1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Discov Med. Author manuscript; available in PMC 2017 July 24.

-, HHS Public Access
«

Published in final edited form as:
Discov Med. 2013 January ; 15(80): 7-15.

Degradation of the Transcription Factor Twist, an Oncoprotein
that Promotes Cancer Metastasis

Jiateng Zhong, M.S., Kohei Ogura, Ph.D., Zhiwei Wang, Ph.D., and Hiroyuki Inuzuka, Ph.D.
Department of Pathology, Beth Israel Deaconess Medical Center, Harvard Medical School,
Boston, Massachusetts 02215, USA

Abstract

Basic helix-loop-helix (bHLH) transcription factor Twist is one of the key inducers of epithelial to
mesenchymal transition (EMT) that is a transdifferentiation program associated with embryo
development and tumor metastasis. High level of Twist expression is shown to be correlated with
cancer malignancy. Although Twist has been reported to be degraded by F-box and leucine-rich
repeat protein 14 (FBXL14), the molecular mechanisms by which Twist levels are regulated have
not been fully elucidated. In the present study, we identified Twist to be a ubiquitin substrate of p-
transducin repeat-containing protein (B-TRCP), the adaptor subunit of SCF8-TRCP (Skp1-Cul1-F-
box protein) E3 ligase complex. We observed that depletion of B-TRCP leads to an accumulation
of Twist protein, which could enhance tumor cell motility and cancer metastasis. Moreover,
phosphorylation of Twist by inhibitor of KappaB kinase B (IKKp) at multiple sites triggers its
cytoplasmic translocation and the destruction by SCFP-TRCP Thus, our results provide the
potential molecular mechanism of how the mesenchymal marker Twist is degraded, thereby
shedding lights into regulation of the EMT, and providing the rationale for development of new
therapeutic intervention to achieve better treatment outcomes in human cancer.

Introduction

Epithelial to mesenchymal transition (EMT) is a phenomenon that happens during the
embryogenesis (Kang and Massague, 2004). It is known that during the EMT process,
epithelial cells become a fibroblast-like morphology and acquire the mesenchymal
characteristics, leading to an enhanced invasive motility (Kang and Massague, 2004). In
carcinogenesis, EMT allows tumor cells to migrate, invade, and metastasize to distant tissue
sites (Brabletz, 2012). Therefore, EMT plays a pivotal role in promoting cancer metastasis.
Given the adverse correlation between EMT and cancer survival, multiple molecular
markers have been identified to distinguish the mesenchymal cells from the epithelial cells
(Peinado et al., 2007). For example, E-cadherin is the best-characterized member of the
epithelial markers. The mesenchymal markers include Twist, Snail, Slug, and ZEB1/2, all of
which repress the expression of E-cadherin (Peinado et al., 2007).
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Many growth factors and cytokines as well as cell signaling pathways have been
demonstrated to regulate EMT (Kang and Massague, 2004). Recently, accumulating
evidence has suggested that ubiquitin-mediated proteolysis plays a critical role in regulating
the EMT process through destruction of key EMT proteins by the 26S proteasome complex
(Voutsadakis, 2012c). Ubiquitination is a post-translational protein modification that is
governed by the ubiquitin proteasome system (UPS) (Hoeller et al., 2006). UPS consists of
the E1 ubiquitin-activating enzyme, the E2 ubiquitin-conjugating enzyme, and E3 ubiquitin-
protein ligase (Frescas and Pagano, 2008). The specificity of target protein selection is
largely determined by the individual E3 enzyme (Lipkowitz and Weissman, 2011). Among
the E3 enzymes, the SCF (Skpl-Cull-F-box protein) E3 ligase complex has been well
studied. SCF consists of Skpl (S-phase kinase-associated protein 1), Cull, Rbx1/Rocl, and
a variable F-box protein (Mujtaba and Dou, 2011).

