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pVHL-mediated SMAD3 degradation suppresses
TGF-β signaling
Jun Zhou1,6*, Yasamin Dabiri2*, Rodrigo A. Gama-Brambila3, Shahrouz Ghafoory2, Mukaddes Altinbay3, Arianeb Mehrabi4, Mohammad Golriz4,
Biljana Blagojevic2, Stefanie Reuter5, Kang Han2, Anna Seidel2, Ivan Ðikić3, Stefan Wölfl2, and Xinlai Cheng2,3

Transforming growth factor β (TGF-β) signaling plays a fundamental role in metazoan development and tissue homeostasis.
However, the molecular mechanisms concerning the ubiquitin-related dynamic regulation of TGF-β signaling are not thoroughly
understood. Using a combination of proteomics and an siRNA screen, we identify pVHL as an E3 ligase for SMAD3
ubiquitination. We show that pVHL directly interacts with conserved lysine and proline residues in the MH2 domain of SMAD3,
triggering degradation. As a result, the level of pVHL expression negatively correlates with the expression and activity of
SMAD3 in cells, Drosophila wing, and patient tissues. In Drosophila, loss of pVHL leads to the up-regulation of TGF-β targets
visible in a downward wing blade phenotype, which is rescued by inhibition of SMAD activity. Drosophila pVHL expression
exhibited ectopic veinlets and reduced wing growth in a similar manner as upon loss of TGF-β/SMAD signaling. Thus, our study
demonstrates a conserved role of pVHL in the regulation of TGF-β/SMAD3 signaling in human cells and Drosophila wing
development.

Introduction
The TGF-β/SMAD signaling pathway plays an essential role in
cell growth, differentiation, migration, and communication
during metazoan development and tissue homeostasis (Yu and
Feng, 2019). Deregulation of TGF-β/SMAD signaling results in
many developmental, immune, and fibrotic diseases, as well as
cancer (Colak and Ten Dijke, 2017; David and Massagué, 2018;
Prunier et al., 2019). Upon encountering TGF-β ligands, the type
I and type II receptor serine/threonine kinases form receptor
complexes that induce active phosphorylation of receptor-
regulated SMAD2/3 (R-SMAD), which in turn binds to common
SMAD (SMAD4) and accumulates in the nucleus for transcrip-
tional regulation of TGF-β/SMAD target genes.

The discovery of SMADs was initiated by a genetic screen for
decapentaplegic regulators in Drosophila melanogaster (Peterson
and O’Connor, 2014). In flies, a complex of type I receptor (Ba-
boon) and type II receptor (Punt) recognizes TGF-β ligands
(Activin, Dawdle, Maverick, and Myoglianin) and phosphor-
ylates Smox, a homologue of vertebrate SMAD2/3 (Peterson and

O’Connor, 2013). Compelling evidence demonstrates the con-
served role of TGF-β/SMAD in the development of diverse or-
ganisms, including the growth and patterning of adult Drosophila
wing (Hevia and de Celis, 2013; Peterson and O’Connor, 2013).

Ubiquitination is an enzymatic posttranslational modifica-
tion. This process involves an E3 ubiquitin ligase, which brings a
target protein in close proximity to the ubiquitination machin-
ery for proteasomal destruction (Zheng and Shabek, 2017).
Ubiquitination of phosphorylated R-SMAD2/3 is one of the key
mechanisms regulating the activity of TGF-β signaling. For in-
stance, NEDD4L represents the major ubiquitin ligase respon-
sible for the degradation of activated phospho-SMAD2/3 (Gao
et al., 2009). Moreover, the HECT domain–containing E3 ligase
Smurf2 has been also shown to ubiquitinate phosphorylated
R-SMAD2/3 (Zhang et al., 2001).

The von Hippel–Lindau (VHL) tumor suppressor (pVHL) is a
key E3 ligase of Cullin RING E3 ubiquitin complex and is in-
volved in a number of signaling pathways (Tarade and Ohh,
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2018). The best-studied pVHL target is the α subunits of hypoxia
inducible factor 1 (HIF-1α). Under normoxic conditions, pVHL
recognizes hydroxylated proline residues of HIF-1α (P402 and
P564) catalyzed by prolyl hydroxylase domain (PHD) protein for
oxygen-dependent degradation, whose activity is blocked under
hypoxia (Fong and Takeda, 2008). In addition, the functional
importance and complexity of pVHL has been implicated in
various HIF-independent cellular processes and diseases. For
example, previous studies have shown that pVHL promotes
extracellular matrix remodeling, cell invasion, and angiogenesis
by down-regulating vascular endothelial growth factor (Kurban
et al., 2006). A number of studies evidenced the activation of
TGF-β in hypoxia (Falanga et al., 1991). However, the role of
pVHL in this context is still unknown.

We previously reported indirubin derivatives, including
E738, as inhibitors of TGF-β signaling via degrading SMAD2/3
(Cheng et al., 2012). However, the precise molecular mechanism
by which E738 destabilizes R-SMAD2/3 and terminates TGF-β
signaling activity is still unclear. In this study, we combined
proteome-wide analysis using biotinylated-E738 with an siRNA
screen and revealed pVHL as a potent negative regulator of
TGF-β/SMAD3 signaling. Mechanistically, pVHL degraded
SMAD3 by directly binding to the conserved LxLxxPmotif in the
C terminus of the MH2 domain and attenuated TGF-β–mediated
downstream gene expression and cell migration in cultured
mammalian cells. In addition, overexpression of pVHL in Dro-
sophila caused smaller wings with ectopic veinlets, similar to loss
of function in TGF-β/SMAD signaling. In contrast, pVHL deple-
tion resulted in SMAD-dependent wing developmental defects.
Our work suggests a conserved role of pVHL as an E3 ligase
repressing TGF-β/SMAD signaling.

Results
pVHL is an E3 ligase degrading SMAD2/3
In a previous study, we showed that certain indirubin deriva-
tives, like E738, could interfere with TGF-β signaling by pro-
moting SMAD2/3 degradation (Cheng et al., 2012). To get a
deeper insight into the mechanism of action, we conducted a
high-resolution proteomic analysis on HeLa cells treated with
biotinylated E738 (Fig. S1 A). The chemical synthesis and char-
acterization of biotin-E738 is exclusively described in Materials
and methods. Of note, the resulting biotinylated E738 degraded
SMAD2/3 at concentrations slightly higher than E738 (Fig. S1 B),
probably due to reduced cell permeability upon biotinylation. In
addition to the enrichment of proteins involved in ubiquitina-
tion and protein stability, proteomic analysis also implicated
that E738 modulated proteins in the response to hypoxia (Fig. S1
C). We next performed a small-scale siRNA screen targeting
individual E3 ligases related to the targets obtained in proteomic
analysis. We found that the knockdown (KD) of pVHL, CUL2, or
RBX1 led to an increase in SMAD2/3 stability (Figs. 1 A and S1 D).
All of these genes are associated with the Cullin RING E3 ubiq-
uitin ligase complex (Cardote et al., 2017). Thus, we focused on
pVHL and found that depletion of pVHL with either individual
siRNAs (siVHL1 and siVHL2) or the combination (siVHL1 and
siVHL2) increased SMAD2/3 expression (Figs. 1 B and S1 E),

while the SMAD2/3 level was reduced in cases of pVHL over-
expression (VHL OE; Fig. S1 F). We performed the second
proteome-wide analysis on extracts of pVHL-depleted cells
(Fig. 1 C) and verified that R-SMADs (SMAD1/5/8 and SMAD2/3)
were one of the top hits, which were differentially expressed in
cells lacking siVHL as compared with that in control cells
(Fig. 1 D). The enrichment study confirmed that abundant pro-
teins upon pVHL depletion were associated with diverse ubiq-
uitin- and TGF-β–mediated biological processes (Fig. S1 G).

The inverse correlation between pVHL and TGF-β receptor
expression had been noted in clear cell renal cell carcinoma
patient samples (Mallikarjuna et al., 2018). In line with this, we
found that pVHL protein was highly expressed in the bile duct of
human liver tissue, whereas the level of SMAD2/3 was low or
undetectable (Fig. 1 E). Conversely, high expression of SMAD2/3
detected in surrounding tissue was correlated with low levels of
pVHL (Fig. 1 E). Similar results were obtained from various
tissues from 17 patients (Fig. S1 H).We found that the expression
pattern of an actively phosphorylated form of SMAD3 (pSMAD3)
was also inversely correlated with pVHL expression in patient
liver tissues (Fig. S1 I). However, no correlation was found be-
tween HIF-1α and SMAD3 or pSMAD3 (Fig. S1 I). Additionally,
we confirmed increased SMAD2/3 expression in pVHL-deficient
HCT116 and HEK293T cell lines (Fig. 1 F). These results suggest
a negative correlation between the expression of pVHL and
SMAD2/3 and provide evidence that pVHL could have a func-
tional role in TGF-β/SMAD–associated signaling pathways dur-
ing disease progression.

pVHL directly interacts and degrades SMAD3
As mentioned above, pVHL is the predominant E3 ligase con-
trolling HIF-1α stability (Min et al., 2002). Previous studies have
described an indirect role of HIF-1α in TGF-β–stimulated gly-
colysis (Hua et al., 2020). Our immunohistochemistry results
suggested a potential independence of pVHL-mediated SMAD2/3
degradation and HIF-1α. CoCl2 is a chemical that mimics hy-
poxia by inhibition of PHD proteins (Fong and Takeda, 2008).
The investigation of FLAG-SMAD3 stability in the pVHL-
deficient HeLa cells treated revealed that CoCl2 attenuated
pVHL KD–induced FLAG-SMAD3 elevation (Figs. 2 A and S2 A).
However, this induction of SMAD3 expression was not dimin-
ished in cells transfected with siRNA against HIF-1α (siHIF-1α;
Figs. 2 A and S2 A). These results suggest that the pVHL-
induced SMAD3 degradation probably requires PHD-mediated
hydroxylation, but it is independent of HIF-1α.

