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Abstract

The amplitude of transforming growth factor-p (TGF-f) signal is
tightly regulated to ensure appropriate physiological responses. As
part of negative feedback loop SMAD7, a direct transcriptional
target of downstream TGF-p signaling acts as a scaffold to recruit
the E3 ligase SMURF2 to target the TGF-f receptor complex for
ubiquitin-mediated degradation. Here, we identify the deubiquiti-
nating enzyme USP26 as a novel integral component of this nega-
tive feedback loop. We demonstrate that TGF-p rapidly enhances
the expression of USP26 and reinforces SMAD7 stability by limiting
the ubiquitin-mediated turnover of SMAD7. Conversely, knockdown
of USP26 rapidly degrades SMAD7 resulting in TGF-§ receptor
stabilization and enhanced levels of p-SMAD2. Clinically, loss of
USP26 correlates with high TGF-p activity and confers poor prog-
nosis in glioblastoma. Our data identify USP26 as a novel nega-
tive regulator of the TGF-p pathway and suggest that loss of
USP26 expression may be an important factor in glioblastoma
pathogenesis.
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Introduction

TGF-B is a pleiotropic cytokine that plays a key role in a number of
cellular processes regulating both embryogenesis and tissue
homoeostasis. Aberrant TGF-f signaling has also been associated
with various diseases including cancer. In normal epithelial cells,
TGF-p acts a tumor suppressor eliciting a potent cytostatic response
inhibiting tumor growth. In contrast, during tumor progression, the
TGF-p tumor suppressor function is lost, and in certain advanced
cancers, TGF-B becomes an oncogenic factor enhancing cellular
proliferation, invasion, and metastasis. As a result, inhibition of the
TGF-p pathway is currently considered as a potential therapeutic

option in advanced cancers, and encouragingly, several anti-TGF-3
agents in clinical trials have shown promising results [1,2]. Despite
this, overall patient response remains unpredictable. High TGF-f
activity confers poor prognosis in patients, suggesting that the iden-
tification of biomarkers which lead to enhanced TGF-f signaling
may stratify patients as potential responders to TGF-B-targeted ther-
apies [3].

TGF-pB signal is transmitted through the binding of the TGF-$
ligand to a heteromeric receptor complex containing two type I and
two type II receptors. Phosphorylation of type I receptors (TBRI) by
the type II receptor (TBRII) opens up a docking site on TPRI permit-
ting the binding and phosphorylation of receptor SMADs (R-SMADs)
[4]. Phosphorylation in the C-terminal tail of R-SMADs by TBRI
creates an interaction interface which induces oligomerization with
the co-SMAD, SMAD4 and translocation to the nucleus where this
complex regulates expression of hundreds of genes in a cell type-
and context-specific manner [4,5]. As part of a negative feedback
loop, the inhibitor SMAD (I-SMAD) protein SMAD? is transcription-
ally induced by TGF-$ and functions to downregulate TGF-f signal-
ing through multiple mechanisms including acting as a key node for
ubiquitin-mediated regulation of the TGF-f pathway [6]. Mechanis-
tically, SMAD? serves as scaffold to recruit the SMAD-specific E3
ubiquitin protein ligase 2 (SMURF2) to the TGF-f receptor complex
to facilitate receptor polyubiquitination and complex degradation
[7]. Moreover, the binding of SMAD?7 to the TPRI occurs at the same
site as the R-SMADs further limiting R-SMAD activation [8,9].
Besides acting as a scaffold for SMURF2, SMAD? performs a similar
function for the E3 ligases neural precursor cell expressed develop-
mentally downregulated protein 4 (NEDD4) and its homolog WW
domain-containing E3 ubiquitin protein ligase 1 (WWP1), which
also target the type I TGF-P receptors for ubiquitin-mediated degra-
dation [10,11]. SMAD7 can also act as scaffold for SMURF1/2 and
NEDD4 targeting of R-SMADs [7,12]. Furthermore, SMAD? itself is
also targeted for ubiquitylation- and proteasomal-mediated degrada-
tion by the E3 ligases ARKADIA, Jun activation domain-binding
protein 1 (JAB1), and ITCH [13-15].

The addition of ubiquitin moieties either as monomers or as
polyubiquitin chains generates varying molecular signals determin-
ing overall protein localization and fate. The most well studied of
these ubiquitin chain topologies include lysine 48 (Lys48) and lysine
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63 (Lys63) polyubiquitin linkages. Lys48 chains predominantly
target proteins for proteasomal-mediated degradation, while Lys63
chains regulate kinase activation, signal transduction, protein traf-
ficking, and endocytosis [16].

Ubiquitylation is a reversible process whereby ubiquitin moieties
can be removed from polypeptides by deubiquitinating enzymes
(DUBs). There are approximately 80 DUBs in the human proteome,
and a number of these have been implicated in human diseases,
including cancer [17,18]. Recently, a number of DUBs have been
identified that regulate the TGF-B pathway including 3 DUBs
(USP11, USP15, and UCH37) that directly deubiquitinate the TGF-8
receptor (TPR) through complex formation with SMAD7 [19-23].
However, no DUB has been identified which directly regulates
SMAD? levels. Here, we identify the DUB USP26 as a key modulator
of TGF-p activity by regulating the stability of SMAD?.

