infected with a lentivirus

Cells were transfected with Myc-USP4-CS as well as Flag-SMAD4 wt, SMAD4 K519R or SMAD4-Ub fusion. The black lines indicate where the Western blot image was

Ectopic expression of wild-type USP4 but not the catalytically
USP4-CS mutant

inhibited SMAD4 ubiquitination

(Fig 3B). Importantly, when we used ubiquitin mutants that form
only Lys-48 or only Lys-63 polyubiquitin chains, USP4 only

© 2017 The Authors
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Figure 4. The R-SMAD-SMURF2 complex mediates the ligand-induced SMAD4 monoubiquitination and termination of the SMAD signaling.

A

N

R-SMAD preferentially associates with free SMAD4. Immunoblot (IB) analysis of input and anti-SMAD2 immunoprecipitates derived from in vitro incubation of
purified SMAD2 protein together with SMAD4 or SMAD4-1xUb.

IB analysis of purified SMAD4 and SMAD4-1xUb of the input and the streptavidin SMAD-binding element (SBE) or the control oligonucleotide pull-down.

IB analysis of the total cell lysate (TCL) and streptavidin SBE pull-down derived from HEK293T cells that had been transfected with Flag-SMAD4 or Flag-SMAD4-1xUb.
The cells were treated with activin A (50 ng/ml) for 1 h.

TGF-B family ligands cause the disassociation of SMAD4 and USP4. IB analysis of whole-cell lysates (input) and immunoprecipitates derived from HEK293T cells that
were treated with activin A (50 ng/ml), BMP (50 ng/ml), or TGF-B (5 ng/ml) for 1 h.

Treatment with TGF-B (5 ng/ml)), activin A (50 ng/ml), and BMP2 (50 ng/ml) promotes SMAD4 monoubiquitination. IP with SMAD4 antibody followed with 1B
analysis of HEK293T cells that stably express HA-Ub. The black lines indicate where the Western blot image was cut, see also source data.

R-SMAD displaces USP4 from SMAD4. IB analysis of total cell lysate (TCL) and immunoprecipitates derived from HEK293T that had been transected with Myc-USP4
C311S and Flag-SMADs (SMAD1, -2, -3, or 5).

SMURF2 promotes SMAD4 monoubiquitination. HEK293T cells that stably expressed HA-Ub were transfected with Myc-tagged SMURF1 (wt/CA) or SMURF2 (WT/CG).
The cells were harvested for the SMAD4 ubiquitination assay (IP for SMAD4 followed by IB for HA-Ub).

The interaction between endogenous forms of SMAD4 and SMURF2 was promoted by stimulation with ligand (activin A (50 ng/ml), BMP2 (50 ng/ml), or TGF-

(5 ng/ml) or BSA control for 1 h in Hela Cells.

Activin A promotes the formation of the trimeric complex of SMURF2, SMAD2, and SMAD4. Flag-SMURF2 CA and Myc-SMAD2 were co-expressed in HEK293T cells.
Cells were harvested for immunoprecipitation, and Flag-peptide elution was conducted. A second IP with anti-SMAD4 antibody was performed, and the
immunoprecipitates were immunoblotted with anti-Flag, anti-SMAD4, and anti-Myc as indicated.

SMAD4 was monoubiquitinated in the SMAD4-R/SMAD/SMURF2 complex following stimulation with activin A (50 ng/ml) or BMP6 (50 ng/ml). HEK293T cells were
transfected with the indicated plasmids, and 36 h later, the cells were stimulated with the ligands for 1 h and then harvested for 2 sequential IPs; the first IP used
Flag beads, followed by Flag-peptide elution. The eluates were then denatured for the second IP with an anti-HA antibody.

Endogenous SMURF2 is required for efficient monoubiquitination of SMAD4. MDA-MB-231 cells that were infected with lentiviruses that encoded control (Co.shRNA)
or SMURF2 (shSMURF2) shRNA were harvested for the SMAD4 ubiquitination assay.

Wild-type SMURF2** and SMURF2-deficient (SMURF2~/~) MEFs that expressed HA-Ub were infected with lentivirus that encoded USP4 or SMURF2 and harvested for
the SMAD4 ubiquitination assay (IP for SMAD4 followed by IB for HA-Ub). Position of the monoubiquitinated SMAD4 is indicated with an arrowhead.

MDA-MB 231 cells that expressed the Control shRNA (Co.), Flag-SMURF2 (SMURF2), or USP4 shRNA (shUSP4) were treated with or without activin A (50 ng/ml) or
BMP (50 ng/ml). The cells were then harvested for ChIP using an anti-SMAD4 antibody. The SMAD-responsive region (PAl-1/SMAD7/ID1 promoter) and an
unresponsive control region of the same gene (control region) were analyzed by gRT-PCR. The data are presented as mean =+ SD of triplicate assays and represent at
least two independent experiments. * indicates statistical significance (P < 0.05). Two-tailed, unpaired t-test.

Schematic that depicts the dynamic control of monoubiquitination of SMAD4 mediated by the enzymatic activities of the R-SMAD-SMURF2 complex and USP4.