The growing body of literature suggests that several E3 ligases govern EMT through
degradation of proteins involved in regulating the EMT process (Figure 1). SCFP-TRCP one
of the E3 ubiquitin ligases, regulates the Snail transcription factor (Zhou et a/., 2004) and
mesenchymal marker p-catenin (Latres et a/,, 1999; Winston ef a/., 1999). FBXW8/Cullin 7,
on the other hand, plays an important role in EMT by degrading ZEB1 and Slug (Fu et al.,
2010). MDM2 (mouse double minute 2) is an E3 ligase that promotes degradation of Slug
(Wang et al., 2009). FBXL14 was also found to interact with Snail and promote its
ubiquitylation and subsequent proteasomal degradation (Vinas-Castells et a/., 2010). Taken
together, these results indicated that E3 ubiquitin ligases play a critical role in regulating the
EMT process and cancer metastasis.

In the present study, for the first time, we report that Twist is a potential substrate of -
transducin repeat-containing protein (B-TRCP). Our study showed that depletion of p-TRCP
leads to an accumulation of Twist protein. Furthermore, inhibitor of KappaB kinase 8
(IKKpB)-mediated phosphorylation of Twist at multiple sites promotes its cytoplasmic
translocation and destruction by SCFP-TRCP More importantly, IKKB-dependent
phosphorylation of Twist at T125 and S127 governs its nuclear localization. Hence, our
current study supports the pivotal role of B-TRCP in IKKB-mediated Twist degradation. Our
results suggest that targeting -TRCP could be a possible way to govern EMT process by
accelerating Twist destruction.

Materials and Methods

Cell culture

Plasmids

HeL a cells were cultured in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum (FBS), 50 units/ml penicillin, and 50 mg/ml streptomycin. The cells were
maintained in a 5% CO»-humidified atmosphere at 37°C.

Flag-B-TRCP1, shRNA-B-TRCP1+2, shTRCP1, shTRCP2, and sShRNA-GFP constructs
were described previously (Jin et al., 2003; Shirogane et a/., 2005). Various Twist mutants
were generated using the QuikChange XL Site-Directed Mutagenesis Kit (Stratagene, La
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Jolla, CA) according to the manufacturer’s instructions. Hemagglutinin (HA)-tagged GSK3p
construct was obtained from Dr. James DeCaprio (Dana-Farber Cancer Institute). The
importin a1, importin a5, and importin a7 plasmids were obtained from the Dana-Farber/
Harvard Cancer Center (DF/HCC) DNA Resource Core (Gao et al., 2009).

Antibodies and reagents

Anti-SP1 (SC-17824) and polyclonal anti-HA (SC-805) antibodies were purchased from
Santa Cruz Biotechnology (Dallas, TX). Peroxidase-conjugated anti-mouse secondary
antibody (A4416), peroxidase-conjugated anti-rabbit secondary antibody (A4914),
polyclonal anti-FLAG (F2425), monoclonal anti-FLAG (F-3165), and anti-tubulin (T-5168)
antibodies were purchased from Sigma-Aldrich (St. Louis, MO). Monoclonal anti-HA
antibody (MMS-101P) was purchased from Covance (Princeton, NJ). The anti-GFP
(632380) antibody was purchased from Invitrogen. The anti-Twist (4119), anti-B-TRCP1
(4394), anti-IKKa (2682) antibodies, and IKK Kinase (7548) were purchased from Cell
Signaling Technology (Danvers, MA). Proteasome inhibitor MG132 and phosphatase
inhibitors (phosphatase inhibitor cocktail set I and 11) were purchased from Calbiochem
(Spring Valley, CA). Anti-GFP (632380) antibody, Oligofectamine, Lipofectamine and Plus
reagents were purchased from Invitrogen.