Results
Identification of USP26 as an activator of TGF-§ signaling

We have recently performed a shRNA deubiquitinating enzyme
screen in the TGF-B pathway and identified a number of DUBs as
potent regulators of TGF- activity [21]. This shRNA library consists
of 100 pools of four non-overlapping shRNAs targeting known or
putative DUBs. However, a proportion of DUBs were excluded from
our final analyses due to inconsistencies in transfection efficiency.
We reevaluated these remaining DUB pools and analyzed their
effect on the activity of the TGF-B-responsive luciferase reporter
(CAGA-Luc) following the addition of TGF-B (Fig EV1A and B). To
our surprise the DUB pool, targeting the DUB USP26 greatly
enhanced CAGA-luciferase activity (Fig 1A). We isolated the two
hairpin vectors from the USP26 DUB pool, which had previously
been demonstrated to most effectively inhibit USP26 expression and
tested their ability to knockdown USP26 [24]. Both shRNA vectors,
denoted here as shRNA 1 and shRNA 2, efficiently inhibited the
ectopic expression of a GFP fusion of USP26 in HEK293T cells and
decreased endogenous USP26 mRNA levels as determined by quan-
titative reverse transcriptase PCR (QRT-PCR) (Fig 1B and C). Unfor-
tunately, we were unable to identify any antibody that could detect
endogenous USP26 by immunoblot. Next, we tested whether both
verified knockdown vectors targeting USP26 could enhance CAGA-
Luc activity. As seen in Fig 1D, both USP265%! and USP26*%* effi-
ciently augmented luciferase levels in the presence and absence of
TGF-B compared to relevant controls. To further substantiate the
role of USP26 in the TGF-$ pathway, we analyzed the expression of
the TGF-P target genes in cell lines depleted for USP26. Similar to
the effects observed with the CAGA-Luc reporter, knockdown of
USP26 significantly enhanced the expression of TGF- target genes
in both the absence and presence of TGF-B ligand (Figs 1E and
EV1C). To address whether the enhanced TGF-$ activity observed
by USP26 inhibition was due to enzymatic activity USP26, we gener-
ated a catalytically inactive mutant USP26, USP26 C/S [25]. As
observed with USP26 knockdown, ectopic expression of the DUB
dead mutant recapitulated the augmentation of SMAD7 induction by
TGF-p whereas wild-type USP26 significantly diminished the induc-
tion of SMAD7 in the presence of TGF-B (Fig 1F). Intriguingly,
following the addition of TGF-B, USP26 mRNA expression levels
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were significantly enhanced with USP26 mRNA levels showing an
eightfold increase after 3 h of TGF-f stimulation (Fig 1G). Together,
these results demonstrate that USP26 expression is regulated by
TGF-B and acts as a critical negative regulator of TGF-f signaling.

USP26 deubiquitinates SMAD7

To elucidate the mechanisms behind the enhanced TGF-f response
in USP26 knockdown cells, we compared the intercellular responses
of HEK293T or HEK293T USP26-depleted cells following TGF-$
treatment. Loss of USP26 expression intensified SMAD2 phosphory-
lation while having no effect on total SMAD2, or SMAD4 levels
(Fig 2A). Similar results were observed in HEK293T cells either
stably expressing shRNA vectors or transfected with short interfer-
ing RNA (siRNA) targeting USP26 (Fig EVID-F). Overexpression of
the catalytically inactive USP26 C/S mutant also enhanced the levels
of p-SMAD2 whereas ectopic expression of USP26 slightly dimin-
ished the levels of phosphorylated SMAD2 (Fig 2B). Curiously,
USP26 knockdown cells displayed higher levels of pSMAD3 in the
absence of TGF-B compared to relevant controls but did not show a
further increase in the presence of TGF-B. (Fig EV1G).

As USP26 appears to mediate SMAD2/3 phosphorylation and
downstream TGF-P activity, we reasoned that USP26 may function
through the canonical TGF- pathway. To gain insight into the
molecular mechanisms underlying USP26 function, we performed
co-immunoprecipitation assays with USP26 and Flag-tagged
SMADs. We found that immunoprecipitation of SMAD3, SMADG,
and SMAD? from lysates of co-transfected cells exhibited the great-
est efficacy of USP26 binding (Figs 2C and EV2A). We also
detected this interaction reciprocally by immunoprecipitating GFP-
tagged USP26 with a GFP antibody and probing the blotted precip-
itate with a Flag antibody (Fig 2D). Furthermore, ectopically
expressed USP26 co-immunoprecipitated with endogenous
SMAD3, SMADG, and SMAD?7 (Figs 2E and F, and EV2B). These
data suggest that USP26 can form a stable complex in vivo with
SMAD3, SMAD6, and SMAD7. We decided to focus our attention
on SMAD?.

SMAD? protein expression is tightly regulated by a number of
post-translational modifications including ubiquitylation. [26].
Therefore, in light of our findings that both USP26 and SMAD?7 are
upregulated following stimulation with TGF-B, we speculated that
USP26 might form a complex with SMAD? following TGF-$ expo-
sure leading to USP26-mediated deubiquitination. TGF-$ treatment
enhanced the binding of USP26 to SMAD7 but not SMAD6
(Fig EV2C and D). To reveal ubiquitylated isoforms of SMAD7, we
co-transfected HEK293T cells with expression plasmids encoding
Flag-tagged SMAD7, HA-tagged ubiquitin (Ub), and USP26. SMAD?7
was affinity-purified and its ubiquitylation pattern analyzed by
immunoblotting with an HA antibody. Strikingly, the overall ubiqui-
tylation pattern of SMAD7 appears to contain robust mono- and
multimonoubiquitin bands as well as a polyubiquitin configuration
(Figs 2G, and EV2E and F). Importantly, ectopic expression of
USP26 completely abolished polyubiquitin chain linkages associated
with SMAD7, while monoubiquitinated isoforms were still detected
(Fig EV2E). Similar results were observed when we analyzed
endogenous ubiquitylation levels of SMAD7 (Fig EV2F). In contrast,
SMAD? polyubiquitination was enhanced in HEK293T cells depleted
for USP26 (Fig 2G).