Source data are available online for this figure.

inhibited the conjugation of monoubiquitin to SMAD4 in a
deubiquitinating  activity-dependent manner (Fig 3C). USP4
appeared to act specifically on SMAD4, because it did not affect
the ubiquitination of other SMAD molecules (Fig 3D). Endoge-
nous SMAD4 was mainly modified by monoubiquitination, and
only trace amounts of polyubiquitination was observed (Fig 3E).
Ectopically expressed USP4-WT, but not the USP4-CS mutant,
abolished endogenous SMAD4 monoubiquitination (Fig 3E).
Importantly, loss of endogenous USP4 enhanced the monoubiqui-
tination of endogenous SMAD4 (Fig 3F), indicating that USP4 is
a critical regulator of SMAD4 in cells. Consistently, enhanced
SMAD4 monoubiquitination was observed in USP4-deficient MEF
cells compared with control cells (Fig 3G). Taken together, we
have shown that USP4 targets monoubiquitinated SMAD4 for
deubiquitination (Fig 3H).

R-SMAD/SMURF2 competes with USP4 for interaction with
SMAD4 and enables SMAD4 monoubiquitination upon
TGF-p stimulation

We found that SMAD4 monoubiquitination interferes with its ability
to form heteromeric complexes with R-SMADs evidenced by the
finding that SMAD1 and SMAD2 associated more efficiently with
free SMAD4 compared to monoubiquitinated SMAD4 (Figs EV4A
and 4A). Activated SMAD complexes recognize SMAD-binding
elements (SBEs) and we found that free SMAD4, but not the
monoubiquitinated SMAD4, was captured by an SBE oligonucleotide
(Fig 4B) suggesting that monoubiquitination blocks SMAD4 binding
to DNA. Moreover, ectopically expressed free SMAD4, but not the

© 2017 The Authors

SMAD4-ubiquitin fusion protein, enhanced the association of
SMAD2/SMAD3 to DNA (Fig 4C).

We observed that challenging cells with TGF-p family members
reduced the interaction between USP4 and SMAD4 (Fig 4D).
Accordingly, sharply increased SMAD4 monoubiquitination
occurred upon ligand stimulation (Fig 4E). In addition, USP4-WT,
but not the USP4-CS mutant, reduced ligand-induced SMAD4
monoubiquitination (Fig EV4B). These results suggest that the inhi-
bitory SMAD4 monoubiquitination might provide a negative feed-
back signal for TGF-$ family/SMAD signaling. Next, we mapped the
USP4-binding domain in the SMAD4 protein and found that USP4
bound to the SMAD4 MH2 domain (Fig EV4C), the same region that
is responsible for its binding to R-SMAD following C-terminal phos-
phorylation by the type I receptor (Fig EV4D and E). We hypothe-
sized that the activated R-SMAD might compete with USP4 for
SMAD4 binding. Indeed, ectopically expressed R-SMADs (shown as
SMAD1/2/3/5) disrupted the USP4-SMAD4 association (Fig 4F).
Moreover, overexpression of the R-SMAD MH2 domain (shown as
SMAD3 and SMADS5 MH2 domain) alone was sufficient to cause the
observed disruption (Fig EV4F and G). These results suggest that
ligand-induced R-SMAD-SMAD4 complex formation is necessary for
SMAD4 monoubiquitination.

Next, we screened the ability of different E3 ligases to stimulate
SMAD4 monoubiquitination. We found that SMURF2 was the most
active ligase. SMURF2 (but not SMURF1) promoted endogenous
SMAD4 monoubiquitination in an E3 ligase activity-dependent
manner (Fig 4G). Of note, we found that TRIM33/Ectodermin did
not affect SMAD4 monoubiquitination when co-transfected with
SMAD4. SMURF2 interacts with R-SMADs via a PY motif that is
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absent in SMAD4. SMURF2 might thus be recruited to SMAD4 via
R-SMADs upon ligand stimulation. Consistent with this notion (and
with the results shown in Fig 4E), when cells were stimulated with
TGF-B, endogenous SMAD4 was recruited to both ectopically
expressed and endogenous SMURF2 (Figs 4H and EV4H). In addi-
tion, SMAD4-SMAD1/SMAD2-SMURF2 formed a trimeric complex
(Figs 41 and EV4I). To further test whether R-SMAD might mediate
SMAD4 monoubiquitination by SMURF2, we isolated endogenous
SMAD4 from the ligand (activin or BMP6)-induced SMAD4-SMAD2-
SMURF2 complex and determined its level of ubiquitination.
Monoubiquitination of SMAD4 was triggered by SMURF2 when it

The EMBO Journal Vol 36 | No 11 | 2017

was part of a R-SMAD-containing complex (Fig 4J). Furthermore,
we depleted endogenous SMURF2 and observed decreased SMAD4
monoubiquitination (Fig 4K). Consistent with this, the SMAD4
monoubiquitination level was lower in SMURF2-deficient
(SMURF2™/~) MEFs. In SMURF2*/" and SMURF2~/~ MEFs, the
monoubiquitination of SMAD4 was reduced or increased by the
lentivirus-encoded expression of USP4 or SMURF2, respectively
(Fig 4L). We next determined whether R-SMAD-SMAD4 complex
binding to DNA requires USP4-mediated removal of the monoubiq-
uitin from SMADA4. For this, we used chromatin immunoprecipita-
tion (ChIP) to measure the recruitment of the SMAD4 to specific

© 2017 The Authors
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c-SKI inhibits SMAD4 monoubiquitination and SMURF2 Mediates Rapid Degradation of c-SKI.