The ubiquitin proteasome pathway (UPP) is the major
mechanism of protein degradation and requires E3 ligase to
transfer ubiquitin units to target proteins for polyubiquitination
and proteasomal degradation (Zheng and Shabek, 2017). To ask
whether the observed SMAD2/3 degradation in pVHL OE cells is
associated with UPP, we coexpressed FLAG-SMAD3-OFP and
pVHL-GFP in cells in the presence or absence of a well-known
proteasome inhibitor, MG132. We found that SMAD-OFP was
not detectable in the coexpression, which was rescued in the
presence of MG132 (Fig. 2 B). Results from immunoblotting
further confirmed that the overexpression of pVHL facilitated
FLAG-SMAD3 degradation, which was blocked by MG132 (Fig. 2
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C). Moreover, we detected the accumulation of polyubiquitin in
the precipitant of FLAG protein isolated from MG132-treated
cells coexpressing pVHL and FLAG-SMAD3 (Fig. 2 C). Taken
together, these results indicate that pVHL-mediated SMAD3
degradation is UPP dependent.

We next attempted to figure out how pVHL facilitated
SMAD3 degradation. The crystal structure of pVHL with HIF-1α
revealed that pVHL contains an acidic region together with the α
and β domains (Cardote et al., 2017). The α subdomain is re-
quired for recruiting the components of the Cullin RING E3
ubiquitin ligase complex, including elongin B, elongin C, Cullin 2,
and Rbx1. The β subdomain is important for binding and rec-
ognition of pVHL substrates such as HIF-1α (Cardote et al., 2017;

Min et al., 2002). This binding model is also demonstrated by
several loss-of-function mutations, including Y98N (m98) and
W117R (m117) variants (Min et al., 2002).We therefore compared
the stability of FLAG-SMAD3 in cells expressing HA-pVHLWT or
HA-pVHL m98 and found that the FLAG-SMAD3 degradation
required functional pVHL (Fig. 2 D), while adding a commercially
available pVHL inhibitor rescued the degradation of FLAG-SMAD3
(Fig. 2 D: panel withoutMG132). In addition, we recruitedMG132 to
block the degradation and immunoprecipitatedHA-pVHL (bothWT
and m98). We detected FLAG-SMAD3 in cell extracts containing
HA-pVHL WT, but not HA-pVHL m98 or in the presence of pVHL
inhibitor (Fig. 2 D), suggesting that SMAD3 degradation required
catalytically active pVHL.

Figure 1. pVHL regulates SMAD3 stability. (A) siRNA screening shows enhanced stability of SMAD2/3 in pVHL-, CUL2-, or RBX1-deficient HeLa cells. siVHL
indicates pVHL siRNA. The related densitometric analysis can be found in Fig. S1 D. (B) SMAD2/3 stability is negatively related to the expression of pVHL. The
correlation between pVHL and SMAD2/3 expression was quantified by densitometric analysis. siVHL1, siVHL2, and their combination (siVHL1+2) were used to
study SMAD2/3 stability in pVHL KD cells. pVHL OE indicates cells overexpressing pVHL. Three concentrations of either siRNAs or DNA were used. The
immunoblotting results can be found in Fig. S1, E and F. The relative SMAD2/3 expression compared with the respective control is depicted. One-way ANOVA
was performed. *, P < 0.05; ***, P < 0.001; one-way ANOVA and one-sided Student’s t test (n = 3). The lower and upper ends of bars indicate the minimum and
maximum values, respectively, and the center line represents the median. (C) Schematic illustration of proteomic analysis of protein expression on VHL-
deficient HeLa cells. (D) Heatmap of R-SMAD–related protein expression obtained from proteomic analysis of pVHL-deficient cells from two independent
experiments. R-SMAD indicates SMAD1/5/8 and SMAD2/3. The color scale indicates the fold change of related protein found in pVHL-deficient cells compared
with control. (E) Inverse correlation between SMAD2/3 and pVHL in the cancer tissue from patient 7. Red, SMAD2/3; green, VHL; blue, nucleus. Scale bar, 40
µm. (F) pVHL is negatively correlated to SMAD2/3 stability in HCT116 and HEK293T cell lines. Source data are available for this figure: SourceData F1.
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Figure 2. pVHL directly binds to SMAD3 for ubiquitination. (A) The influence of the PHD inhibitor CoCl2 and HIF-1α on pVHL-mediated SMAD3 degra-
dation. The impact of either CoCl2 with increasing concentrations or HIF-1α siRNA (siHIF-1α) on FLAG-SMAD3 was investigated in pVHL-deficient HeLa cells
(pVHL KD). Densitometric analysis can be found in Fig. S2 B. (B) MG132 rescued pVHL-mediated SMAD3 degradation, as shown by live-cell imaging. Red,
SMAD3-OFP; green, VHL-GFP. Cells expressing only SMAD3-OFP were used as a control. Scale bar, 40 µm. (C) pVHL-mediated polyubiquitination on FLAG-
SMAD3. The ubiquitination on SMAD3 was compared in the absence and presence of MG132 in cells expressing FLAG-SMAD3, HA-pVHL, or the combination.
FLAG-SMAD3 was precipitated, and ubiquitination on FLAG-SMAD3 was detected with specific ubiquitin antibody. (D) The pVHL-mediated SMAD3 degra-
dation is dependent on the catalytic activity of VHL. Loss-of-function mutation of pVHL or cotreatment with pVHL inhibitor blocks FLAG-SMAD3 degradation.
HA-pVHL WT indicates HeLa cells expressing WT HA-pVHL, HA-VHL m98 indicates HA-VHL Y98N mutation, and Inh indicates chemical pVHL inhibitor. FLAG-

Zhou et al. Journal of Cell Biology 4 of 17

Regulation of TGF-β/SMAD signaling by pVHL https://doi.org/10.1083/jcb.202012097

D
ow

nloaded from
 http://rup.silverchair.com

/jcb/article-pdf/221/1/e202012097/1818512/jcb_202012097.pdf by guest on 20 M
arch 2024

https://doi.org/10.1083/jcb.202012097


ATP hydrolysis is required for ubiquitination of targeted
proteins and 26S proteasome–mediated protein degradation
(Peth et al., 2013). We adapted our recently developed in vitro
ubiquitination assay to investigate chemically induced target
protein degradation in vitro by determination of ATP con-
sumption and immunoblotting (Gama-Brambila et al., 2021a,
2021b). As shown in Fig. 2 E, we overexpressed FLAG-SMAD3 in
HeLa cells lacking pVHL, which contained all required compo-
nents for ubiquitination except pVHL. The reactionwas initiated
by adding purified HA-pVHL, HA-pVHL m98, or HA-pVHL m117
into cell lysate. We detected an increase of ATP consumption in
the presence of pVHLWT, but not pVHL m98 or m117 mutations
(Fig. 2 F). Moreover, the ATP consumption was blocked by
chemical pVHL inhibition (Fig. 2 F). Immunoblotting further
confirmed that the degradation was related to the amount of
pVHL WT (Fig. S2 B) and required functional pVHL, because
FLAG-SMAD3 was resistant in the presence of pVHL inhibitor
or loss-of-function pVHL variants (m117 and m98; Fig. S2 C).
Förster resonance energy transfer (FRET) assay is a useful ap-
proach to investigate protein–protein interactions (Kim et al.,
2010). We detected a nearly 10-fold higher fluorescence signal
(excitation/emission [Em/Ex], 488/573 nm) in MG132-treated
cells coexpressing pVHL-GFP (Em/Ex, 488/510 nm) and
SMAD3-OFP (Em/Ex, 548/573 nm) than cells individually ex-
pressing pVHL-GFP or SMAD3-OFP (Fig. 2 G). In addition, the
increased fluorescence signal is diminished in the presence of
the pVHL inhibitor (Fig. 2 G). These results demonstrated that
pVHL degraded SMAD2/3 through physical interaction, which
is dependent on key residues (tyrosine 98 and tryptophan 117)
in the β domain of pVHL.

pVHL promotes SMAD3 degradation by interacting with its
MH2 domain
SMAD3 contains two conserved Mad homology (MH) domains
(MH1 and MH2), which are connected by a less conserved
linker region. Both MH1 and MH2 domains are involved in the
interaction with other transcriptional cofactors (coactivators
or cosuppressors) and binding to DNA for downstream gene
expression (Shi, 2006). Our aforementioned results showed the
physical interaction between pVHL and SMAD3 using a coim-
munoprecipitation assay, in vitro ubiquitination assay, and
FRET assay. To better understand the binding model, we at-
tempted to figure out the binding domain of SMAD3 to pVHL.
Different variants of FLAG-SMAD3s (Fig. 3 A) were individually
coexpressed with either HA-pVHL WT (OE) or siVHL (KD) in
HeLa cells. The stability of FLAG-SMAD3 was examined using
immunoblotting with specific FLAG antibody. As shown in Fig. 3
B and Fig. S3 A, expression of pVHL reduced the protein level of

FLAG-tagged full-length SMAD3 (SMAD3FL), while siVHL en-
hanced its stability. Similar results were found for SMAD3EPSM,
which contains four mutations in the linker region, SMAD3LC
lacking MH1 domain, and MH2-only SMAD3C, as well as
C-terminal–deficient SMAD3ΔSSVS (Figs. 3 B and S3 A). How-
ever, variants excluding the entire MH2 domain, like SMAD3NL
(with MH1 and linker) or SMAD3N (only MH1), were unaffected
by pVHL (Figs. 3 B and S3 A). Moreover, we immunoprecipitated
FLAG-SMAD3 variants in cell extracts and detected pVHL only in
those FLAG-SMAD3s containing MH2 domain (Fig. S3 B) These
results suggest that the MH2 domain is indispensable for pVHL-
induced SMAD3 degradation.