© 2017 The Authors
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Figure 1. Identification of USP26 as a regulator of TGF-p signaling.

A 293T cells were co-transfected with a CAGA-luciferase reporter and the USP26 shRNA pool from the DUB knockdown library. Cells were stimulated with TGF-$
overnight, and luciferase activity was measured. Data are mean + SD of triplicate samples from a representative experiment performed three times.

B 293T cells were co-transfected with GFP-tagged USP26 and two knockdown vectors (USP26*P) as indicated (1, 2) or a control vector. Whole-cell extracts were probed
with the indicated antibodies.

C  293T cells were transfected with knockdown vectors shUSP26*®* and shUSP26*P2 or control vector. USP26 mRNA levels relative to 18S are shown as evaluated by
quantitative real-time PCR. Data are shown as the mean =+ SD of triplicate samples from a representative experiment performed three times.

D 2937 cells were co-transfected with a CAGA-luciferase reporter and two knockdown vectors targeting USP26 or control vector. Cells were stimulated with TGF-
overnight and luciferase activity was measured. Data are shown as the mean =+ SD of triplicate samples from a representative experiment performed three times.
***p < 0.001 using Student’s t-test.

E 2937 cells were transfected with a hairpin targeting USP26 or vector control and stimulated with TGF-B for 3 h. SMAD7 mRNA levels relative to GAPDH are shown as
evaluated by quantitative real-time PCR. Data are shown as the mean =+ SD of triplicate samples from a representative experiment performed three times.

F 2937 cells were transfected as indicated and stimulated with TGF-f for 3 h. SMAD7 mRNA levels relative to 18S are shown as evaluated by quantitative real-time PCR.
Data are shown as the mean + SD of triplicate samples from a representative experiment performed three times. **P < 0.01 and ***P < 0.001 using Student’s t-test.

G 293T cells were stimulated with TGF-$ for 1 and 3 h. USP26 mRNA levels relative to 18S are shown as evaluated by quantitative real-time PCR. Data are shown as the
mean =+ SD of triplicate samples from a representative experiment performed three times.

Source data are available online for this figure.

Different ubiquitin chain topologies act as signals to regulate ubiquitin chains. HEK293T cells were transfected with Flag-tagged
various substrate outcomes. Therefore, we analyzed whether loss of SMAD?7 and either wild-type Ub or Lys48 or Lys63 Ub variants
USP26 increases the levels of SMAD7 Lys48 or Lys63-incorporated where all the lysine residues have been replaced with arginine

© 2017 The Authors EMBO reports Vol 18| No 52017 799
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Figure 2. USP26 regulates SMAD2 activity and binds to SMAD7.

A 293T cells expressing knockdown vectors targeting USP26 or control vector were treated with TGF-3 overnight. Whole-cell extracts were probed with the indicated
antibodies.

B 293T cells expressing GFP-USP26, GFP-USP26 C/S, or control vector were treated overnight with TGF-B. Whole-cell extracts were probed with the indicated antibodies.
293T cells were transfected as indicated with GFP-USP26 and Flag-tagged SMAD1, SMAD2, SMAD3, SMAD4, SMAD6, and SMAD?. After 48 h, cells were lysed and
immunoprecipitated with anti-Flag affinity resin. Whole-cell extracts were probed with the indicated antibodies.

D 293T cells were transfected as indicated with GFP-USP26 and Flag-tagged SMAD6 and SMAD?7. After 48 h, cells were lysed and immunoprecipitated with anti-GFP
affinity resin. Whole-cell extracts were probed with the indicated antibodies.

E 293T cells were transfected with GFP-USP26 and cells were lysed and immunoprecipitated with anti-GFP affinity resin. Whole-cell extracts were probed with SMAD7.

293T cells were transfected with GFP-USP26 and cells were lysed and immunoprecipitated with anti-GFP affinity resin. Whole-cell extracts were probed with SMAD6.

293T cells transfected with FL-SMAD7, pRS-USP26, control vector, and HA-tagged ubiquitin. Following immunoprecipitation of SMAD7, lysates were resolved by SDS—

PAGE and probed with the indicated antibodies.

H 293T cells transfected with FL-SMAD7, pRS-USP26, control vector, and wild-type HA-tagged ubiquitin or K48-ubiquitin or K63-ubiquitin mutants. Following
immunoprecipitation of SMAD7, lysates were resolved by SDS-PAGE and probed with the indicated antibodies.

o m

Source data are available online for this figure.

except at the lysine 48 and lysine 63 residues, respectively. Among Next, we sought to explore whether USP26 is present in the
these mutants’ depletion of USP26 significantly enhanced Lys48 SMAD7:SMURF1 or SMAD7:SMURF2 complexes which target multi-
ubiquitylation of SMAD7 while having no effect on Lys63-ubiquiti- ple components of the TGF-B pathway for degradation. Indeed,
nated SMAD?7 isoforms (Fig 2H). Taken together, these results USP26 interacts with both SMURF1 and SMURF2 when in complex
suggest that USP26 acts as a SMAD7 Lys48 ubiquitin chain-specific with SMAD? as demonstrated by sequential co-immunoprecipitation
deubiquitylase. (Fig EV2G and H). These results suggest that USP26 may potentially

800  EMBO reports Vol 18| No 5]2017 © 2017 The Authors
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act in conjunction with SMAD7 and SMURF2 to downregulate
canonical TGF- signaling.

USP26 regulates the stability of SMAD7 leading to
TPR degradation

As ubiquitylation through Lys48 generally targets proteins for
proteasome-mediated degradation, our data strongly suggest that
USP26 activity may regulate overall SMAD? stability. In order to
examine this possibility, we transfected HEK293T cells with Flag-
tagged SMAD7 and wild-type USP26 or its catalytic dead variant.