HA-Ub-expressing MDA-MB-231 cells that had been treated with TGF-B (5 ng/ml) as indicated were harvested for immunoblot analysis (IB) and the SMAD4
ubiquitination assay.

SKI abolishes the monoubiquitination of ectopically expressed SMAD4. HA-Ub-expressing HEK293T cells that had been transfected with Flag-SMAD4 and Myc-c-SKI
were harvested for IB and the Flag-SMAD4 ubiquitination assay. The black line indicates where the Western blot image was cut; the samples were run on the
same gel.

¢-SKI abolishes the monoubiquitination of endogenous SMAD4. HEK293T cells with or without Flag-c-SKI expression were treated with TGF-B (5 ng/ml) for 1 h and
then harvested for the SMAD4 ubiquitination assay.

The c-SKI-associated SMAD4 is not monoubiquitinated following ligand stimulation. HA-Ub-expressing HEK293T cells that had been transfected with Flag-SMAD4
and Myc-c-SKI were treated with 5 ng/ml TGF-B or 50 ng/ml activin A for 1 h, and then, the cells were harvested for anti-Myc immunoprecipitation (IP). Next, the
precipitates were denatured with 2% SDS and diluted for the anti-Flag ubiquitination assay. The cell lysates after the anti-Myc IP were harvested and split to
provide a sample for the co-IP assay to detect the phosphorylated SMAD2 (p-SMAD2), and a denatured sample for the SMAD4 ubiquitination assay.

SMURF2 is recruited to c-SKI in a ligand-dependent manner. Flag-c-SKI-transfected HEK293T cells treated with or without TGF-B (5 ng/ml) for 1 h and harvested
for IP and IB. Cells were treated with 5 pM MG132 or vehicle control DMSO for 5 h before harvest.

SMURF2 stimulated the c-SKI ubiquitination in a ligand-dependent manner. Flag-c-SKI and Myc-SMURF2-WT/CG-transfected HEK293T cells were treated with or
without TGF-B (5 ng/ml) for 1 h and harvested for the anti-Flag ubiquitination assay. The cells were treated with 5 pM MG132 or the vehicle (DMSO) for 5 h before
harvest.

¢-SKI stability is prolonged upon depletion of SMURF2. Upper panel: IB of MDA-MB-231 cells infected with lentivirus that encoded the Control vector (Co. vector),
Flag-SMURF2 (G), or Control shRNA (Co. shRNA), or SMURF2 shRNA (shSMURF2) (H) and treated with cycloheximide (CHX) (20 ng/ml) for the indicated times. Lower
panel: quantification of band intensities from the upper panel. The band intensities were normalized to the t = 0 controls. The results are presented as he

mean =+ SD of three independent sets of experiments.
| Schematic that depicts the SMURF2-mediated degradation of c-SKI.

Source data are available online for this figure.

SMAD target genes (PAIl, SMAD?7, and IDI) in MDA-MB-231 cells.
Our results show that activin- or BMP-dependent SMAD association
with chromatin was lost upon USP4 depletion or SMURF2 overex-
pression (Fig 4M). Taken together, our results indicate a dynamic
interplay between USP4 and SMURF2. The deubiquitination of
monoubiquitinated SMAD4 by USP4 allows signal initiation, and
subsequent ligand-induced R-SMAD-SMAD4 complex formation is
required for SMURF2-mediated inhibitory monoubiquitination of
SMAD4 (Fig 4N).

SMURF2-induced degradation of c-SKI

To gain further insight into the dynamics of SMAD4 monoubiquiti-
nation, we compared this with other SMAD signaling events. TGF-
stimulated transient SMAD4 monoubiquitination peaked at 1 h, and
this broadly mirrored the kinetics of SMAD2 phosphorylation and
SMAD2-SMAD4 complex formation (Fig SA). We found that the
detectable SMAD4 monoubiquitination occurred only after TGF-p-
dependent degradation of c-SKI (Fig 5A), which suggests that c-SKI
may antagonize SMAD4 monoubiquitination. Consistent with a
previous report (Wang et al, 2008), ectopic co-expression of c-SKI
abolished SMAD4 monoubiquitination (but not SMAD4 polyubiqui-
tination) (Fig 5B). Moreover, c-SKI blocked TGF-B-dependent
endogenous SMAD4 monoubiquitination (Fig 5C).

To detect c-SKI-associated SMAD4 ubiquitination, we eluted the
SMAD4 from the c¢-SKI immunoprecipitates, disrupted the protein
complexes with SDS-containing buffer, and re-precipitated the
c-SKI-bound SMAD4. The c-SKl-associated SMAD4 was not
monoubiquitinated, whereas the free SMAD4 was monoubiquiti-
nated (Fig 5D). We also identified an interaction between phospho-
rylated SMAD2 (p-SMAD2) and c-SKI following ligand stimulation.
This suggests that activated SMAD2 binds transiently to c-SKI and
might mediate rapid degradation of c-SKI (Fig 5D). Additionally,
following TGF-f stimulation, SMURF2 (and an increased level of
P-SMAD2) was found in a c-SKI complex only after MG132 treatment
(Fig 5E). This finding suggest that SMAD2-SMURF2 associated
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with c-SKI and that c-SKI might be targeted for degradation in this
complex. Consistent with these data, SMURF2 induced c-SKI ubig-
uitination only when the TGF-B pathway was activated (Fig 5F and
Appendix Fig S2). The TGF-B-induced c-SKI instability was
augmented by ectopic expression of SMURF2 and decreased by
SMURF2 depletion (Fig SG and H). Taken together, these results
argue that ligand-induced recruitment of SMURF2 to the c-SKI-R-
SMAD complex triggers c-SKI ubiquitination and degradation
(Fig 5I).