It is known that pVHL interacts with the hydroxylated pro-
line residues of HIF-1α in the LxxLAP of the C-terminal oxygen
degradation domain (CODD) and the LxLLAP motif of the
N-terminal oxygen degradation domain (NODD; where A is al-
anine, L is leucine, P is proline, and X represents any amino acid;
Chowdhury et al., 2016). These motifs are present in extended
peptide chains to bind to pVHL for ubiquitin transfer (Hon et al.,
2002). This ubiquitination requires at least one lysine with a
distance of 20–30 amino acids to the proline residue (Leonardi
et al., 2009; Min et al., 2002; Semenza, 2004), as shown in Fig. 3
C. We found the LxLNGP sequence in the SMAD3 MH2 domain
and the lysine residue (K378) with a distance of 24 amino acids
to the proline residue, which is strikingly similar to LxLLAP in
the NODD of HIF-1α (Fig. 3 C). Although this position is at the
transition region from the central β-sheet domain to the
C-terminal α-helix of SMAD3 (Chacko et al., 2004; Qin et al.,
2002), it has been reported to contribute to the interaction with
SKI (Miyazono et al., 2018). Alignment analysis confirmed that
L(I)xLxxP is highly conserved in R-SMADs in human, Drosophila,
and zebrafish, but not in common SMAD or inhibitor SMADs
(Fig. S3 C), suggesting a common role of pVHL-mediated
R-SMADs degradation in the development. We next mutated
the LNGP residues of SMAD3 to alanine (SMAD3AAAA) or lysine
(K378) to arginine (SMAD3K-R). The result from in vitro ubiq-
uitination assay showed that ATP consumption was significantly
higher in the reaction of FLAG-SMAD3FLwith pVHLWT than in
the mock control, while no effect was observed with FLAG-
SMAD3AAAA or FLAG-SMAD3K-R mutants (Fig. 3 D). In the
case of mutated pVHL m98, we could not detect increased ATP
consumption (Fig. 3 D). pVHL OE or KD did not affect the sta-
bility of either FLAG-SMAD3AAAA or FLAG-SMAD3K-R (Figs. 3
E and S3 D). In addition, pVHL failed to interact with SMA-
D3AAAA or SMAD3K-R mutants in the immunoprecipitation
assay (Fig. 3 F). We immunoprecipitated FLAG-SMAD3 variants
and detected hydroxyl proline in FLAG-SMADFL, but not in
FLAG-SMAD3N lacking theMH2 domain. Themutation of LNGP

SMAD3 was precipitated, and the level of HA-VHL binding to FLAG-SMAD3 was detected with specific HA antibody. (E) Schematic illustration of the in vitro
ubiquitination assay. (F) pVHL destabilizes SMAD3 in vitro. pVHL-deficient HeLa cells expressing FLAG-SMAD3 were lysed and incubated with respective
isolated protein, including HA-pVHL WT, in the presence or absence of pVHL chemical inhibitor, pVHL W117R mutation (pVHL m117), or pVHL Y98N mutation
(pVHL m98). ATP consumption was measured. (G) FRET assay for pVHL-GFP binding to SMAD3-OFP. FRET signal was measured in cells expressing SMAD3-
OFP, VHL-GFP, or the combination. The absolute fluorescence intensity was compared in the presence or absence of MG132. In F and G, a dot plot was used,
and the fold change compared with the respective control is depicted. One-way ANOVA and one-sided Student’s t test were performed in F (n = 6) and G (n =
6). *, P < 0.05; ***, P < 0.001; the center line represents the median. BF, bright field; IP, immunoprecipitation; NS, non-staining; UBI ubiquitin; WB, Western
blot. Source data are available for this figure: SourceData F2.
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(FLAG-SMADAAAA) abolished the hydroxylation, which, how-
ever, appeared in the case of FLAG-SMAD3K-R variant (Fig. 3 G).
These results suggest that the LNGP motif and K378 in the MH2
domain of SMAD3 are important for binding pVHL and subse-
quent degradation.

pVHL inhibits TGF-β/SMAD signaling induced cell invasion
It is well known that TGF-β stimulates phosphorylation of
SMAD2/3 to activate its signaling cascade (Cheng et al., 2012;

Prunier et al., 2019). We found that overexpression of the pVHL
WT, but not the mutated form (pVHL m98), destabilized total
and phospho-SMAD2/3 (Figs. 4 and S4 A), which was rescued by
the pVHL chemical inhibitor (Fig. 4 A). In contrast, KD of pVHL
(siVHL) increased phospho-SMAD2/3 stability (Fig. 4 A). Next,
we employed the well-established SMAD-binding element
(CAGA) luciferase reporter to study the influence of pVHL KD
or OE on TGF-β signaling (Meyer et al., 2011). We observed that
overexpression of FLAG-SMAD3FL increased luciferase activity,

Figure 3. LxLxxP motif in the MH2 domain is
indispensable for pVHL-mediated SMAD3
degradation. (A) Schematic illustration of FLAG-
SMAD3 variants. (B) The MH2 domain is crucial
for pVHL-mediated SMAD3 degradation. The
expression of FLAG-SMAD3 variants in pVHL-
deficient (KD) cells was quantified by densito-
metric analysis and compared with that in cells
overexpressing pVHL (OE). The original immu-
noblotting image can be found in Fig. S3 A.
(C) Comparison of HIF1α and SMAD3 amino acid
sequences highlights the potentially essential
lysine (K) in blue and proline (P) in blue. The loss-
of-function mutations (namely K-R and LNGP-
AAAA) are depicted in red. (D) SMAD3K-R and
SMAD3AAAA are resistant to pVHL in vitro. ATP
consumption was measured in the in vitro
ubiquitination assay using lysis from cells ex-
pressing pVHL WT or VHL m98. The FLAG-
SMAD3FL, FLAG-SMAD3K-R mutation, or the
FLAD-SMAD3AAAA mutation was separately
purified and added to initiate the reaction.
(E) FLAG-SMAD3K-R and FLAG-SMAD3AAAA are
resistant to pVHL in cells. The stability of FLAG-
SMAD variants was studied in pVHL OE or pVHL
KD cells. The quantified result can be found in
Fig. S3 B. (F) The K-R or AAAA mutation dis-
sipates the binding of FLAG-SMAD3 to pVHL.
Immunoprecipitation was performed in MG132-
treated cells expressing FLAG-SMADFL, FLAG-
SMAD3K-R, or FLAG-SMAD3AAAA. FLAG-SMAD3
variants were precipitated, and the binding to
pVHL is shown. (G) Detection of hydroxy proline
in FLAG-SMAD3 variants. FLAG-SMADs variants
were immunoprecipitated, and hydroxyl proline
antibody was used to detect the expression of
hydroxy proline in the precipitation. For B and D,
a dot plot is used, and the fold change compared
with the respective treatment or control is de-
picted. One-way ANOVA and one-sided Student’s
t test were performed in D (n = 6). ***, P < 0.001;
the center line represents the median. One of the
original images in B, E, and F can be found in
SourceData F3. Source data are available for this
figure: SourceData F3.
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Figure 4. pVHL impairs the activity of TGF-β/SMAD3 signaling in cells. (A) pVHL represses the phosphorylation of SMAD2/3 with stimuli of TGF-β. The
phosphorylation of SMAD2/3 was compared in cells expressing pVHL WT or pVHL m98, pVHL-deficient cells, or cells treated with pVHL inhibitor.
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which was further improved in cells expressing FLAG-SMA-
D3AAAA, probably because FLAG-SMAD3AAAA is more stable
upon pVHL-mediated degradation than WT SMAD3 (Fig. 4 B). In
comparison to WT cells, pVHL KD increased TGF-β–mediated
signaling activity, which was inhibited in the presence of a
TGF-β receptor inhibitor (SB-431542 [SB4]). Because SMAD4 is
required to form an active complex with SMAD2/3 for signal
transduction (David and Massagué, 2018; Tang et al., 2020;
Zhang et al., 2017), KD of SMAD4 using siRNA (siSMAD4) also
abolished pVHL KD–mediated activation of TGF-β signaling
(Fig. 4 B). Upon pVHL OE, TGF-β signaling activity was blocked
but rescued by expressing SMAD3FL or SMAD3AAAA mutants
(Fig. 4 B). These results show that pVHL negatively regulates
TGF-β signaling activity by control of available SMAD3–SMAD4
complex.

Studies have shown that SMAD3–SMAD4 complex binds to
the promoter of inhibitors of differentiation (IDs) 1 and 2 and
connective tissue growth factor (CTGF) under stimuli of TGF-β
and enhances cell motility (Cheng et al., 2012; Di et al., 2007;
Liang et al., 2009). In line with results from the luciferase assay,
pVHL KD increased the gene expression of ID1, ID2, and CTGF
upon the treatment of TGF-β for 1 h, which was significantly
reduced in cells lacking SMAD4 or treated with SB4 (Fig. 4 C; and
Fig. S4, B and C). In contrast, pVHL OE suppressed the expres-
sion of these genes, which was rescued by overexpression of
SMAD3FL or variant SMAD3AAAA, which is resistant to pVHL-
mediated degradation (Fig. 4 C and Fig. S4, B and C). Consis-
tently, results from a wound-healing assay and cell migration
assay confirmed pVHL was negatively correlated with TGF-β–
mediated cell mobility. As shown in Fig. 4, D and E and Fig. S4 D,
pVHL KD promoted cell migration, which was inhibited either in
the presence of TGF-β receptor inhibitor or with KD of SMAD4.
In addition, cellular mobility was attenuated in cells over-
expressing pVHL, which can be rescued by ectopic expression of
SMAD3AAA or SMAD3FL. These results supported our finding
that pVHL is an E3 ligase for SMAD2/3 ubiquitination and thus
negatively regulates TGF-β/SMAD2/3 signaling–mediated cell
migration.