EMBO reports

Overexpression of USP26, but not the catalytically inactive mutant
USP26 C/S, markedly increased the expression of SMAD7 (Fig 3A).
Furthermore, knockdown of USP26 significantly diminished both
ectopically expressed and endogenous SMAD?7 levels (Fig 3B and
C). This effect could be rescued by the addition of the proteasome
inhibitor, MG132 (Fig 3D and E).

Previous work has clearly established that SMAD? acts as a scaf-
fold protein to recruit SMURF2 to the TGF-§ receptor complex to
facilitate receptor degradation and attenuate TGF- signaling [8].
Therefore, in light of our recent results, we sought to address
whether increased stabilization of SMAD7 by USP26 results in
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Figure 3. USP26 stabilization of SMAD7 enhances TGF-p receptor degradation.

A 293T cells transfected with FL-SMAD7 (1 ug), GFP-USP26 (4 ug), GFP-USP26 C/S (4 ug) or control vector. Whole-cell extracts were probed with the indicated

antibodies. * denotes background band.

B 293T cells stably expressing lentiviral knockdown vectors targeting USP26 or control vector were transfected with FL-SMAD7 (1 pg). Whole-cell extracts were probed

with the indicated antibodies. * denotes background band.

C 293T cells stably expressing lentiviral knockdown vectors targeting USP26 or control vector were lysed, and whole-cell extracts were probed with the indicated antibodies.

D 293T cells stably expressing lentiviral knockdown vectors targeting USP26 or control vector were transfected with FL-SMAD7 (1 pg); the cells were treated with
MG132 (5 pg/ml) as indicated overnight and subsequently lysed. Whole-cell extracts were probed with the indicated antibodies.

E  293T cells stably expressing a USP26 knockdown vector or control vector were treated with MG132 (5 pg/ml) as indicated overnight and subsequently lysed. Whole-

cell extracts were probed with the indicated antibodies.
F
G
H
|
J

resolved by SDS-PAGE and probed with the indicated antibodies.

Source data are available online for this figure.

© 2017 The Authors

293T cells transfected with TBRI (1 pg), GFP-USP26 (5 ug), GFP-USP26 C/S (5 pg), or control vector. Whole-cell extracts were probed with the indicated antibodies.
293T cells were transfected with TBRI (5 pg) and either control or knockdown vectors targeting USP26. Whole-cell extracts were probed with the indicated antibodies.
293T cells stably expressing lentiviral knockdown vectors targeting USP26 or control vector were lysed, and whole-cell extracts were probed with the indicated antibodies.
Immunoblots of biotinylated TBRI in MDA-MB-231 stably expressing lentiviral knockdown vectors targeting USP26 or control vector.

293T cells transfected with FL-TRICA and knockdown vectors targeting USP26, and HA-tagged ubiquitin. Following immunoprecipitation of FL-TRICA, lysates were
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greater TGF-B receptor degradation. Indeed, overexpression of
USP26 significantly decreased the levels of co-transfected TBRI. On
the other hand, TPRI levels were relatively unchanged when co-
transfected with the catalytically inactive mutant USP26 C/S
compared to controls (Fig 3F). In contrast, knockdown of USP26
significantly enhanced both ectopically expressed and endogenous
levels of TPRI (Fig 3G and H). To further validate the relationship
between USP26 and SMAD7 toward TPRI function, we determined
the membrane localization of TPRI. Consistent with our previous
results, USP26 depletion enhanced membrane-associated TpRI
(Fig 3I). Next we sought to address whether loss of USP26 and
subsequent degradation of SMAD?7 deregulates SMAD7/SMURF2-
mediated ubiquitylation of the TPR complex. To this end, we co-
transfected HEK293T cells with expression plasmids encoding a
constitutively active TBR (TRICA) and HA-tagged ubiquitin in the
presence of shRNA vectors targeting USP26. Knockdown of USP26
caused a reduction in TPRI ubiquitylation compared to controls
(Fig 3J). Taken together, these data indicate that USP26 inhibits
TGF-B pathway activity by limiting Lys48 ubiquitin-mediated degra-
dation of SMAD7 consequently resulting in enhanced ubiquitylation
and degradation of the TR complex.

USP26 depletion enhances TGF-f activity and TGF-p biological
responses in breast cancer and glioma