USP4 sustains activin/BMP signaling in mESCs

Activin and BMP signals suppress differentiation and sustain embry-
onic stem cell self-renewal (Ying et al, 2003a,b; Ogawa et al, 2007).
We found that USP4 also controlled SMAD4 monoubiquitination in
mESCs (Fig 6A). mESCs in which USP4 had been depleted were less
sensitive to activin than wild-type mESCs, as shown by a reduced
formation of SMAD2-SMAD4 complexes (Fig 6B). Similarly, knock-
down of USP4 strongly inhibited BMP-induced SMADI1-SMAD4
complex formation (Fig 6C). These results show that USP4 depletion
provokes a defective activin/BMP response. In addition, feeder-free
cultures of USP4-depleted mESCs in response to activin displayed
much smaller colony sizes (Fig 6D) consistent with an impaired
mESC capacity for self-renewal and propagation, by comparison
with wild-type mESCs (Fig 6E). Similar results were observed when
cells were treated with BMP (Fig 6E).

We also investigated the possible role of USP4 in ESC differentia-
tion (Fig 6F). USP4-depleted cells exhibited a reduced activin-
induced upregulation of the SMAD2/3 target genes Leftyl and Lefty2
(Fig 6G). In mitogen-poor medium, the activin-induced mESC dif-
ferentiation into anterior mesoderm (via induction of Goosecoid
(Gsc) and LIM homeobox (Lhx)1) and definitive endoderm (via
induction of C-X-C motif receptor 4 (Cxcr4) and sex determining
region Y-box (Sox)17) were suppressed upon loss of USP4 expres-
sion (Fig 6H). Induction of Id1/Id3 transcripts by BMP inhibits
mESC differentiation into neural progenitor cells. USP4 depletion

© 2017 The Authors
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Figure 6. USP4 Sustains the Activin/BMP Signals in mESCs.

A Immunoblot (IB) analysis of total cell lysate (TCL) and immunoprecipitates derived from mouse embryonic stem cells (MESCs) that stably overexpressed USP4 WT/
CS or those in which USP4 was knocked down with shRNA (shUSP4 #1 and #2).

B, C Immunoprecipitation (IP) and IB analyses of the SMAD2-SMAD4 (B) or SMAD1-SMAD4 (C) complex formation in mESCs following stable knockdown of USP4 and
treatment with or without ALK4 kinase inhibitor SB431542 (SB) or activin A (50 ng/ml) (B) or BMP type | receptor kinase inhibitor LDN-193189 (LD), or BMP2
(50 ng/ml) (C) for 1 h.

D Upper panel: morphological analysis of colonies of mESCs that had been infected with control shRNA (Co.shRNA) or shUSP4. Lower panel: alkaline phosphatase (AP)
staining of random single mESC clones from the upper panel.

E Relative numbers of control and USP4-depleted mESCs of day 5 versus day O after treatment with activin A (50 ng/ml) or BMP2 (50 ng/ml). Each bar represents the
mean =+ SD (n = 3).

F Schematic of mESC differentiation upon addition of BMP2/4 (upper part) or activin A (lower part).

G Control shRNA transfected (Co.shRNA) mESCs and those in which USP4 was stably depleted (shUSP4) were allowed to differentiate for 4 days on collagen IV-
coated plates in the absence or presence of activin A. The expression levels of two activin-induced target genes, Leftyl and Lefty2, were assessed by qRT-PCR. The
values and error bars represent the mean + SD of triplicate assays and at least two independent experiments.

H The differentiation of activin A-induced anterior mesoderm and definitive endoderm was inhibited in USP4-depleted mESCs. The expression of the anterior

mesoderm marker genes Goosecoid (Gsc) and LIM/homeobox protein 1 (Lhx1), and definitive endoderm markers Cxcr4 and Sox17 were measured using qRT—PCR. The
values and error bars represent the mean + SD of triplicate assays and at least two independent experiments.

Control transfected shRNA (Co.shRNA) mESCs expressing control and those in which USP4 was stably depleted (shUSP4) were cultured in N2B27-supplemented
serum-free media in the presence or absence of BMP2 and harvested 5 days later. The expression levels of the direct BMP target genes /d1 and /d3, as well as the
neural differentiation markers B-I1l tubulin (Tubb3) and Nestin, were measured using qRT—PCR. The value for the non-BMP2 treated cells was set as “1”. The values
and error bars represent the mean =+ SD of triplicate assays and at least two independent experiments.

Data information: (E, G-1) Two-tailed, unpaired t-test, *P < 0.05.
Source data are available online for this figure.

© 2017 The Authors
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impaired the Id1/Id3 gene response, which led to inefficient
neuronal differentiation, as indicated by the expression of maker
genes such as f-III tubulin (TUBB3) and Nestin (Fig 61). Together,
these data identify USP4 as a downstream effector of activin/BMP
signaling in mESCs.