pVHL negatively controls TGF-β/SMAD3 signaling in
Drosophila
TGF-β/R-SMAD signaling is involved in the regulation of cell
proliferation, tissue growth, and patterning in Drosophila wing
development (Hevia and de Celis, 2013; Hevia et al., 2017;
Peterson and O’Connor, 2014). To establish the physiological
relevance of the characterized role of pVHL in the regulation of
the TGF-β/R-SMAD signaling cascade in cell culture experi-
ments, we studied the gain or loss of function of Drosophila VHL
(dVHL) inDrosophila duringwing development. Previous studies
have shown that TGF-β signaling is important for epithelial cell

proliferation and controlling tissue size in Drosophila wing
(Brummel et al., 1999; Hevia and de Celis, 2013). Therefore, we
first assessed the physiological effect of dVHL expression in vivo
by examining the size and pattern in the adult wing. Drosophila
only have one regulatory SMAD in TGF-β signaling (encoded by
Smox), and it is closely related to SMAD2 and SMAD3 in ver-
tebrates (Peterson and O’Connor, 2014). Studies have shown that
loss of Smox results in smaller wings with minor vein thick-
ening in the region of the posterior crossing veins (PCVs) and
longitudinal veins 4 and 5 (Hevia and de Celis, 2013). We found
that expression of full-length dVHL, but not the dVHLYH variant
with a conserved Y-Hmutation atDrosophila residue 51 (which is
equivalent to human residue Y98H; Hsouna et al., 2010), in the
wing pouch using Nubbin-Gal4 causes formation of smaller wings
as well as ectopic veinlets in distal regions of longitudinal veins 4
and 5 and PCVs (Fig. S5, A–H). These phenotypes were similar to
those observed in the loss of function of TGF-β type I receptor
(Babo) and R-SMAD (Smox; Fig. S5, A–H). These results indicated
that dVHL negatively regulates TGF-β signaling in Drosophilawing
development and that the tyrosine residue (Y51) in the β domain
of dVHL is also required for the interaction with Smox.

We next analyzed the loss of dVHL function in the developing
Drosophila wing imaginal discs. We found that KD of dVHL
by independent RNAi transgenes (dVHL-RNAiKK and dVHL-
RNAiTrip) resulted in an increased number of mitotic cells, as
indicated by phospho-histone 3 staining (Fig. 5, A–F). This in-
creased proliferation was also observed in the wing discs upon
expression of an active form of Babo (Nubbin-Gal4>BaboAct;
Fig. 5, C and F). In addition, Babo activation and dVHL KD in-
duced Drosophila SMAD (dSmad2) protein expression (Fig. 5,
G–I). Conversely, dVHL expression reduced dSmad2 expres-
sion in the wing discs (Fig. 5 J). Hevia et al. (2017) showed that
Smox activation induces CG9008 expression and that KD of
Smox caused a reduced level of CG9008 in the wing disc;
moreover, CG9008 loss of function mimics the Smox depletion
phenotype in Drosophila wing. These data suggest that CG9008
acts as a bona fide Smox transcriptional target to control wing
development. We next investigated the expression of Smox/
dSmad2 target (CG9008) in the dVHL loss-of-function condition
by fluorescence in situ hybridization. We found that the ex-
pression of CG9008 was up-regulated in the wing pouch of
dVHL-depleted wing disc, which is consistent with Babo acti-
vation (Fig. 5, K–N). These results suggest dVHL negatively
controls the protein level of Smox, expression of Smox target
gene, and Smox-mediated proliferation during Drosophila wing
development.

In addition, we observed that dVHL RNAi leads to a marked
downward bending of the wing blade (Fig. 5, O–Q). This phe-
notype also appeared in the flies expressing an active form of
Babo (BaboACT). The downward bendingwing is characteristic of

Densitometric analysis is shown in Fig. S4 A. (B) pVHL interferes with TGF-β/SMAD3 signaling, as determined by the TGF-β luciferase reporter. siSMAD4,
SMAD4 siRNA. (C) pVHL inhibits ID1 expression, as determined by qRT-PCR. (D) pVHL suppresses TGF-β–mediated cell mobility in a wound-healing assay.
(E) pVHL represses TGF-β–mediated migration/invasion signaling. For B–D, dot plots were used, and the fold change compared with the respective control is
depicted. One-way ANOVA and one-sided Student’s t test were performed in B (n = 4), C (n = 6), and E (n = 4). *** P < 0.001; the center line represents the
median. Scale bar, 40 µm.
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Figure 5. dVHL negatively regulates TGF-β/dSMAD signaling in Drosophila wing development. (A) Schematic view of the Drosophila third-instar wing
imaginal disc. Nubbin-Gal4 driver is specifically expressed in the wing pouch (highlighted by an orange circle). (B–E) Analysis of phospho-histone 3–positive
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hyperproliferation in the apical wing compartments. We then
asked whether TGF-β signaling was associated with wing de-
velopmental defect induced by dVHL loss of function. To address
this, we coexpressed dVHL RNAi with either Babo-RNAi or
Smox RNAi and examined the wing development defect. The
abnormal growth wing in VHL-depleted flies was rescued by
Smox RNAi, but not by knocking down an unrelated hedgehog
signaling component (Smoothened; Fig. 5 Q). In addition, Babo-
RNAi partially rescued the dVHL RNAi–induced downward wing
blade phenotype (Fig. 5 Q). Meanwhile, Smox RNAi–inhibited
BaboACT induced downward “bowing” of the wing blade (Fig. 5 Q).
These results suggest dVHL loss of function induces a wing de-
velopment defect through activation of TGF-β/SMAD signaling.

Discussion
TGF-β/SMAD signaling plays essential and complex roles in
development and diseases, including cancer (David andMassagué,
2018). TGF-β/SMAD signaling is highly conserved and controls
various fundamental cellular processes, including cell prolifera-
tion, survival, migration, and senescence (Moustakas and Heldin,
2009). However, the nature of the molecular mechanisms of
context-dependent TGF-β signaling is still largely unknown
(Zhang et al., 2017). It is thus interesting to uncover regulatory
components for a better understanding of the physiological and
developmental regulation of TGF-β signaling. Using a small-
molecule approach combined with proteomics analysis and an
siRNA screen, we found that pVHL is a SMAD2/3 E3 ligase,
which negatively regulates TGF-β signaling.

pVHL contains an α-domain and a β-domain. The α-domain is
responsible for the interaction with other E3 ligase complex
components, while the β-domain enables recognition and
binding of substrates. Earlier studies reported a cluster of mu-
tations (R82P, P86H, N90I, Q96P, Y98N, Y112H, and W117R) in
the β-domain of pVHL that are important for substrate recog-
nition in the ubiquitin-dependent proteolysis of HIF-1α (Li et al.,
2007). In line with these findings, we demonstrate that the ty-
rosine Y98 and tryptophan W117 in the β-domain of pVHL are
important for the interaction with SMAD2/3 and subsequent
ubiquitination. Binding of pVHL to HIF-1α also requires the
hydroxylated proline residues in LxLLAP motif of NODD or
LxxLAP motif of CODD (Ivan et al., 2001). We found a similar
and essential proline in conserved LxLNGP motif of SMAD3 at
position 403 (P403). Hydroxylated proline residue–dependent
interactions have been generally observed in pVHL substrates,
including IKKα and IKKβ (proline residues P191; Cummins et al.,

2006) or zinc fingers and homeoboxes 2 (ZHX2, P427, P440, and
P464; Zhang et al., 2018). Consistently, we found that pVHL-
mediated SMAD3 degradation was significantly suppressed in
the presence of chemical proline hydroxylase inhibitor CoCl2,
genetic mutation of LNGP to AAAA, or mutation of the corre-
sponding lysine (K378R). P403 of SMAD3 is located at the
junction of β-sheet and α-helix. Recently, Miyazono et al. re-
ported the interaction of SKI with SMAD2 at the helix bundle
regions, including proline 445, which is equal to P403 of SMAD3
(Miyazono et al., 2018). We found the hydroxylation in SMAD3
variants containing LNGP in MH2 domain. Thus, our results
demonstrate that the hydroxylated proline residue within the
LNGP motif of SMAD3, as well as lysine K378 and catalytically
active pVHL, are indispensable for the degradation. Moreover,
alignment analysis showed that the L(I)xLxGP motif is highly
conserved in R-SMADs cross human, Drosophila, and zebrafish.
K378 is a part of the KGWG motif and conserved among all
SMADs, namely TGF-β–related SMAD2/3 and BMP-related
SMAD1/5/8, as well as the inhibitory SMADs SMAD6 and
SMAD7 (Dupont et al., 2009; Morén et al., 2003). This imposes
an interesting hypothesis on if pVHL-mediated ubiquitination of
K378 of Smad3 could be extrapolated to SMAD1/5/8, however
this requires further investigation.

Previous studies have shown that TGF-β/SMAD signaling
activates pro-invasive factors and promotes cell invasion (Dai
et al., 2012; Miettinen et al., 1994; Moore et al., 2008). For in-
stance, cultured epithelial cells in response to TGFβ lose their
epithelial features and gain mesenchymal properties, a process
that is referred to as epithelial-to-mesenchymal transition
(EMT; Xu et al., 2009). EMT is often used by cancer cells for
invasion and metastasis (Batlle and Massagué, 2019; David and
Massagué, 2018). Our results showed that loss of pVHL promotes
TGF-β/SMAD-dependent cell migration. In human, deletions or
mutations in the VHL gene often lead to VHL disease, a heredi-
tary cancer syndrome that includes clear cell renal cell carci-
noma, hemangioblastoma, and pheochromocytoma (Tarade and
Ohh, 2018). A recent study reported an inverted correlation of
pVHL expression with TGFβ receptor expression (Mallikarjuna
et al., 2018). Our results showed that loss of pVHL enhanced
Smad2/3 C-terminal phosphorylation and target gene expres-
sion, which promoted TGF-β/SMAD–dependent cell migration.
Thus, the tumor suppressor activity of pVHL might be at least
partially due to its negative modulation of TGF-β/SMAD–
mediated biological responses, such as EMT, in cancer models.