In certain advanced cancers including glioblastoma and breast
cancer, the TGF-B pathway is highly active and can act as an onco-
genic factor driving cancer progression [3,27]. Furthermore, in
patients with glioma, elevated TGF-B activity has been demon-
strated to correlate with poor overall survival [3]. As USP26 regu-
lates TGF-B activity in the HEK293T cells, we sought to determine
whether USP26 is also pertinent factor in glioma and breast cancer
cell line models. Similar to HEK293T, depletion of USP26 expression
in the breast cancer cell lines MCF7, MDA-MB-231, and the glioblas-
toma cell line U373 enhanced the levels of phosphorylated SMAD2
following exposure to TGF-B (Fig EV3A—C). Given that the intrinsic
properties of cultured cell lines tend to diverge from the original
tumor from which they were originally derived, we confirmed our
results in short-term primary cultured tumor cells (PCTC) obtained
directly from freshly resected GBM tumor samples [28]. In line with
our other models, knockdown of USP26 in this patient-derived cell
line enhanced TGF-f activity as evidenced by increased levels of
phospho-SMAD2 and increased expression of TGF-f3 target genes
CTGF, LIF, and SMAD? (Fig EV3D and E). In addition, depletion of
USP26 significantly reduced the expression of SMAD? in both the
MDA-MB-231 and U373 cell lines (Fig EV3F and G). This finding
confirms USP26 as a novel regulator of TGF-f activity in breast
cancer and glioma. Our previous results demonstrated that USP26
mRNA levels significantly increased following TGF-p induction in
HEK293T cells. To verify whether USP26 induction by TGF-§ is
prevalent in other cell types, we analyzed the induction of USP26
and SMAD?7 at early time points in the TGF-B-responsive breast
cancer cell lines MCF7, MDA-MB-231, T47D, and CALS51 and glioma
cell lines U373, PCTC, and A172 (Fig EV4A-G). In all cell lines
tested, TGF-B enhanced the mRNA expression levels of both USP26
and SMAD?. These data confirm that regulation of USP26 and
SMAD7 mRNA by TGF-f is a common occurrence in multiple types
of cancer.
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Depending on cellular context, the canonical TGF-f signaling
pathway can either induce growth arrest in early neoplasias or in
advanced cancers promote migration and invasion. As knockdown
of USP26 potently activated the TGF-f3 pathway in breast cancer, we
investigated whether depletion of USP26 in the TGF-B-responsive
metastatic cell line MDA-MB-231 enhanced cellular motility and
invasion. Stably infected MDA-MB-231 cells harboring knockdown
vectors targeting USP26 or a control vector were utilized and migra-
tion and invasion were quantified using a scratch assay and tran-
swell migration assay. Silencing of USP26 significantly enhanced
TGF-B-induced migration and invasion (Fig 4A-D). In comparison,
stable expression of USP26, but not the catalytically inactive mutant
USP26 C/S, attenuated invasion of MDA-MB-231 cells following
exposure to TGF-B3 (Fig 4E-G). Taken together, these results show
that USP26 is a critical regulator of the biological effects mediated
by the TGF-B pathway.

USP26 expression correlates with lower levels of p-SMAD2 and
patient survival in glioblastoma

TGF-B activity has been demonstrated to play a pivotal role in
glioblastoma pathogenesis [3]. In light of our previous observations,
we sought to further determine the relevance of USP26 on TGF-§
activity in glioblastoma patients. To this end, we performed
immunohistochemical staining of USP26 and pSMAD2, with
antibodies validated for immunohistochemistry, on glioblastoma
tissue microarrays containing samples from 36 patients (Figs EVSA,
and 5A and B). A significant negative correlation (P = —0.15,
P =<0.0001) was observed between USP26 and pSMAD2 protein
levels. Next, to determine the clinical significance of these findings,
we probed The Cancer Genome Atlas (TCGA) database and
performed copy number analyses on 577 glioblastoma patients.
Indeed, USP26 copy number loss was observed in 17% of patients
(Fig 4C) [29]. Furthermore, using the REMBRANDT (Repository for
Molecular BRAin Neoplasia DaTA) database, we found that glioblas-
toma patients with low levels of USP26 had a lower overall survival
than patients with high levels of USP26 (Fig 4D). As loss of USP26
degrades SMAD? leading to the stabilization of TPR, we evaluated
the role of TBR and SMAD? on clinical outcome. In line with the
notion that high TGF-B activity is a poor prognostic factor in
glioblastoma, patients with high TPRI or TBRII, but not TPRIII,
exhibited lower overall survival (Fig EVSB-D). Importantly, patients
with low levels of SMAD? also exhibited poorer overall survival then
patients with higher levels of SMAD7 (Fig EVSE). Taken together,
these findings confirmed our hypothesis that loss of USP26 enhances
TGF-p signaling and confers poor prognosis in glioblastoma patients.

Discussion

Targeting the TGF-B pathway is emerging as a promising strategy
for certain cancers [30]. However, due to its dichotomous role in
cancer acting as both an oncogene and tumor suppressor, systemic
inhibition of TGF-B signaling by TGF- pathway inhibitors may
confer a number of undesirable side effects. Therefore, the identifi-
cation of reliable biomarkers correlated with high TGF-f activity
may lead to the identification of patients most likely to benefit from
these compounds.

© 2017 The Authors
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Figure 4. USP26 modulates TGF-p-mediated biological responses.

A

G

MDA-MB-231 cells stably expressing a lentiviral hairpin targeting USP26 (L1) or relevant control vector were plated for scratch assay and treated with either
SB431542 (5 uM) or TGF-B (5 ng/ml); panels show migration at 0 and 24 h. Representative images are shown (scale bars, 50 pm).

Percentage of migrated area within the white dotted lines was estimated with respect to control (0 h) and a graph was plotted. ***P < 0.001 using Student’s t-test.
Data are mean =+ SD of three random fields. Data are representative of two independent experiments with similar results.

Transwell assay of MDA-MB-231 cells stably expressing a lentiviral hairpin targeting USP26 (L1) or relevant control vector treated with SB431542 (5 pM) or TGF-3
(5 ng/ml) for 16 h prior to fixation and crystal violet staining. Representative images are shown (scale bars, 100 pum).

Graph represents average number of migrated cells taken from four different random fields from panel (C). Data are mean =+ SD of triplicate samples from a
representative experiment performed three times. ***P < 0.001 using Student’s t-test.

Transwell assay of MDA-MB-231 cells stably expressing GFP-USP26, GFP-USP26 C/S, or relevant control vector treated with SB431542 (5 pM) or TGF-B (5 ng/ml) for
16 h prior to fixation and crystal violet staining. Representative images are shown (scale bars, 100 um).

Graph represents average number of migrated cells taken from four different random fields from panel (E). Data are mean =+ SD of triplicate samples from a
representative experiment performed three times. ***P < 0.001 using Student’s t-test.

Immunoblotting showing ectopically expressed GFP-USP26, GFP-USP26 C/S, or control vector in MDA-MB-231.

Source data are available online for this figure.
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Figure 5. USP26 expression correlates with pSMAD2 levels in glioblastoma and poor overall survival.