USP4 controls activin/BMP-induced signaling and cell movements
in zebrafish embryonic development

The zebrafish genome encodes more than 90 putative DUBs, and
USP4 has been identified as one of the 57 DUB genes that are
required for zebrafish early development (Tse et al, 2009). To
investigate the significance of the interplay between USP4-
SMAD4 in vivo, we analyzed the development of zebrafish
embryos with altered expression levels of SMAD4 and USP4 that
are required for zebrafish early development (Tse et al, 2009).
Injection of smad4 mRNA moderately upregulated the mesoder-
mal and endodermal markers, and this effect was reversed by
the depletion of usp4 (Figs 7A and B, and EV5A). This indicated
that USP4 was required for SMAD4-mediated transcription
in vivo.

Compared to wild-type or control MO (cMO)-injected embryos,
embryos injected with usp4 MO exhibited defective migration and
slower epiboly (Fig EV5B). Whereas wild-type or control MO-
injected embryos developed to the bud stage [10 h post-fertilization
(hpf)], the usp4 morphants developed to ~90% epiboly stage. At the
nine-somite stage (~13 hpf), embryos injected with 4 ng of usp4 MO
had a wider embryonic axis and incomplete somites (Figs 7D and
EVS), which suggests that the usp4 depletion in zebrafish embryos
could impair the proper formation of convergent extension (CE).

To validate the effect of ectopic usp4 expression on CE, we exam-
ined the expression of a set of marker genes that have been used to
indicate CE movement during gastrulation (Topczewski et al, 2001;
Marlow et al, 2002). In wild-type embryos at the two-somite stage,

USP4 controls SMAD4 activity ~ Fangfang Zhou et al

the neural plate (the boundaries of which are marked by dix3
expression), becomes narrow, and the polster (which is derived
from the anterior hypoblast cells and expresses hggl (ctslb—Zebra-
fish Information Network)), is positioned in front of the anterior
edge of the neural plate. In contrast, embryos injected with usp4
mRNA demonstrated a much broader neural plate, at the same
stage, and the polster was located within or fell behind the anterior
edge of the neural plate (Figs 7E and F, and EVS). Furthermore,
ectopic expression of smad4 in zebrafish induced slower movement
of the neural plate and essentially rescued the serious CE defects
observed in the usp4 morphants (Fig 7F).

Taken together, these observations indicated that USP4 functions
upstream of SMAD4 that is a shared mediator of activin and BMP
signaling, to control cell movements and the early development of
zebrafish embryos. BAMBI is a pseudo-type I receptor that antago-
nizes both activin and BMP signaling (Onichtchouk et al, 1999). It
was apparent that the injection of bambi mRNA resulted in a sepa-
rate, but wider, ntl expression domain, or unmerged stripes. The co-
injection of both usp4 or bambi mRNA rescued their respective CE
defects at the same stage (Fig 7G) and lends support to the hypothe-
sis that USP4 and BAMBI have opposing effects on SMAD4 signaling
during zebrafish embryogenesis.

Discussion
USP4 is a critical positive regulator of TGF-f family signaling

We have identified USP4 as an essential determinant of the intensity
and the duration of both activin and BMP signaling. Our data reveal
that USP4 controls the output of activin/BMP-induced signaling
downstream of the receptor-activated R-SMAD C-terminal phospho-
rylation: USP4 depletion reduced activin- and BMP-induced SMAD
complex formation and target gene expression, whereas ectopic

Figure 7. USP4 controls activin/BMP signaling and affects cell movements during Zebrafish embryonic development.

A The depletion of usp4 moderately inhibits the smad4-induced phenotype. Single-cell embryos were injected with control morpholino (MO), usp4 MO, smad4 mRNA
or their combination. Embryos at the shield stage or 70% epiboly stage were fixed and hybridized with probes for endoderm and mesoderm markers including
sox32, gatas, and goosecoid (gsc). The groups of embryos in each panel are oriented differently: animal pole view for sox32 and gata5; organizer view for the gsc

panel. See Fig EV5A for overview on the zebrafish embryos.

B Single-cell embryos were injected by control MO, usp4 MO, smad4 mRNA, or their combination. The relative expression levels of zebrafish sox32, gata5, and
goosecoid (gsc) monitored by real-time PCR (qPCR). The quantified mRNA levels were normalized to f-actin and presented relative to the control embryos. The
significance levels are indicated by *P < 0.05. Experiments were performed on at least three independent injected embryos. Two-tailed, unpaired t-test. The data

are presented as means =+ SD.

Effects of usp4 knockdown on embryonic cell movements. The injection of usp4 morpholino led to impaired CE movement. Single-cell embryos were injected with

usp4 MO or control MO at the indicated doses. The embryos in panel C-(c) and panel C-(g) are shown as dorsal views with animal pole to the top. Embryos in
panel C-(d) and panel C-(h) are shown as animal pole views. The somite stage is indicated in each subfigure. (D) Zebrafish usp4 morphants demonstrated defects in
cell movement and differentiation of cell fate. The embryos were fixed at the ten-somite stage and simultaneously hybridized to probes for the hind brain marker
krox20 and middle line marker shha. The red line shows the krox20 expression domain. The embryo in panels i and j is shown in the lateral view, and embryo in
panels k and | is shown in the animal pole view. (E) Zebrafish usp4 morphants demonstrated defects in cell movement and differentiation of cell fate. The embryos
were fixed at the ten-somite stage and simultaneously hybridized to probes for the hind brain marker krox20 and the somites marker myod. The double arrowhead
shows the krox20-expressing domain. Panels m, n, o refer to control MO, 10-somite stage; panels p, g, r, and s refer to usp4 MO1, 10-somite stage. Panels o0 and s
display the flattened images of the control embryo and the usp4 morphant, respectively.