Many developmental signaling pathways including TGFβ
were originally identified in Drosophila and are evolutionarily

mitotic cells in the wing disc of Nubbin-Gal4>w1118 (B, n = 8), Nubbin-Gal4>UAS-BaboACT (C, n = 3), Nubbin-Gal4>dVHL-RNAiKK (D, n = 6), and Nubbin-Gal4>dVHL-
RNAiTrip (E, n = 7) third-instar Drosophila. Nuclei are stained with DAPI in blue, and PH3-positive cells are labeled in green. (F) Quantification of PH3-positive
cells in the pouch of wing discs with indicated genotypes. (G–J) Representative images of the imaginal discs of Nubbin-Gal4>w1118 (G), Nubbin-Gal4>UAS-
BaboACT (H), Nubbin-Gal4>dVHL-RNAiKK (I), and Nubbin-Gal4>UAS-dVHLWT (J) third-instar Drosophila. Nuclei are marked in blue and dSmad2 antibody staining are
shown in red or gray. (K–N) Fluorescence in situ hybridization analysis of expression of the Smox target CG9008 in the wing disc of Nubbin-Gal4>w1118 (K),
Nubbin-Gal4>UAS-BaboACT (L), Nubbin-Gal4>dVHL-RNAiKK (M), and Nubbin-Gal4>dVHL-RNAiTrip (N) third-instar Drosophila. Nuclei are marked in blue and CG9008
are marked in red or gray. (O) Effect of dVHL loss of function in Drosophila wing. (P) Schematic view of normal and dVHL loss or TGF-β activation wing
epithelia. (Q) Quantification of percentage of flies show bow (downward bending) wings of indicated genotype (n ≥ 25). Scale bars, 30 µm (B–K). In F,
quantification data are presented as mean ± SEM (n ≥ 10). One-way ANOVA and one-sided Student’s t test were performed. **, P < 0.01; ***, P < 0.001; the
center line represents the median.
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conserved in mammals (Funk et al., 2020; Pires-daSilva and
Sommer, 2003). The Drosophila wing is an excellent model for
investigating gene networks and signal transductions, which
have important roles in cell growth, proliferation, and pattern-
ing (Wang and Dahmann, 2020). TGF-β signaling is critical for
cell proliferation and EMT in the Drosophila wing development
(Hevia and de Celis, 2013; Hevia et al., 2017; Peterson and
O’Connor, 2013, 2014). Consistent with the wing phenotype in
loss of TGF-β signaling, we found that the expression of dVHL
displayed a reduced wing size and ectopic vein formation. This
phenotype is not seen in the wing of flies expressing an Y-H
mutated dVHL variant at amino acid residue 51, which is
equivalent to a tyrosine residue mismatch mutation (Y98H) in
human VHL gene (Hsouna et al., 2010). The Y98H tyrosine
residue exchange in the β-domain of pVHL is involved in the
recognition and binding of VHL substrate, and it is also one of
the most frequent mutations in VHL-related diseases (Hsouna
et al., 2010; Knauth et al., 2006; Li et al., 2007). Hence, these data
suggest a conserved, negative role for VHL in the regulation of
TGF-β signaling in Drosophila wing development and that dVHL
might interact with Smox in the β-binding domain similar to
HIF-1α. In support of this, Smox depletion rescues the VHL
loss–induced bow wing phenotype. The downward bending or
bow wing phenotype caused by overproliferation of apical wing
compartments has also been seen in flies expressing a dominant-
negative form of Merlin (Gavilan et al., 2014; LaJeunesse et al.,
1998). Merlin is known as a tumor suppressor protein that ac-
tivates the Hippo pathway to repress the Drosophila YAP/TAZ
homologue Yorkie (Elbediwy and Thompson, 2018). In mam-
malian cells, YAP/TAZ forms a transcription complex with
SMADs to regulate common targets (Luo, 2017). For instance, the
YAP-TEAD4-SMAD3-p300 transcription complex is recruited to
the promoter of CTGF to activate its expression. Previous studies
have also shown that Yorkie cooperates with Smox to regulate
cell proliferation in Drosophilawing (Hevia et al., 2017). Based on
these observations, we speculated that dVHL/dSMAD and Mer-
lin/Yorkie converge at the level of transcription regulation of
common targets involved in cell proliferation in Drosophilawing.

In addition, we found VHL negatively regulates a Smox target
(CG9008) in the wing imaginal discs. CG9008 encodes glucose-6-
phosphate 1-epimerase, which is involved in glycolysis. Inter-
estingly, previous studies have shown that KD of several glycolytic
enzymes, such as CG9008, CG6058 (aldolase), and CG8893 (glycer-
aldehyde 3-phosphate dehydrogenase), rescues Smox activation–
induced wing phenotypes (Hevia et al., 2017). These observations
may imply that TGF-β/R-SMAD–mediated sugar metabolism is re-
quired for wing cell proliferation and tissue growth in Drosophila.

Taken together, our results demonstrate that pVHL inhibits
TGF-β signaling by ubiquitination and proteasomal degradation
of SMAD3, which requires a conserved LxLxxP motif located in
the MH2 domain of SMAD3. This degradation was considerably
attenuated by mutations of either the LNGP motif to AAAA,
including proline (P403) or lysine K378 of SMAD3 (K378R), or
the tyrosine (Y98N) and tryptophan (W117R) residues in the β
domain of pVHL. Loss of pVHL enhanced TGF-β signaling ac-
tivity and therefore promoted SMAD3/SMAD4–dependent cell
migration. In Drosophila, expression of WT dVHL resulted in

smaller wing size and ectopic veinlets, similar to the phenotype
induced by loss of TGF-β signaling, while normal wing size was
observed in the case of overexpressing a dVHL Y-H mutation.
Thus, our finding suggests that pVHL physically interacts with
SMAD3 through the LxLxxP motif in the MH2 domain and
serves as a bona fide E3 ubiquitin ligase for SMAD3 degradation.
Considering the highly conserved MH2 domain of R-SMADs in
various species, our findings implicates a general role for pVHL
in the regulation of TGF-β/SMAD–related cellular processes in
development, immunology, and cancer.

Materials and methods
Chemistry
Reagents
Solvents and reagents obtained from commercial suppliers were
at least of reagent grade or were purified according to prevailing
methods before use. TLCwas performed tomonitor the chemical
reactions using Alugram SIL G/UV254 sheets (Macherey & Na-
gel). Silica column chromatography was conducted using silica
gel 60 (Macherey & Nagel; 0.040–0.063 mm). The purity of
compounds was determined at least more than 96% by HPLC
analysis.

Analytical methods
1H (300 Hz) and 13C nuclear magnetic resonance (NMR; 75 Hz)
spectra were recorded on a Varian 300 MHz NMR system.
Chemical shifts are reported in ppm. DMSO-d6 was used as
solvent and defined as δ = 2.50 for 1H and δ = 40.0 for 13C. The
following abbreviations are used to explain the multiplicities in
NMR spectra: s, singlet; d, doublet; t, triplet; q, quartet; and m,
multiplet. High-resolution mass spectra (HR-MS) were recorded
on a Bruker ApexQe hybrid 9.4 T FT-ICR (ESI).

Synthesis of biotinylated E738

(Scheme 1)

Synthesis of biotin-E738
The synthesis of indirubin derivatives was exclusively described
in our previous article (Cheng et al., 2017a). Briefly, a mixture of
5-methoxyindirubin-39-oxime (1 mmol) and 1,4-dibromobutane-
2,3-diol (2 mmol) in ethanol (20 ml) was stirred overnight at RT,
in which 1,1,3,3-tetramethylguanidine (7 mmol) was added as a
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base. After adding 200 ml water, the reddish precipitate was
filtered off, washed with water, and dried to afford 5-methox-
yindirubin-39-(4-bromo-2,3-dihydroxybutyl)-oxime (95%).

A mixture of biotin-NHS (1 mmol) and tert-butyl (6-amino-
hexyl)carbamate (1.05 mmol) in ethanol (5 ml) was stirred
overnight at RT. After adding 50 ml water, the colorless pre-
cipitate was filtered off, washed with water and dried. The raw
product was stirred in a mixture of dioxin:6 N HCl (5:1) for 3 h.
Sodium carbonate was added for pH neutralization. The solvent
was evaporated to afford biotin-1,6-diamine.

Finally, biotin-E738 was achieved in a reaction of 5-
methoxyindirubin-39-(4-bromo-2,3-dihydroxybutyl)-oxime (1 mmol)
with biotin-1,6-diamine (2 mmol) in ethanol (5 ml) with sodium
carbonate as base. The precipitate appeared after adding 50 ml
water and filtered and dried.

5-methoxyindirubin-39-(4-bromo-2,3-dihydroxybutyl)-oxime
1H-NMR (DMSO-D6): 3.56–3.57 (m, 1H), 3.76–3.79 (m, 5H),
4.12–4.15 (m, 1H), 4.60–4.66 (m, 2H), 5.25 (d, 1H, J = 6), 5.39 (d, 1H,
J = 3), 6.72–6.82 (m, 2H), 7.00–7.05 (m, 1H), 7.37–7.46 (m, 2H), 8.19
(d, 1H, J = 4), 8.29 (d, 1H, J = 2), 10.58 (S, 1H), 11.76 (s, 1H).

13C-NMR: 46.5, 56, 69.3, 71.9, 78.6, 101.4, 109.2, 109.8, 112.2,
113.4, 116.8, 121.9, 123.5, 129.1, 133.3, 133.4, 144.4, 145.9, 152.1,
154.7, 171.5.

HR-MS: C21H20BrN3O5: 473.0586 (calculated), 473.0581 [M]+

(found).

Biotin-1,6-diamine
1H-NMR (D2O:DMSO-D6 = 1:1): 1.16–1.46 (m, 12H), 2.01–2.06 (m,
2H), 2.10–2.12 (m, 1H), 2.16–2.19 (m, 1H), 2.25–2.28 (m, 1H), 2.43
(m, 1H), 2.55–2.63 (m, 1H), 2.76–2.82 (m, 1H), 2.94–3.00 (m, 3H),
3.07–3.09 (m, 1H), 4.12–4.16 (m, 1H), 4.31–4.35 (m, 1H).