A

Scatter plot showing correlation with USP26 levels and pSMAD2 in tissue microarrays from human glioblastoma patients (n = 36). A Spearman’s test was used to

determine correlation between nuclear USP26 and nuclear pSMAD2 staining (P = —0.15). Statistical significance was determined by two-tailed test (P < 0.0001).
B Immunohistochemical staining of USP26 and pSMAD?2 in representative glioblastoma specimens from the GL806D (Biomax) tissue microarray. Red staining indicates

positive immunoreactivity. Scale bars: 50 pm.

C Bar plots of USP26 gene level copy number (y-axis) from TCGA glioblastoma (n = 577). Color code: copy number loss, blue; copy number gain, red; and copy number

normal, gray.

D Kaplan—Meier curves showing that glioblastoma patients with low levels of USP26 have a significantly lower overall survival than patients with high levels of USP26

(P = 0.0042) (REMBRANDT). P-value was obtained by log-rank test.

E Schematic overview of USP26 converging with the SMAD7 complex to regulate SMAD? stability and downregulate TGF-f activity.

Extensive studies have shown that SMAD?7 functions as a scaffold
protein recruiting a number of HECT type E3 ligases (SMURF2,
NEDD4-2, and WWP1) to induce polyubiquitination of the receptor
and channeling the TBR-SMAD7-SMURF2 complex for degradative
endocytosis [7]. Pathway regulation by these ligases is countered
upon by an apparent disproportionate number of deubiquitinating
enzymes, the majority of which require SMAD7 as an adapter either
to deubiquitinate complex bound E3 ligases or ubiquitylated TGF-$3

EMBO reports Vol 18 | No 5| 2017

receptors. On the other hand, very little is known regarding the
mechanistic details that underlie the post-translational modifications
of SMAD? itself. SMAD? is targeted for ubiquitylation and degrada-
tion by the E3 ligases ARKADIA, ITCH, and JAB1 [7]. Furthermore,
SMADY? is acetylated at two N-terminal lysine residues by the acetyl-
transferase p300 [26]. Acetylation of SMAD7 inhibits the ubiquityla-
tion and degradation of SMAD7. Thus, there exists an interplay
between acetylation and ubiquitylation in the regulation of overall

© 2017 The Authors



Sarah Kit Leng Lui et al ~ USP26 stabilizes SMAD7

SMAD? protein levels. Both deacetylating enzymes HDAC1 and
SIRT1 have been reported to deacetylate SMAD7; however, no
deubiquitinating enzyme for SMAD? has been identified [7,31].

In this report, we identify USP26 as a novel regulator of TGF-$
activity. Our data suggest that as part of a negative feedback loop,
TGF-B enhances the expression of not only SMAD7 but also USP26,
which acts to deubiquitinate and stabilize SMAD?7. This then
permits SMAD7 to remain in stable conformation with SMURF2,
permitting SMURF2 recruitment to the TGF-B receptor complex
potentiating complex degradation. In contrast, loss of USP26 rapidly
degrades SMAD?7 stabilizing the TGF-f receptors leading to
enhanced TGF-f activity as observed by increased levels of phos-
phorylated SMAD2. Further experimentation will be required to
elucidate the precise mechanism of how TGF-f enhances USP26
expression.

As previously discussed, the interaction between SMURF2 and
SMAD? serves a number of purposes including mediating the shut-
tling of the SMAD7-SMURF2 complex from the nucleus to the cyto-
plasm and facilitating the interaction of SMURF2 with the TBR
complex [8]. Furthermore, to prevent autoubiquitination and degra-
dation, SMURF?2 exists in a closed conformation with the C2 domain
of the protein coming into close association with the catalytic HECT
domain [32]. SMAD7 binding alleviates this closed conformation
allowing SMURF2 catalysis and appropriate substrate targeting.
However, SMAD?7 itself does not appear to be a substrate for
SMURF2 [9]. Furthermore, NEDD4 family members, including
SMURF2, predominantly act as Lys63 ubiquitin ligases [33]. As
USP26 acts as SMAD7 Lys48-specific deubiquitinase, we postulate
that USP26 counteracts the ubiquitylation and degradation of
SMAD? by another E3 ligase in the cytoplasm while in complex with
SMURF2. SMAD? has also been described to regulate the activity of
a number of other pathways and it would be interesting to deter-
mine what effect USP26 has on SMAD? function in these non-TGF-f3
settings [7].

We also validated these novel mechanistic findings in breast
cancer and glioblastoma cell line models, two types of cancer where
TGF-p has been described to act as an oncogene in certain scenarios.
Two of the most prominent pro-tumoral effects mediated by the
TGF-B pathway include invasion and migration. We observed that
depletion of USP26 enhanced both of these TGF-B-induced onco-
genic effects in the TGF-B-responsive breast cancer cell line MDA-
MB-231. These results identify USP26 as a bona fide regulator of the
TGF-B pathway.

USP26 has been described to be predominantly expressed in
testis where it is required for androgen receptor hormone-induced
activation in spermatogenesis, with various reports indicating an
association with USP26 mutations and human male infertility in
these settings [34,35]. Furthermore, USP26 has been shown to stabi-
lize the androgen receptor in prostate cancer cell lines leading to
androgen receptor transcriptional activity [24]. Besides acting as
downstream modulator of testosterone-mediated transcription, the
androgen receptor can additionally bind to SMAD3, constraining the
DNA binding ability of SMAD3 and consequently limiting TGF--
mediated transcriptional responses [36]. As part of this study, we
demonstrate that USP26 binds to SMAD3, suggesting that USP26
may also regulate the TGF-B pathway by enhancing androgen recep-
tor-mediated repression of SMAD3 transcriptional targets. This is
similar to the role observed by other DUBs which act on multiple

© 2017 The Authors
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nodes in the TGF-B pathway to regulate overall TGF- output
[21,37-39]. Further work will be required to analyze the potential
role of USP26 on androgen receptor stability and TGF-f activity.