Immunoblots and immunoprecipitation

HeLa cells were lysed in cell lysis buffer (50 mM Tris pH 8.0, 120 mM NacCl, 0.5% NP-40)
supplemented with protease inhibitors and phosphatase inhibitors. The protein
concentrations of the lysates were measured using the Bio-Rad protein assay reagent on a
Beckman Coulter DU-800 spectrophotometer. The lysates were then resolved by SDS-PAGE
(sodium dodecy! sulfate polyacrylamide gel electrophoresis) and immunoblotted with
indicated antibodies. For immunoprecipitation, 800 ug lysates were incubated with the
appropriate antibody (1-2 pg) for 3—4 hours at 4°C followed by one hour-incubation with
Protein A sepharose beads (GE Healthcare, Pittsburgh, PA). Immuno-complexes were
washed five times with wash buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA and
0.5% NP-40) before being resolved by SDS-PAGE and immunoblotted with indicated
antibodies.

In vitro kinase assay

The IKKB /n vitrokinase assay was performed as described previously (Inuzuka et al.,
2010). Briefly, 5 ug of indicated glutathione-S-transferase-Twist fusion proteins (Soucy et
al., 2009) were incubated with purified active IKKB Kinase in the presence of 5 uCi [y-32P]
ATP and 200 uM cold, unlabeled ATP in the IKKp reaction buffer for 30 minutes. The
reaction was stopped by the addition of SDS-containing lysis buffer, resolved on SDS-
PAGE, and detected by autoradiography.

Protein degradation analysis

Cells were plated into tissue-culture dishes 20 hours before transfection. When cells reached
an appropriate confluence, they were transfected with various HA-Twist plasmids along with
Flag-B-TRCP1, and GFP as a negative control, in the presence or absence of Flag-1KKp.
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After 40 hours, cells were lysed and protein concentration was measured, and subsequently
immunoblot analysis was performed.

Results

Depletion of B-TRCP increased Twist protein levels

It has been demonstrated that most B-TRCP substrates such as Snail typically contain the
canonical DSGxxS phospho-degron (Figure 2A) (Zhou et al., 2004). Unexpectedly, Twist
does not have a canonical DpSGxxp$S degron that could be recognized by SCFP-TRCP,
However, Twist contains two derivative phospho-degron variants (Figure 2B). To identify
Twist as a potential substrate of B-TRCP, we explored whether depletion of endogenous -
TRCP increases Twist protein abundance in HeLa cells. As expected, we found that
depletion of either endogenous B-TRCP1 or B-TRCP1+2 caused an upregulation of Twist
protein levels (Figure 2C). Consistent with the role of B-TRCP in governing Twist stability,
we observed that Twist interacts with B-TRCP1 under ectopic overexpression conditions
(Figure 2D). Taken together, these results indicate that B-TRCP might control the Twist
stability, a critical regulator of the EMT process.

IKKB controls Twist stability

It has been known that prior to the recognition and subsequent destruction by the SCFP-TRCP
E3 ligase complex, most characterized p-TRCP substrates need to be phosphorylated by one
kinase or a combination of various kinases within their phospho-degron(s) (Frescas and
Pagano, 2008). So far, it has several well-known kinases including GSK3p, CKI and IKK
to phosphorylate degron sequence that could be recognized by the SCFP-TRCP complex. To
this end, we investigated whether these candidate kinases are involved in the degradation of
Twist by SCFB-TRCP Indeed, we found that overexpression of IKK, but not GSK3, CKI, or
the EV (empty vector) control, significantly reduced Twist protein level (Figure 2E).
Interestingly, overexpression of CKld slightly decreased Twist expression (Figure 2E).
These results demonstrated that IKKB might play a critical role in destruction of Twist by
SCF[‘J"TRCP.