HR-MS: C16H31N4O2S: 343.2162 (calculated), 343.2123 [M+H]+

(found).

Biotin-E738
1H-NMR (DMSO-D6): 1.17–1.50 (m, 10H), 1.99–2.27 (m, 3H),
2.70–2.85 (m, 1H), 2.99–3.09 (m, 3H), 3.33–3.59 (m, 12H),
3.73–3.79 (m, 5H), 4.28–4.30 (m, 1H) 4.60–4.67 (m, 2H), 5.26–5.52
(m, 1H), 6.35–6.42 (m, 1H), 6.73–6.82 (m, 2H), 7.01–7.06 (m, 1H),
7.39–7.44 (m, 2H), 7.72 (s, 1H), 8.19–8.21 (m, 1H), 8.28–8.31
(m, 1H).

HR-MS: C37H49N7O7S: 735.3414 (calculated), 736.3487 [M+H]+

(found).

Biology
Plasmids and antibodies
HA-VHL-pRc/cytomegalovirus (Addgene; 19999), HA-VHL
W117R-pBabe-puro (Addgene; 19239), HA-VHL Y98N-pBabe-
puro (Addgene; 19236), CS2 FLAG-Smad3 (Addgene; 14052),
CS2 FLAG-Smad3 EPSM (Addgene; 14963), pRK Smad3LC FLAG
(Addgene; 14829), pRK Smad3C FLAG (Addgene; 14830), pRK
Smad3NL FLAG (Addgene; 14828), pRK Smad3N FLAG (Addgene;
14827), and LPCX Smad3 deltaSSVS (Addgene; 12639) were
purchased from Addgene. VHL-GFP plasmid and the mutations
of FLAG-SMAD3K-R and FLAG-SAMD3AAAA were synthesized
and characterized by Genscript. SMAD3-OFP plasmid was

purchased from Sino Biological (Biozol). TGF-β1 CAGA luciferase
reporter construct was a gift from Dr. Steven Dooley (University
Hospital Heidelberg, Heidelberg, Germany). Antibodies to
SMAD2/3 (#8685), FLAG (#8146), HA (#2367), and p-SMAD3
(#9520) were purchased from Cell Signaling Technologies;
sheep anti-Drosophila dSmad2 polyclonal antibody was pur-
chased from R&D Systems (AF7948-SP). Ubiquitin (#SC-166552),
actin (#SC-47778), and vinculin (#SC-73614) antibodies were
obtained from Santa Cruz Biotechnology; pVHL (#140989),
ubiquitin (#137031), and hydroxyl proline (#37067) antibodies
were purchased from Abcam (Table S1). siRNAs for screen were
purchased from Thermo Fisher Scientific (Table S2). siVHL2was
purchased from OriGene (305075). The information of chemical
reagents used in this study can be found in Table S3.

siRNA sequences
The following siRNA sequences were used: NCCRP1, sense: 59-
CGAACAACCAGCCACGtt-39; antisense: 59-CGUAAUGGCUGGUU
GUUCGtc-39; CUL1, sense: 59-GGGCCCUACGUUAACAGUGtt-39;
antisense: 59-CACUGUUAACGUAGGGCCCtt-39; CUL4A, sense:
59-GCGAGUACAUCAAGACUUUtt-39; antisense: 59-AAAGUCUU
GAUGUACUCGCtc-39; USP5, sense: 59-GGUGAAGUACACCCAGC
GAtt-39; antisense: 59-UCGCUGGGUGUACUUCACCtt-39; UCHL5,
sense: 59-GGCCUGUCAUAGAAAAAAGtt-39; antisense: 59-CUUU
UUUCUAUGACAGGCCtt-39;YOD1, sense: 59-GGCCUUAAACGUG
UCAUAUtt-39; antisense: 59-AUAUGACACGUUUAAGGCCtc-39;
UBA52, sense: 59-GGUGGCAUUAUUGAGCCUUtt-39; antisense:
59-AAGGCUCAAUAAUGCCACCtc-39; UBE2S, sense: 59-CAAGGA
GGUGACGACACUGtt-39; antisense: 59-CAGUGUCGUCACCUCCU
UGta-39; HERC6, sense: 59-AAGAAUUGAUGGCCUAGUUtt-39;
antisense: 59-AACUAGGCCAUCAAUUCUUtc-39; TRIM25, sense:
59-GGCACAAACUAACUGUCAUtt-39; antisense: 59-AUGACAGUU
AGUUUGUGCCtc-39; TRIM29 sense: 59-CCCGUUACCUUUGCCG
AAAtt-39; antisense: 59-UUUCGGCAAAGGUAACGGGtg-39; HIF1
A, sense: 59-GGCAGCAGAAACCUACUGCtt-39; antisense: 59-GCA
GUAGGUUUCUGCUGCCtt-39; Cul2, sense: 59-GCAACAUGGAAU
GACCGUUtt-39; antisense: 59-AACGGUCAUUCCAUGUUGCtc-39;
RBX1, sense: 59-GGAACCACAUUAUGGAUCUtt-39; antisense: 59-
AGAUCCAUAAUGUGGUUCCtg-39; MDM2, sense: 59-GCCAUU
GCUUUUGAAGUUATT-39; antisense: 59-UAACUUCAAAAGCAA
UGGCTT-39; and VHL, sense: 59-GGAGCGCAUUGCACAUCAATT-
39; antisense: 59-UUGAUGUGCAAUGCGCUCCTG-39. All siRNAs
were purchased from Thermo Fisher Scientific. Bases written in
lowercase letters are not part of the gene-specific sequnece and
added for functionality.

Cell culture and transfection. HeLa and HCT116 cells were
cultured in DMEM (Gibco) containing 10% FBS (Gibco), 100
U/ml penicillin and 100 µg/ml streptomycin (Gibco) at 37°C in a
humidified atmosphere under 5% CO2. Overexpression and KD
were performed as previously described (Dabiri et al., 2019).
Lipofectamine 3000 was used for transfection following the
manufacturer’s instructions. Briefly, the mixture of p3000 re-
agent (5 µl) with either 20 nM siRNA for KD or 2,500 ng DNA for
overexpression in 100 µl Opti-medium (Gibco) was added into
100 µl Opti-medium containing 5 µl Lipofectamine 3000 and
incubated at RT for 5 min. The mixture was added into cells with
∼60–70% of confluency in a 6-well plate. The medium was
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changed once after 24-h incubation, and the experiment was
performed after 48 h incubation.

VHL-knockout cell line using CRISPR-Cas9
pVHL-knockout cell lines were generated using AVO plasmid
containing Cas9 and tdTomato sequences. Gene-specific guide
RNAs are inserted through a directional BsmBI cloning site. For
cloning, the plasmid was digested with BsmBI, and the following
sgRNA sequences to target the VHL gene were inserted: sgRNA1,
59-CGCGCGTCGTGCTGCCCGTA-39; sgRNA2, 59-GCCGTCGAA
GTTGAGCCATA-39; sgRNA3, 59-GTGCCATCTCTCAATGTTGA-
39; and sgRNA4, 59-CAGGTCGCTCTACGAAGATC-39. For KD,
HeLa cells were cotransfected with two or four plasmids con-
taining sgRNAs using polyethyleneimine (Sigma-Aldrich). After
2 d, cells were collected and reseeded in 6-well plates at a density
of 500 cells/well. Transfection of cells wasmonitored by tdTomato
expression. Sevenmonoclonal cell lines were expanded and tested
for VHL knockout using Western blot. HeLa clones that showed
successful knockout of pVHL were used for further experiments.

Electrophoresis and immunoblotting
Electrophoresis was performed as described previously. Briefly,
cells were lysed in 6 M urea–lysis buffer (1 mM EDTA, 0.5%
Triton X-100, 5 mM NaF, and 6 M urea) with protease and
phosphatase inhibitors (1 mM Na3VO4, 10 µg/ml Pepstatin,
100 µM PMSF, and 3 µg/ml Aprotinin in PBS). Total protein was
resolved on 10% or 8% SDS-PAGE gels. Resolved proteins on SDS-
PAGE were transferred onto a polyvinylidene fluoride membrane
(GE Healthcare). The membrane was blocked with 5% milk and
incubatedwith primary antibody (1:1,000) overnight at 4°C.β-Actin
(Santa Cruz Biotechnology; 1:1,000) was used as loading control.
Detailed information regarding the primary antibodies used in this
study is included in Table S1. To reduce background, clean-Blot IP
detection reagent was used for samples collected from immuno-
precipitation. SuperSignal West Pico Plus Chemiluminescent Sub-
strate (Thermo Fisher Scientific) and the Fujifilm LAS-3000
imaging system were used to image the membrane. Aida image
analysis software was used to quantify the intensity of signals.

Proteome-wide analysis
Cells were treated with biotinylated E738 (5 µM) overnight or
transfected with siVHL for 48 h. Cells were lysed with 6 M urea
buffer. Proteins were separated on 10% SDS-PAGE. Proteomic
analysis was performed by the Core Facility for Mass Spec-
trometry and Proteomics at the Zentrum fürMolekulare Biologie
der Universität Heidelberg. As previously reported, Enrichment
analysis of protein-coding genes was performed (Cheng et al.,
2020). Both original and analyzed data are provided.

Immunohistochemistry on patient samples
Sample collection and section preparation
Human liver tissues were resected from patients with hepato-
cellular carcinoma (HCC; diagnoses were established by con-
ventional clinical and histological criteria according to theWorld
Health Organization, and all clinical investigation was con-
ducted according to the principles expressed in the Declaration
of Helsinki), and cancerous and noncancerous areas were taken

during surgery (the study was approved by the ethics committee
of the Medical Faculty Heidelberg of Heidelberg University
Ethikkommission I Heidelberg [Studienzeichen: S-202/2012]).
Resected tissues were transferred (on ice) to the laboratory
within 40 min of resection and kept in 4% PFA at 4°C overnight.
OCT block prepared from both cancerous and noncancerous area
from same patient in one block. OCT blocks were cut into 4 µm
slices and mounted on poly-l-lysine-coated slides. Table 1 lists
patient information.