F The rescue effects of ectopic smad4 mRNA expression in the usp4 morphants. The left panels show four distinct types of expression patterns indicated by the
hybridization to the hgg1 (red), dIx3 (black), and ntl (black) probes. The right panel is a bar graph that shows the ratios of various embryonic patterns following

injection with usp4 MO, smad4 mRNA, and their combination.

G Zebrafish bambi mRNA injection rescues the CE defect that was observed in the usp4 morphants. After bambi or usp4 mRNA injection, the embryos were fixed at
the two-somite stage and simultaneously hybridized to hgg1 (blue), dix3 (black), and ntl (black) probes. Each embryo is shown in an anterodorsal views to
demonstrate the relative positions of the hggl and dix3 expression domains. In the bottom of each panel, the double arrow heads show the width of the nt/

expression domain.
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expression of USP4 increased these biological responses. Thus,
USP4 amplifies SMAD signaling and the resulting biological effects
of SMAD signaling. Furthermore, the activin and BMP-induced
responses in mESCs and zebrafish development also depended criti-
cally on USP4. We found that in the activin/BMP pathways, USP4
specifically targeted monoubiquitinated SMAD4 for de-ubiquitina-
tion and transcriptional activation.

USP4 was previously shown to deubiquitinate the TGF-f type I
receptor (Zhang et al, 2012). It may thus activate TGF-B signaling
by both stabilizing the TGF-B type I receptor and by inhibiting
SMAD4 monoubiquitination (and thereby promoting its association
with target promoters). We were unable to show that USP9X affects
SMAD4 monoubiquitination or activin/SMAD signaling as previ-
ously reported (Dupont et al, 2009). The two proteins do not appear
to have a redundant role; the inhibitory effect on activin signaling
by the shRNA-mediated knockdown of USP4 (through targeting the
3’ untranslated sequence) was rescued by ectopic expression of
USP4 but not by USP9X (Fig EV1C). A negative result does not
exclude a role for USP9X in removing monoubiquitin from SMAD4.
It may indicate that the cellular context is important for the effects
of USP9X on the deubiquitination of SMAD4. Notably, in a recent
study, the phosphorylation of SMAD4 Thr277 induced by free fatty
acids was found to promote USP9X-SMAD4 interaction in breast
cancer cells (Wu et al, 2017).

Monoubiquitinated SMAD4 is a substrate of USP4

The present study provided several lines of evidence to support the
conclusion that monoubiquitinated SMAD4 is a specific substrate of
USP4. USP4 interacted with SMAD4 and was preferentially associ-
ated with monoubiquitinated SMAD4. In vitro, purified monoubiqui-
tinated SMAD4 interacted with and was rapidly cleaved by active
USP4. USP4 efficiently removed monoubiquitin from endogenous
SMAD4 monoubiquitination, enhanced the binding of SMAD4 to its
consensus DNA binding site and increased SMAD complex forma-
tion, which resulted in SMAD signal activation. In addition,
monoubiquitinated SMAD4 accumulated in USP4-depleted or -defi-
cient cells, and correspondingly suppressed the expression of
SMADA4 target genes. R-SMAD and USP4 were found to compete for
a common SMAD4 binding domain. In this view, upon ligand stimu-
lation, R-SMAD may compete with USP4 for binding to SMAD4, and
allow SMAD signaling to initiate but at the same time expose
SMAD4 for monoubiquitination. The levels of SMAD4 driven gene
expression would then be determined by a balance between SMAD4
binding to DNA and SMAD4 monoubiquitination.

We did detect polyubiquitinated forms of SMAD4 when it was
ectopically expressed, and these forms could be removed by active
USP4. However, we did not detect any change in the stability of the
endogenous SMAD4 and only monoubiquitinated SMAD4 was
clearly altered by changes in the levels of USP4. These findings
suggest that in vivo, USP4 only acts on the pool of the monoubiquiti-
nated SMAD4.

Dynamic control of SMAD4 function by SMURF2
SMAD4 monoubiquitination is clearly induced upon signal activa-

tion via R-SMAD-mediated recruitment of SMURF2. At the same
time, monoubiquitinated SMAD4 antagonizes SMAD complex
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formation and removes the SMAD complex from DNA. This
suggests that SMAD4 monoubiquitination by SMURF2 controls the
duration of signaling. Moreover, the USP4-mediated reversal of this
modification is required to initiate a new round of SMAD4-
dependent transcription and/or efficient re-use of SMAD4. Appar-
ently, in TGF-B/SMAD signaling, this balanced, dynamic recycling
of SMAD4 requires rapid degradation of the negative regulator
c-SKI, which we found was achieved through SMAD2-SMURF2-
induced c-SKI polyubiquitination. This mechanism is reminiscent of
the RNF111-induced degradation of SKI/SKIL which also depended
on an interaction with activated SMAD2/3 (Levy et al, 2007; Le
Scolan et al, 2008). Taken together, our results suggest that
SMURF2 has a dual function in TGF-B family/SMAD: It promotes
signal initiation by inducing instability of c-SKI (which suppresses
SMAD signaling and maintains the repression of TGF-$ family target
genes), and it terminates signal transduction by mediating inhibitory
SMAD4 monoubiquitination.