IKKB phosphorylates Twist at multiple sites

Our previous study has revealed that p-TRCP substrates often contain multiple suboptimal
degron sequences if they have no canonical DSGxxS degron sequence (Inuzuka et af., 2010).
To pinpoint the phospho sites by IKKB within degrons, we generated multiple truncation
mutants wherein the potential critical Ser/Thr sites for individual suboptimal degrons are
located (Figure 3C). Using /n vitro kinase assays, we observed that the region containing
amino acids 112-140 possibly possesses the major IKK phosphorylation sites and the region
in the extreme N-terminus contains weak IKK phosphorylation site(s) (Figure 3A and 3C).
On the other hand, the other regions of Twist seem to contain no detectable IKK
phosphorylation sites under this experimental condition. Next, we intended to pinpoint the
exact IKK sites within these two regions. Notably, mutation of both Thr125 and Ser127 to
Ala in Twist greatly reduced IKKpB-dependent Twist phosphorylation /n vitro (Figure 3A).
Similarly, mutation of all Ser7, Ser8, Ser11, Ser16, and Ser20 sites to Ala significantly
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decreased Twist phosphorylation by IKKB (Figure 3B). Taken together, our results indicated
that IKKp could phosphorylate Twist at multiple sites to trigger Twist destruction.

Multiple phosphorylation sites are required for Twist degradation

To further confirm that these multiple phosphorylation sites are necessary for Twist
destruction, we also performed the degradation assay. As illustrated in Figure 4, co-
expression of IKKp and B-TRCP significantly down-regulated the expression of wild-type
HA-tagged Twist, a process that could be efficiently blocked by the treatment of the
proteasome inhibitor, MG132. Notably, Ala substitutions of Ser and Thr in each degron
motif partly protected the degradation by IKK and B-TRCP. More importantly, the IKK
and B-TRCP-induced Twist degradation is completely blocked by the 7A (S7TA/S8A/S11A/
S16A/S20A/T125A/S127A) mutations that are defective for IKK-dependent
phosphorylation as all the identified phosphorylation sites are mutated to Ala. This result
strongly suggests that all seven identified IKK phosphorylation sites could be involved in B-
TRCP-mediated degradation of Twist. However, we recognize that further studies are
required to determine the contribution of each individual phosphorylation site to p-TRCP-
mediated Twist destruction.

IKKB involved in Twist translocation into the nucleus

Since both Snail and Slug localizations are affected by glycogen synthase kinase 3 B
(GSK3p)-mediated phosphorylation (Kim et a/., 2012; Zhou et al., 2004), we also
investigated whether the phosphorylation at Thr125 and Ser127 by IKKp controls Twist
localization. The phosphorylation sites at Thr125 and Ser127, which could affect
dimerization and DNA binding ability (Firulli et al., 2005; Lu et al., 2011), are highly
conserved in various species and other Twist family members (Figure 5A). To directly
address this question, we evaluated the contribution of Thr125 and Ser127 residues for Twist
nuclear localization. As illuminated in Figure 5B, like the wild-type Twist, phospho-
deficient T125A/S127A mutation is largely retained in the nucleus, whereas phospho-mimic
T125E/S127D mutation displayed a significant reduction in nuclear localization (Figure 5B).
In further support of this notion, we found that Twist specifically binds to importin a5 and
importin a7, but not importin a1 (Figure 5C). Moreover, the T125E/S127D and S42D
mimetic mutations abolished the interaction with the importin complex (Figure 5C), which
provides a possible mechanism for IKKB-dependent Twist cytoplasmic translocation while
further studies are warranted to fully understand this dynamic process.