Immunofluorescence
Immunofluorescence staining was done as previously reported
(Ghafoory et al., 2018) using the antibodies listed in Table S1.
After staining, slides were mounted with Mowiol medium and
covered with coverslips. Images were taken on a Keyence BIO-
REVO microscope (BZ9000), a camera-based integrated fluo-
rescence microscope. Collection of images was done at RT using
4×, 20×, and 40× magnifications using the Nikon objectives plan
apochromat (Plan-Apo) ×4 (NA 0.20 and WD 20.00 mm), Plan-
Apo ×20 (NA 0.75 and WD 1.00 mm), and Plan-Apo ×40 (NA
0.95 and WD 0.14 mm).

CoCl2 treatment
HeLa cells were transfected with siVHL (20 nM) and FLAG-
SMAD3 for 48 h and treated with increasing concentrations of
CoCl2 (12.5, 25, 50, 100, and 200 mM) for 8 h. The expression of
pVHL and FLAG-SMAD3 was determined in immunoblotting.

Coexpression of SMAD-OFP and pVHL-GFP
HeLa cells were transfected with SMAD3-OFP and pVHL-GFP
for 48 h in the presence or absence of MG132 (1 µM) over-
night. The fluorescence intensity wasmeasured in a plate reader
using different filter setups, including pVHL-GFP (Em/Ex, 488/
510), SMAD3-OFP (Em/Ex, 548/573), or FRET (Em/Ex, 488/573).
Cells were fixed and images were taken using a Keyence BIO-
REVO fluorescence microscope (BZ9000) at RT using 4×, 20×,
and 40× magnifications using the Nikon objectives Plan-Apo ×4
(NA 0.20 and WD 20.00 mm), Plan-Apo ×20 (NA 0.75 and WD
1.00 mm), and Plan-Apo ×40 (NA 0.95 and WD 0.14 mm).

Immunoprecipitation
A FLAG immunoprecipitation kit or the Pierce HA TAG IP/Co-IP
kit was used to immunoprecipitate FLAG or HA tagging proteins,
respectively. Cells were lysed with immunoprecipitation buffer
(20mMTris-HCl, pH7.5, 150mMNaCl, 1mMNa2EDTA, 1mMEGTA,
1% Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate,
1 mM Na3VO4, 1 µg/ml leupeptin, and 1 mM PMSF) and purified ac-
cording to the manufacturer’s instructions.

In vitro ubiquitination assay
As described before (Gama-Brambila et al., 2021a, 2021b) pVHL
KD cells were transfected with FLAG-SMAD3 variants and
freshly lysed with immunoprecipitation buffer before use. The
HA-pVHL variants were individually expressed in HeLa cells
and freshly isolated using FLAG immunoprecipitation kit ac-
cording to the manufacturer’s instructions. The assay was ini-
tiated with adding pVHL into cell lysis. The ATP consumption
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was determined in ENLITEN ATP Assay (Promega; FF2000). For
immunoblotting, cell lysis was diluted in 5× loading dye (10%
SDS, 500 mM DTT, 50% glycerol, 250 mM Tris-HCL, and 0.5%
bromophenol blue dye, pH 6.8).

Wound-healing assay
The wound-healing assay was performed as previously reported
HeLa cells were transiently transfected as indicated for 24 h
(Cheng et al., 2014). Cells were trypsinized, resuspended, and
plated at a high density of 200,000 cells/well into a 24-well plate
and grown for 24 h to confluence (generally). In the middle of
each well, the scratch was made by a sterile P-200 micropipette.
Cells were washed three times with medium and treated as
designed for 24–48 h before photographs were taken.

Cell migration assay
A cell migration assay (Abcam; 235673) was used to evaluate the
cellular mobility under diverse conditions. Briefly, HeLa cells
were transiently transfected as indicated for 18 h and starved in
medium with 1% FCS for 6 h. Cells were trypsinized, re-
suspended, and replated at a density of 50,000 cells/well on the
top chamber. Cells were stimulated with TGF-β1 in the presence
or absence of chemical inhibitor (SB4) for 48 h. Hoechst dye was
added to stain the migrated cells on the bottom chamber. The
signal intensity was read by a plate reader.

TGF-β1 CAGA luciferase assay
The TGF-β1 CAGA luciferase reporter assay was performed as
previously reported (Dabiri et al., 2019; Meyer et al., 2011).
Briefly, HeLa cells were transfected with CAGA luciferase

construct and treated as described in the main text. Cells were
lysed with luciferase lysis buffer (25 mM Tris phosphate buffer,
pH 7.8, containing 4mMEGTA, 1% Triton X-100, 10% glycerol, and
2mM fresh DTT, filtered through 0.45-µm sterile filter) at 37°C for
15 min. The protein concentration was measured by Bradford
reagent (Sigma-Aldrich). A mixture of luciferin and ATP (100 µl)
was added to 20 µl cell lysis in a white plate (Gibco), incubated for
5 min, and measured by Tecan Ultra plate reader. Activity was
determined as the percentage luminescence intensity of treated
versus control cells from at least five independent experiments.

Quantitative real-time PCR (qRT-PCR)
HeLa cells were transfected with various plasmids as designed
for 48 h. Serum starvation was performed for 4 h and treated
with TGFβ for 1 h with or without inhibitor. Total RNA was
isolated with QIAzol (Qiagen). The same amount of RNA was
synthesized to cDNA using ProtoScript First Strand cDNA Syn-
thesis Kit (NEB). qRT-PCR was performed in a Light Cycler 96
(Roche) following the manufacturer’s protocol. SYBR Green PCR
master mix (Nippon Genetics; qPCRBIO SyGreen Mix Lo-Rox)
and the primer pairs of ID1, ID2, and CTGF listed below were
reported previously (Cheng et al., 2012). Actin was used as an
endogenous control. Data were normalized to the value of un-
treated cells showing the mean ± SD of quadruplicates and are
representative of at least three independent experiments.

Primer sequences
The following primer sequences were used: ID1:forward, 59-CAT
GAACGGCTGTTACTCAC-39; reverse, 59-GTTCCAACTTCGGAT
TCCGAG-39; ID2: forward, 59-GACTGCTACTCCAAGCTCAAG-39;

Table 1. Patient information

Patient number Patient age, sex Diagnosis Tissue preparation

4 72 yr, male HCC

5 62 yr, male Metastasis, pancreas to liver RT-PCR, OCT, paraffin

7 60 yr, female Metastasis, liver and thyroid RT-PCR, OCT, paraffin

8 62 yr, male CCC RT-PCR, OCT, paraffin

9 62 yr, male HCC RT-PCR, OCT, paraffin

10 53 yr, female Cancerous area, pancreas cancer OCT, paraffin

14 62 yr, male HCC RT-PCR, OCT, paraffin

17 Unknown Colorectal, metastasis to the liver RT-PCR, OCT, paraffin

18 44, female Colorectal, metastasis to liver RT-PCR, OCT, paraffin

19 53 yr Liver, metastasis from pancreas RT-PCR, OCT, paraffin

20 Unknown CCC RT-PCR, paraffin

22 37, male Metastasis, colon to liver RT-PCR, OCT, paraffin

24 76 yr, male HCC RT-PCR, OCT, Paraffin

25 Female Colorectal, metastasis from colon to the liver OCT, paraffin

28 68 yr, female Duodenum, metastasis to liver RT-PCR, OCT, paraffin

29 54 yr, female HCC RT-PCR, OCT, paraffin

31 67 yr, male HCC RT-PCR, OCT, paraffin

CCC, cholangiocellular carcinoma.
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reverse, 59-GTGATGCAGGCTGACAATAGTG-39; CTGF:forward,
59-CCAGACCCAACTATGATTAGAGC-39;reverse, 59-GAGGCGTT
GTCATTGGTAAC-39; and actin: forward, 59-CTGACTACCTCAT-
GAAGATCCTC-39;reverse, 59-CATTGCCAATGGTGATGACCTG-39.

Statistics and reproducibility
Data were analyzed with GraphPad Prism software (v7.01). One-
way ANOVA was performed. One-sided Student’s t tests were
performed for all figures. All experiments (except for proteo-
mics) were independently repeated at least three times, from
which similar results were obtained. Data distribution was as-
sumed to be normal, but this was not formally tested.

In vivo experiments
Drosophila stocks and husbandry
Animals were reared at either 18°C or 25°C with a 12-h light cycle
with 60% humidity. 1 liter standard fly medium contains 44 g
sugar syrup, 80 g malt, 80 g corn flour premium G750, 10 g soy
flour, 18 g yeast, 2.4 g methly-4-hydroxybenzoate, 6.6 ml pro-
pionic acid, 0.66 ml phosphoric acid, and 8g agar, as previously
described (Zhou and Boutros, 2020). dVHL overexpression was
induced by crossing the transgenes UAS-VHLWT (WT) or UAS-
VHLYH (Y-H mismatch mutation) with nubbin-Gal4. To obtain
TGF-β gain- or loss-of-function wing phenotypes; Smox RNAi,
Babo RNAi, UAS-BaboACT, Smo RNAi, and w1118 (control) were
also made by crossing nubbin-Gal4. For the genetic interaction
analysis, Smox RNAi or Smo RNAi were combined with dVHL
RNAi to obtain the transgene combinants and then crossed with
nubbin-Gal4. F1 progeny was maintain at 25°C for 10 d before wing
mounting and entire Drosophila imaging. Animals in control or ex-
perimental groups are transferred to fresh food every 2 d to prevent
fungal infection. The following fly strains were used: UAS-dVHLWT,
UAS-dVHLYH (gift from Valeria Cavaliere, University of Bologna,
Bologna, Italy) and Nubbin-Gal4 (BLN86108); w1118 (BLN3605);
UAS-Babo-RNAiTrip (BLN40866); UAS-Smox-RNAiTrip (BLN33661);
UAS-dVHL-RNAiTrip (BLN50727); UAS-Smo-RNAiTrip (BLN27037); UAS-
BaboQ302D (BLN64293) from the BloomingtonDrosophila StockCenter;
and UAS-dVHL-RNAiKK (v108920); UAS-Smox-RNAiKK (v105687) from
the Vienna Drosophila Resource Center.