More recently, it was found that USP26 regulates homologous
recombination partly by counteracting RNF-168 ubiquitylation [40].
Interestingly, the authors found that USP26 expression was lost or
amplified in 1,457 and 309 cancer cell lines, respectively, strongly
suggesting that the function of USP26 in the TGF-p pathway may be
observed in other cancers besides glioblastoma and breast cancer.

It has recently been suggested that the role of TGF- inhibitors in
cancer function primarily by targeting the tumor microenvironment
as TGF-f inhibitors have demonstrated minimal effect on cancer cell
proliferation in vitro. However, it has clearly been demonstrated
that effective blocking of the TGF-f signaling in the tumor cells
thwarts the ability of TGF-f to induce tumorigenesis and invasion.
This is especially true in settings where accurate biomarkers are
available which correspond with hyperactivation of the TGF-f path-
way. Our results indicate that low levels of USP26 may be consid-
ered as a potential biomarker for response to TGF-f inhibitors in
glioblastoma.

Materials and Methods

Western blotting and quantification

Cells were lysed in solubilizing buffer (50 mM Tris pH 8.0, 150 mM
NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS, 1 mM sodium
vanadate, 1 mM pyrophosphate, 50 mM sodium fluoride, 100 mM
B-glycerol phosphate), supplemented with protease inhibitors (Com-
plete; Roche). Whole-cell extracts were then separated on 7-12%
SDS-PAGE gels and transferred to polyvinylidene difluoride
membranes (Millipore). Membranes were blocked with bovine
serum albumin for all antibodies except phospho-SMAD2, which
was blocked in milk and probed with specific antibodies. Blots were
then incubated with an HRP-linked secondary antibody and
resolved with chemiluminescence (Pierce).

Plasmids and antibodies

The DUB knockdown library vectors were generated by annealing the
individual oligonucleotide primer pairs and cloning them into pSuper
as described in [41]. The bacterial colonies of each DUB hairpin were
then pooled and used for plasmid preparation. For USP26 knock-
down, pSuper sequences are as follows (A): GATATCCTGGCTCCA
CACA; (B): TGGCTTGTTTATTGAAGGA [24]. Short interfering RNA
(siRNA) targeting USP26 was purchased from Dharmacon. Lentiviral
knockdown vectors targeting USP26 were purchased from Tran-
somic. Lentiviral sequences are as follows #1: CAGATTGTTC
GAGGTGTGTAA; #2. GAGAGAAACAATTGAAGTTAA; and #3
CCGGCTAAGTGATAATATTCAA. Human GFP USP26 was a kind gift
from Rene Bernards. Flag-tagged USP26 was purchased from MRC
Protein phosphorylation and Ubiquitylation unit (83844). Generation
of catalytically inactive USP26 mutant (USP15 C/S) was generated by
site-directed mutagenesis as described in Papa et al [25]. Flag-
SMADL, 2, 3, 4, 6, 7 were kind gifts from Joan Seoane. HA-ubiquitin
and respective HA-tagged ubiquitin mutants were purchased from
Addgene [42]. Additional cloning information will be given upon
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request. Antibodies anti-p-SMAD2 (3108), anti-SMAD2 (3103), anti-
tubulin (2128) were from Cell Signaling; anti-SMAD4 (sc-7966), anti-
SMAD7?7 (sc-7004), anti-HA (Y-11), anti-GFP (sc-57592), anti-MYC
(sc-789), and anti-TPRI [V-22 (sc-398); R-20 (sc-399)] were from
Santa Cruz; anti-p-actin (A1978) and anti-Flag (F7425) were from
Sigma. Anti-USP26 (ab101650) was purchased from Abcam.

Cell culture and transient transfections

HEK293T, MCF7, MDA-MB-231, U373, PCTC, Al172, T47D, and
CALS1 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM (Hyclone)) supplemented with 10% fetal calf serum,
p-glutamate, and penicillin/streptomycin (Gibco). HEK293T cells
were divided into 10-cm dishes 1 day prior to transfection. Sub-
confluent cells were transfected using the calcium phosphate trans-
fection method [43]. Cells were incubated overnight and washed
twice in PBS. Lysates were collected 48-72 h post-transfection.
When appropriate, TGF-p (100 pM; R&D), SB431542 (5 uM; Tocris)
or MG132 (5 uM; Sigma) was added. PCTCs were generated as
described previously [3,21,44].

Luciferase assays

Luciferase assays were performed using the Dual luciferase system
(Promega). CAGA-luciferase vector (300 ng) was transfected in the
presence of CMV-USP26 (1 pg), CMV-USP26 C/S (1 pug), or a control
vector and CMV-Renilla (0.25 pg). For loss-of-function experiments,
CAGA-luciferase vector (300 ng) and CMV-Renilla (0.25 pg) were
co-transfected with 1.5 pg of relevant pSuper vector or pSuper
USP26 knockdown vectors. After 72 h, 100 pM TGF-f was added in
the presence of DMEM (0% FCS) and luciferase counts were
measured 12 h later using a Sirius Luminometer (Berthold).

Biotin labeling of TGF-p receptor

Cell surface biotinylation experiment was performed using Pierce
Cell surface protein isolation kit (catalog no. 89881) according to
the manufacturer’s instructions. MDA-MB-231 cells either control,
USP26 shRNA#1, or USP26 shRNA#2 were grown on 15-cm dishes,
labeled with biotin, and lysed. Protein estimation was performed,
and equal amount of protein lysates was incubated with streptavidin
beads. The beads were boiled in sample buffer with 50 mM DTT
and loaded onto an SDS-PAGE gel.