Discussion

Twist, a basic helix-loop-helix (bHLH) transcriptional factor, is one of the EMT-inducing
molecules that play a pivotal role in regulating the EMT process (Qin et al., 2012). It has
been known that Twist contributes to metastasis by promoting an EMT through inhibition of
the E-cadherin tumor suppressor, leading to activation of mesenchymal markers and
subsequent induction of cell invasion (Yang et al., 2004). Moreover, overexpression of Twist
has been found to correlate with tumor invasion and metastasis in human breast cancers
(Yang et al., 2004). Consistent with this notion, Twist is required for tumor metastasis from
the mammary gland to the lung nodules (Yang et a/., 2006). To support the role of Twist in
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tumorigenesis, studies have shown that Twist enhanced the metastasis in several epithelial
cancers including prostate and bladder cancers (Kang and Massague, 2004). More
importantly, Twist has been considered as a prognostic biomarker in certain human cancers
(Qin et al., 2012). Strikingly, Twist also plays a critical role in chemotherapeutic resistance
of cancer stem cells (Qin et al., 2012). Therefore, Twist could be a novel potential drug
target for achieving better treatment outcome for cancer patients.

Accumulating evidence suggests that different upstream signaling pathways govern Twist
expression. For example, HIF-1 (hypoxia inducible factor-1) directly regulates Twistl
expression by binding directly to the hypoxic response element (HRE) in the Twist proximal
promoter, leading to promotion of metastasis in response to intratumoral hypoxia (Yang et
al., 2008). SRC-1 (steroid receptor coactivator-1) regulates Twist expression through PEA3
(polyomavirus enhancer activator 3), leading to breast cancer metastasis (Qin et a/., 2009).
STAT3 (signal transducer and activator of transcription 3) was found to induce Twist
expression and exert its oncogenic function (Cheng et al., 2008; Lo et al., 2007). Recently,
Notchl was reported to promote the progression of human gastric cancer through activation
of STAT3/Twist signaling axis (Hsu et al., 2012). Moreover, Bmil and Twist act
cooperatively to inhibit expression of both E-cadherin and p16, resulting in induction of
EMT and tumor invasion (Yang et al., 2010). Further studies showed that Bmil cooperates
with Twist to repress let-7i expression, leading to upregulation of NEDD9 and DOCK3 as
well as activation of RACL1 (Yang et al., 2012).

Recently, one study has suggested that Twist protein is regulated by the F-box protein
FBXL14 (Lander et al., 2011). This group found that Twist is an unstable protein and is
targeted for ubiquitination via the C-terminal WR domain. Moreover, FBXL14 is an
endogenous regulator of Twist stability (Lander et a/., 2011). Increased evidence indicated
that most individual EMT proteins are regulated by multiple E3 ubiquitin ligases
(Voutsadakis, 2012a; Voutsadakis, 2012b). For example, Snail is degraded by FBXL14, and
B-TRCP, while ZEBL1 is targeted by FBXWS8 and FBXL14 (Voutsadakis, 2012a). Similarly,
Slug stability is governed by MDM2, FBXWS8, and FBXL14 (Moutsadakis, 2012c¢).
However, little is known whether E3 ubiquitin ligases other than FBXL14 regulate Twist
stability.

To this end, we found for the first time that depletion of either B-TRCP1 or B-TRCP1+2
markedly upregulates Twist expression (Figure 2C). Furthermore, we observed that Twist
binds to B-TRCP1 under ectopic overexpression conditions. Moreover, overexpression of
IKK significantly inhibited Twist expression. More importantly, IKKp phosphorylates
Twist at multiple sites to trigger Twist destruction, indicating that Twist protein, like B-
TRCP1 substrate Mdm2, contains many suboptimal degron sequences that are
phosphorylated by IKK. Interestingly, phosphorylation of Twist by IKKp induces its
translocation into the cytoplasm and p-TRCP-mediated destruction, which is of similar
mechanism of Snail regulated by GSK3p (Zhou et a/., 2004). However, we recognize that
more biochemical studies including the /n vitro ubiquitination and /n vitro degradation
assays might be required for us to draw a concrete conclusion regarding whether Twist,
analogous to Snail and ZEB1, is controlled by SCFP-TRCP More importantly, we are also
aware that most of our studies are using the in vitro cell culture system, thus much more
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studies, especially the mouse genetic models, are required to fully understand whether (-
TRCP is the physiological E3 ligase to control Twist ubiquitination. Furthermore,
immunohistochemistry studies of human clinical samples are preferred to examine whether
there is an inverse correlation between the Twist expression and its negative regulators
including B-TRCP or IKKp, especially in those late stage samples with metastasis.