Histology
Thewing imaginal discs fromDrosophila third-instar larvae were
dissected in Schneider’s medium and fixed in 4% PFA for 20 min.
Tissues were washed in 1X PBST (1X PBS containing 0.1% Triton
X-100) four times and blocked with 1X PBST containing 1% BSA.
The wing imaginal discs were then incubated with dSmad2 (1:100
dilution) or phospho-histone 3 antisera (1:500 dilution) in 1% BSA
1X PBT overnight at 4°C and washed four times with 1X PBST.
Secondary antibodies were diluted to 1:3,000 in 1X PBST, and the
tissues were incubated for 2 h at RT (20–22°C) on a shaker. The
wing imaginal discs were later mounted in Vectashield mounting
medium containing DAPI (Vector Labs).

FISH
RNA FISH in the wing imaginal discs was performed as de-
scribed previously (Cheng et al., 2017b Preprint), with small
modifications. Briefly, DNA oligonucleotides complementing the

coding region of the target gene (CG9008) were designed and
synthesized by PixelBiotch (https://www.pixelbiotech.com) and
coupled with CAL Fluor Red 568 (an Alexa Fluor 568 replace-
ment). For RNA in situ hybridization, the tissue was first
dissected and fixed in 4% PFA for 20 min and then washed
with 1X PBS and Triton X-100 (0.1%) three times (15 min
each). The samples were further permeabilized in 70% ethanol
overnight at 4°C. The probes were diluted with HuluHyb so-
lution (2× SSC, 2M urea, 10% dextran sulfate, and 5× Den-
hardt’s solution) at 1:100. Tissue was washed with HuluWash
(2× SSC and 2 M urea) two times for 10 min each time at RT.
Then, tissue was incubated with probes at 30°C for at least 4 h.
Tissue was washed four times (for 10 min each time) at RT.
Thereafter, tissue was mounted in Vectashield mounting
medium containing DAPI (Cheng et al., 2017b Preprint).

Image acquisition and processing
Drosophila samples were imaged using a light microscope camera
system (Zeiss; SPOT Insight, Visitron Systems). Images for the
capture of the mounted wing or entire Drosophila were taken
with a 5× objective with zoom factors of 4× and 1.6×, respec-
tively, using the SPOT Basic program. Images for the mounted
wing imaginal discs were taken using a Leica SP8 confocal mi-
croscope. The images with 30 mm scale bars were taken on a
40× objective with zoom in factor of 1× using the LASx program.
The brightness of images was adjusted using Adobe Photoshop.
Image size and orientation were adjusted in Adobe Illustrator,
and figures were assembled also using Adobe Illustrator.

Quantification and statistical analysis
For all quantifications, n equals the number of flies or wings
used in the experiments. The results are presented as mean ±
SEM. Comparisons between groups were made using an un-
paired two-tailed Student’s t test. The significance of differences
between groups is expressed as follows: *, P < 0.05; **, P < 0.01;
***, P < 0.001; and ns, no significant difference.

Quantification of wing size and phenotype penetrance
Each genotype was analyzed with at least eight wings, which
allowed us to measure the average size of wings (Fig. 5 N; and
Fig. S5, G and H’). Images were taken with a light microscope
camera system (Nikon or Zeiss; SPOT Insight, Visitron Systems)
with same zoom factor (4×). Later, wing size was measured and
calculated manually using the ROI tool from Fiji.

Online supplemental material
Fig. S1 shows that pVHL regulates SMAD3 stability in HeLa cells
and human patient tissues. Fig. S2 shows that pVHL directly
interacts with SMAD3 for ubiquitination. Fig. S3 shows that the
LxLxxP motif in the MH2 domain is indispensable for pVHL-
mediated SMAD3 degradation. Fig. S4 shows that pVHL impairs
the activity of TGF-β/SMAD3 signaling in cells. Fig. S5 shows that
dVHL negatively regulates TGF-β/dSMAD signaling in Drosophila
wing development. Table S1 lists the antibodies used in this study.
Table S2 lists the siRNAs reagents used in this study. Table S3 lists
the chemical reagents used in this study. Data S1 provides infor-
mation about the proteomics data generated in this study.
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Data availability
The proteomics data generated in this study are available in
Data S1.
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Figure S1. pVHL regulates SMAD3 stability. (A) A schematic overview of proteomics-based approach to identify interacting proteins of biotinylated E738.
(B) Comparison of SMAD2/3 and SMAD1/5/8 depletion induced by biotinylated E738 against that induced by E738 in HCT116 cells. (C) Functional enrichment
analysis shows statistically significant enrichment in gene ontology terms related to ubiquitination and protein stability. P values represent values after
adjustment. Orange arrows highlight gene ontology terms related to hypoxia. ERAD, ER-associated protein degradation. (D) Quantified pVHL expression in
cells transfected with diverse siRNAs indicated. (E and F) SMAD2/3 stability is negatively related to the expression of pVHL. Immunoblotting images of pVHL
and SMAD2/3 expression in VHL-deficient (E) and pVHL OE (F) HeLa cells. (G) Functional enrichment analysis shows statistically significant enrichment in gene
ontology terms related to R-SMAD signaling pathways and ubiquitination. (H) The expression of pVHLwas negatively correlated to the expression of SMAD2/3
in various human tissues. We compared the expression of pVHL and SMAD2/3 in areas expressing high levels of pVHL or SMAD2/3 in human samples from 17
patients. HCC results from patients 8 and 25 are depicted. Patient information can be found in Materials and methods and Table 1. P, patient number; NC,
noncancerous tissue; C, cancerous tissue. pVHL, green; SMAD2/3, red. Scale bar, 160 µm. (I) pVHL is negatively correlated with SMAD3 and phospho-SMAD3
expression in patient tissues. No correlation was found between HIF-1α and SMAD3. One-way ANOVA and one-sided Student’s t test were performed in D (n =
3). ***, P < 0.001; the center line represents the median. In D, the quantification data are presented as mean ± SEM. Source data are available for this figure:
SourceData FS1.
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Figure S2. pVHL directly binds to SMAD3 for ubiquitination. (A) Densitometric analysis related to Fig. 2 A. (B) Detection of FLAG-SMAD3 degradation
using samples collected from the in vitro ubiquitination assay as described in the main text. (C) In vitro ubiquitination assay analysis in immunoblotting. One-
way ANOVA and one-sided Student’s t test were performed in A (n = 3). **, P < 0.01; ***, P < 0.001; the center line represents the median. Source data are
available for this figure: SourceData FS2.
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Figure S3. The LxLxxP motif in the MH2 domain is indispensable for pVHL-mediated SMAD3 degradation. (A) The influence of pVHL KD or over-
expression on FLAG-SMAD3 variants. OE, pVHL WT overexpression; KD, siVHL KD; SMAD3FL, full-length FLAG-SMAD3; SMAD3EPSM, FLAG-SMAD3 carrying
four mutations in the linker region; SMAD3LC, FLAG-SMAD3 only with linker (L) and MH2 (C, C terminus); SMAD3C, FLAG-SMAD3 only with MH2; SMAD3NL,
FLAG-SMAD3 only with MH1 (N terminus) and linker; SMAD3N, FLAG-SMAD3 only with MH1; SMAD3ΔSSV, FLAG-SMAD3 without SSV at the C terminus for
active phosphorylation. (B) Interaction of pVHL with FLAG-SMAD variants. Immunoblotting using pVHL antibody follows immunoprecipitation of FLAG-SMAD
variants. (C) Alignment analysis of R-SMADs, common SMADs, and inhibitor SMADs in human, Drosophila, and zebrafish. (D) Densitometric analysis of
SMAD3K-R and SMAD3AAAA expression in response to pVHL KD or OE. One-way ANOVA and one-sided Student’s t test were performed in D (n = 3). ***, P <
0.001; the center line represents the median. Source data are available for this figure: SourceData FS3.
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Figure S4. pVHL impairs the activity of TGF-β/SMAD3 signaling in cells. (A) Densitometric immunoblotting result of SMAD2/3 and pSMAD2/3 from Fig. 4
A. (B and C) pVHL repressed ID2 (B) and CTGF expression (C), two putative TGD-β/SMAD3 downstream genes, determined in qRT-PCR. (D) Immunostaining
with Hoechst dye after 48 h to visualize invading cells. In A, quantification data are presented as mean ± SEM. One-way ANOVA and one-sided Student’s t test
were performed in B (n = 6) and C (n = 6). **, P < 0.01; ***, P < 0.001; the center line represents the median.
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Data S1 and Table S1, Table S2, and Table S3 are provided online. Data S1 provides information about the proteomics data generated
in this study. Table S1 lists the antibodies used in this study. Table S2 lists the siRNAs reagents used in this study. Table S3 lists the
chemical reagents used in this study.

Figure S5. dVHL negatively regulates TGF-β/dSMAD signaling in Drosophilawing development. (A–F) Effect of dVHL expression and TGF-β/dSMAD loss
of function in Drosophila wing. nub>w1118 flies show normal wings (A), while flies expressing WT dVHL (B), Babo RNAi (D), or Smox RNAi (E and F) show
smaller wing sizes with ectopic veinlets; this wing development defect effect is not seen in flies expressing the Y-H mismatched dVHL (C). (G) Quantification of
the percentage wing size reduction shown in A–F (n ≥ 50). ***, P < 0.001. Quantification data are presented as mean ± SEM. (H) Ectopic veinlets are observed
in the PCV region and/or L5 of Drosophila wing upon dVHL expression or TGF-β/Smad3 loss of function. (H’) Quantification of the percentage of flies showing
ectopic veinlets in the wing of indicated genotypes. Red stars denote ectopic veinlets formation in adult Drosophila wing. Scale bars, 250 µm (A–F).
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