Previously, TRIM33/Ectodermin was identified as a SMAD4 ubig-
uitin ligase (Dupont et al, 2005). Our inability to detect a role for
TRIM33/Ectodermin in SMAD ubiquitination might be due to our
different experimental settings. Our initial screen to identify the E3
ligase mediating SMAD4 monoubiquitination was performed in the
absence of ligand stimulation, and under these conditions, TRIM33/
Ecodermin was ineffective as a monoubiquitin E3 ligase. TGF-B/
SMAD2 activation has been shown to potentiate the ability of
TRIM33/Ectodermin to induce SMAD4 monoubiquitination (Dupont
et al, 2009). The absence of ligand addition and cotransfection with
SMAD2 in our experimental setup may have been the reason why
we did not detect the SMAD4 monoubiquitination activity of
TRIM33/Ectodermin. TRIM33/Ectodermin and SMURF2 belong to
structurally different classes of E3 ligases (RING versus HECT
domain containing proteins, respectively). Moreover, TRIM33/Ecto-
dermin has a bromodomain and contact of this domain with
histones is needed for its E3 ubiquitin ligase activity (Agricola et al,
2011). Therefore, TRIM33 and SMURF?2 are likely to act in different
subcellular compartments and be subject to distinct regulatory
mechanisms. Of note, the function of TRIM33/Ectodermin in the
ubiquitination of SMAD4 appears not to be conserved in Drosophila.
Instead of Bonus, which is the closest Drosophila homologue to
TRIM33, a SMURF2-like HECT domain E3 ligase (NEDDL) has been
suggested to mediate the ubiquitination of the Drosophila homo-
logue of SMADA4, that is, MEDEA (Wisotzkey et al, 2014).

Function of USP4 in mESCs and zebrafish embryos

Both activin and BMP signaling control mESC self-renewal and cell
fate determination. Comparison between wild-type and USP4-
depleted mESCs revealed a prominent role for USP4 in controlling
activin- and BMP-mediated responses. Monoubiquitinated SMAD4
accumulated in USP4-depleted stem cells resulting in reduced stem
cell proliferation and inhibition of the activin-induced formation of
the anterior mesoderm and definitive endoderm, as well as BMP-
mediated repression of neural induction. Morpholino silencing of
zebrafish usp4 reduced SMADA4-mediated activin/BMP signaling,
which suggested that the USP4-mediated release of the inhibitory
effect of SMAD4 monoubiquitination is evolutionally conserved. In
addition, zebrafish embryos that were depleted of usp4 exhibited
defective cell migration and slower epiboly, which suggested that
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CE was impaired during gastrulation. Importantly, this CE defect
could be rescued by ectopic expression of SMAD4. Moreover, the
similar gastrulation defect that was induced by ectopic expression of
BAMBI, a BMP and activin inhibitor, was partly rescued by co-
expression of USP4. Thus, USP4 sustained the activin/BMP signal
in vivo and is a critical determinant of SMAD4 activity.

In conclusion, our findings have demonstrated that activin/BMP-
dependent monoubiquitination of SMAD4 is meditated by the rela-
tive activities of the E3 ubiquitin ligase SMURF2 and the deubiquiti-
nase USP4, which determine both the duration and the intensity of
the activated signaling pathway.

Materials and Methods
Cell culture

MEFs from wild-type and USP4~/~ mice were kindly provided by
Xiongbin Lu (University of Texas MD Anderson Cancer Center,
Houston, TX, USA) (Zhang et al, 2011). MEFs from wild-type and
SMURF2~/~ mice were kindly provided by Ying E. Zhang (National
Cancer Institute, Bethesda, MD, USA) (Tang et al, 2011). HEK293T
cells, HeLa cervical cancer cells, MDA-MB-231 breast cancer cells,
and MEFs were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS; Hyclone) and 100 U/ml
penicillin/streptomycin. mESCs were cultured on gelatin-coated
dishes in DMEM supplemented with 10% FBS, 1 mM sodium pyru-
vate (Invitrogen), 1% non-essential amino acids (Invitrogen),
2 mM r-glutamine (Invitrogen), 0.1 mM B-mercaptoethanol
(Sigma), and 1,000 U/ml LIF (Millipore).

cDNA screen

HEK293T cells that had been stably transfected with SMAD2-
SMAD4-dependent ARE-Luc transcriptional reporter were used as a
readout system to identify regulators of activin signaling. We first
stimulated the cells with a suboptimal dose (5 ng/ml activin) that
produced ~30% of the maximum stimulation level (50 ng/ml
activin) to permit identification of both activators and inhibitors.
Seventy-four human DUB cDNAs were re-screened in triplicate.
Similar expression of each DUB was confirmed by Western blotting
analysis.