In summary, our results provide a possible molecular mechanism for the deregulation of
Twist in HeLa cervical cancer cells (Figure 6). Therefore, activation of §-TRCP and/or
IKKP could be a novel strategy to treat various human cancers with high expression of Twist
that is associated with EMT. Our work identifies B-TRCP and IKKp as the possible
upstream components to govern Twist stability, thus providing the rationale for development
of B-TRCP and/or IKK inhibitors to achieve better treatment outcomes in human cancer
patients.
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Figurel.
Epithelial to mesenchymal transition (EMT)-inducing transcription factors and the reported

E3 ubiquitin ligases that govern their stability. The ubiquitin-proteasome pathway partly
regulates EMT through proteolysis of EMT-inducing transcriptional factors. FBXL, F-box
and leucine-rich repeat protein; FBXW, F-box and WD-40 domain protein; MDM2, mouse
double minute 2.
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Figure2.
Identification of B-TRCP and IKKp as upstream negative regulators of Twist. A. B-TRCP

consensus phospho-degron motif and an amino acid sequence of human Snail B-TRCP
degron. B. Alignment of evolutionarily conserved putative B-TRCP degron motifs at the N-
terminal amino acid sequence of Twistl. C. HeLa cells were infected with the indicated
lentiviral ShRNA constructs for 24 hours. Uninfected cells were eliminated by selection with
puromycin for 48 hours. Equal amounts of whole cell lysates were immunoblotted with the
indicated antibodies. D. Immunaoblot analysis of whole cell lysates and immunoprecipitates
derived from HeLa cells transfected with hemagglutinin (HA)-Twist and the indicated Flag-
B-TRCP1 constructs. After 30 hours posttransfection, cells were pretreated with 15 pM
MG132 for 10 hours to block the proteasome pathway before harvest. E. Immunoblot
analysis of whole cell lysates derived from HelL a cells transfected with the indicated
constructs.
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Figure 3.

Mapping the putative IKKp phosphorylation sites in Twist. A-B. Purified IKKp kinase was
incubated with 3 g of the indicated GST-Twist proteins in the presence of y-32P-ATP. The
kinase reaction products were separated by SDS-PAGE, and phosphorylation was detected
by autoradiography. GST was used as a negative control in this assay. C. Scheme of the
GST-Twistl constructs used in this assay. The extent of the phosphorylation by IKK is
shown with +. NLS, nuclear localization signal; bHLH, basic helix-loop-helix.
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Identification of IKKP phosphorylation sites that are critical for p-TRCP-mediated
destruction of Twist. Immunoblot analysis of HeLa cells transfected with the indicated HA-
Twist and Flag-p-TRCP plasmids in the presence or absence of Flag-IKKp. A plasmid
encoding GFP (green florescent protein) was used as an internal control for transfection

efficiency. 7A, STA/SBA/S11A/S16A/S20A/T125A/S127A.
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IKKB-mediated phosphorylation of Twist promotes its cytoplasmic translocation. A.
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Identified phosphorylation sites at Thr125 and Ser127 are highly conserved across spices
and other Twist family members. B. Immunoblot analysis of cellular fractionation of HelLa

cells expressing wild-type, phospho-deficient (T125A/S127A) and phospho-mimic (T125E/
S127D) HA-Twist. C, cytosolic fraction; N, nuclear fraction. C. Autoradiography of 35S-

labelled importin a1, importin a5, or importin a7 bound to the indicated GST-Twist

proteins.
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Figure 6.
The putative model of the Snail and Twist stability controlled by B-TRCP. B-TRCP might

negatively regulate EMT by degrading Snail and Twist in a phosphorylation dependent
manner in HeLa cervical cells.
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