Immunoprecipitation and in vivo deubiquitination assay

For co-immunoprecipitation experiments, cells were lysed in ELB
[0.25 M NaCl, 0.1% NP-40, 50 mM HEPES (pH 7.3)] supplemented
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with proteasome inhibitors. Cell lystates (500 pug to 1 mg) were
incubated for 2 h to overnight with 2 pg of the indicated antibodies
conjugated to protein A or protein G Sepharose beads (GE Health-
care), washed three times in ELB buffer, and separated out on SDS—
PAGE gels. When appropriate, cell lysates were immunoprecipitated
with ANTI-Flag M2 affinity resin (Sigma). For in vivo ubiquitination
experiments, Flag-tagged SMAD7 (2 pg) was co-transfected with
HA-ubiquitin (5 ug) and CMV-USP26 (5 pg), CMV-USP26 C/S
(5 pg), or a control vector. For loss-of-function experiments, Flag-
tagged SMAD7? (5 pg) or Flag-TRICA (2 pg) was co-transfected with
HA-ubiquitin (5 pg) and pSuper USP26 (10 pg) or control vector.
After 72 h, MG132 (5 uM) was added and incubated overnight, and
cells were lysed in ELB buffer.

Wound-healing and Transwell migration assays

About 2 x 10° MDA-MB-231 cells expressing either control vector,
or hairpins targeting USP26 were seeded per well in a six-well plate.
The cells were serum-starved for 24 h before a scratch was
produced, and cells were washed with 1x PBS and replenished with
0.5% serum-containing media together with either 5 pM SB431542
or TGF-B (5 ng/ml) for 24 h. Images were captured immediately
after producing the scratch and at 24 h. A 10 x 10 grid was used to
quantify migration efficiency with each square either being scored
positive or negative. For transwell migration assay, MDA-MB-231
cells were grown in 10-cm dishes to 80% confluency and serum-
starved for 24 h, and about 50,000 cells were seeded on each tran-
swell migration chamber and treated with either 5 uM SB431542 or
10 ng/ml of TGF-B for 16 h. The cells were fixed in ice-cold
methanol for 10 min and stained with crystal violet solution.
Migrated cells were then visualized through brightfield microscope,
and pictures were taken at four random sites and quantified.

Quantitative real-time PCR

Cells were collected and washed twice in PBS and RNA was isolated
using GeneJet RNA extraction kit (Thermo Scientific). qRT-PCR
was performed using TagMan probes (USP26) from Applied Biosys-
tems according to the manufacturer’s recommendations. Reactions
were carried out on a ABI 7900 or 7500 FAST sequence detector
(Perkin Elmer). Relative mRNA values are calculated by the AAC,
method. GAPDH or 18S were used as internal normalization controls
where specified. The following gRT-PCR primers were used:
SMAD?: 5'-AAA CAG GGG GAA CGA ATT ATC-3, 5'-ACC ACG CAC
CAG TGT GAC-3'; PAII: 5-AAG GCA CCT CTG AGA ACT TCA-3/,
5’-CCC AGG ACT AGG CAG GTG-3'; CDKNIA (p21): 5-CCG AAG
TCA GTT CCT TGT GG-3', 5-CAT GGG TTC TGA CGG ACA
T-3'; CTGF: 5-CCT GCA GGG TAG AGA AGC AG-3', 5-TGG AGA

Table 1. Immunohistochemistry protocols for USP26 and pSMAD2.

Antigen Block Antibody
Antibody Manufacturer Autostainer Dilution retrieval (min) incubation Detection kit used
USP26 Abcam BOND-MAX 1/50 pH 9,20 min None 15 min Bond Polymer Refine
(ab101650) Red Detection Kit
pSMAD?2 Cell BOND-MAX 1/100 pH 9,20 min None 15 min Bond Polymer Refine
(3108) Signaling Red Detection Kit

Immunohistochemistry protocols for USP26 and pSMAD?2 detection in glioblastoma samples.
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TTT TGG GAG TAC GG-3'; LIF: 5'-TGC CAA TGC CCT CTT TAT TC-3/,
5'-GTC CAG GTT GTT GGG GAA-3'; and GAPDH: 5'-AAC AGC GAC
ACC CACTCC TC-3', 5'-CAT ACC AGG AAA TGA GCT TGA C-3'.

Glioblastoma copy number analysis

TCGA glioblastoma copy number analysis data of USP26 gene are
obtained from Broad GDAC website, version 2016_01_28.

Immunohistochemical staining and evaluation

Immunohistochemistry (IHC) staining on the respective formalin-
fixed, paraffin-embedded tissue sections was performed using the
Leica BOND-MAX and Ventana Benchmark XT autostainers accord-
ing to the conditions stated in Table 1. Tissue sections underwent
automated deparaffinization followed by incubation with their opti-
mized antigen retrieval solutions. Slides were then incubated with
antibody as indicated in Table 1. Detection of antibody staining was
carried out according to the manufacturer’s protocol for the detec-
tion kits used with an extension of hematoxylin counterstain
extended to 10 min to ensure for a defined stain. Slides were rinsed
with deionized water followed by manual mounting of coverslips.
Positive and negative controls were included in each run, consisting
of tissue with known expression and tissue stained without primary
antibody, respectively. Quantification was assessed double-blind by
a trained pathologist (BP) and expressed as an H-score. The H-score
was determined by the formula 3 x percentage of strongly staining
cells, 2 x percentage of moderately staining cells, and 1 x percent-
age of weak staining cells, giving a range of 0-300 for the H-score.

Expanded View for this article is available online.
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