Protein purification

GST-USP4 wt and mutant expression constructs were generated by
subcloning into pGEX-4T1 vectors. GST-USP4 plasmids were used to
transform the Escherichia coli strain BL21 or Rosetta, respectively.
The cultures were grown overnight at 37°C. The next day, the
cultures were diluted 1:50 in fresh LB medium and grown at 37°C to
an optical density of 0.6 at 600 nm. The cells were then induced
overnight at 24°C in the presence of 0.5 mM isopropyl-p-D-
thiogalactopyranoside (IPTG), 20 mM HEPES at pH 7.5, 1 mM MgCl,,
and 0.05% glucose. For GST-USP4 purification, the washed pellets
were resuspended in lysis buffer (PBS, 0.5 M NaCl, complete protease
inhibitors (Roche), 1 mM phenylmethyl sulphonyl fluoride, and 1%
Triton X-100). After sonication and a freeze-thaw step, the super-
natants of the cell lysates were incubated with glutathione-Sepharose
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(GE Healthcare). The beads were washed twice with lysis buffer and
three times with 50 mM Tris—HCI (pH 7.5) and 0.5 M NaCl. Purified
proteins were eluted in 50 mM Tris—HCI (pH 7.5), 0.5 M NaCl and
20 mM glutathione. For the purification of USP4 protein, the GST
was removed biotin-tagged thrombin. For the purification of SMAD2
protein from mammalian cells, a Flag-SMAD2 expression plasmid
was transfected in HEK293T cells and SMAD2 protein was immuno-
precipitated overnight from the cell lysate with o-Flag-M2 resin
(Sigma), followed by elution with Flag peptide (Sigma, 1 mg/ml in
50 mM HEPES (pH 7.5), 100 mM NacCl, 0.1% NP40, 5% glycerol).

Ubiquitination assay

The cells were washed with PBS and lysed in two pellet volumes of
RIPA buffer (20 mM NAP pH 7.4, 150 mM NaCl, 1% Triton, 0.5%
sodium-deoxycholate, and 1% SDS) supplemented with protease
inhibitors and 10 mM N-ethylmaleimide (NEM). Lysates were soni-
cated, boiled at 95°C for 5 min, and diluted with RIPA buffer
containing 0.1% SDS, then centrifuged at 4°C (16 x 10° g for
15 min). The supernatant was incubated with the specific antibody
and protein A-sepharose for 3 h at 4°C. After extensive washing, the
bound proteins were eluted with 2x SDS sample buffer and
separated by SDS-PAGE, which was followed by immunoblotting
analysis.

Chromatin immunoprecipitation

ChIP was performed as previously described (Zhang et al, 2012).
Detailed information is provided in the Appendix.

Transcription reporter assay

Transcriptional luciferase reporter assays were performed as
described before (Zhou et al, 2014). Detailed information is
provided in the Appendix Supplementary Methods. For the ARE-luc
reporter, FAST2 was co-transfected to enable SMAD2 transcriptional
response (Labbé et al, 1998).

In vitro de-ubiquitination of SMAD4

Recombinant USP4 used in Fig 2E-H and J was purified as described
in (Clerici et al, 2014). Ub-AMC assay was performed as described
(Clerici et al, 2014). For the assay shown in Fig 2G and H, HA-
ubiquitinated Flag-SMAD4 substrates were prepared by transiently
co-transfecting HEK293T cells with Flag-SMAD4 and HA-ubiquitin.
Thirty-six hours later, the cells were harvested and SMAD4 was
purified on Flag beads and eluted with Flag peptide (Fig 2F). Pure
monoubiquitinated SMAD4 was obtained subjecting the Flag eluate
to HA purification. For the assay shown in Fig 2D, HA-ubiquitinated
Flag-SMAD4 substrates were prepared by transiently co-transfecting
HEK293T cells with Flag-SMAD4 and HA-ubiquitin. Thirty-six hours
later, the cells were then treated with MG132 (5 uM) for 4 h, and
the HA-ubiquitinated Flag-SMAD4 was purified using denaturing
conditions and then incubated with purified USP4 protein as previ-
ously described (Zhang et al, 2012). The reactions were quenched
with SDS sample buffer followed by heat denaturation (2 min at 95°
C). The reaction products were detected using Western blotting
analysis.
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Zebrafish embryo assays

Zebrafish (Danio rerio), AB strain, were maintained at 28.5°C under
a 14:10 light:dark cycle. Fish staging and embryo production were
conducted as previously described (Cao et al, 2004; Zhang et al,
2004). The embryo stages are expressed in hours post-fertilization
(hpf) at standard temperature. Detailed information is provided in
the Appendix. The depletion of usp4 was performed by morpholinos
that selectively inhibit splicing (MO2) or translation (MO1). The MO
usp4-induced morphological changes were rescued (in part) by the
ectopic usp4 mRNA expression (Appendix Fig S3). Zebrafish
embryos injected with p53 MO at 4 ng do not show a phenotype
and were included as negative control.

For additional information regarding materials and methods, see
the Appendix Supplementary Methods.

Statistical analysis

All Q-PCR and transcriptional reporter experiments have been
repeated at least three times, and representative experiments are
shown. Western blot, immunoprecipitation, and ubiquitination
assays were performed at least twice. The statistical analyses were
performed using a two-tailed, unpaired t-test. P < 0.05 was consid-
ered statistically significant. The details are provided in the Appendix.

Expanded View for this article is available online.
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