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HDAC2 links ubiquitination to tumor suppression in synovial sarcoma
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ABSTRACT

The function of histone deacetylase 2 (HDAC2) in transcriptional regulation and its role in oncogenesis
have been well established. Here we discuss a transcription-independent HDAC2 pathway controlling
cancer-related protein stability via the mouse double minute 2 homolog (MDM2) ubiquitin ligase. In
synovial sarcoma, HDAC2 inactivation demonstrates significant therapeutic effect by degradation of the

SS18-SSX driver oncoprotein.

Synovial sarcoma is a high-grade soft tissue sarcoma for which
traditional treatments provide limited benefit.' Most patients
are diagnosed between ages 15-35. The tumors commonly
arise from the lower extremities,'? but they often metastasize
to the lungs and lymph nodes.* Pathohistological analysis of
synovial sarcoma reveals that it consists of mesenchymal spin-
dle-shaped cells with varying degrees of epithelial differentia-
tion. This feature has also been seen in other sarcoma types,
such as fibrosarcoma and leiomyosarcoma, but what makes
synovial sarcoma unique is a translocation between chromo-
somes X and 18, t(X;18), that leads to the fusion of the synovial
sarcoma translocation, Chromosome 18 (§518) gene and either
synovial sarcoma, X-Chromosome-related 1 (SSXI) or 2
(S8X2) (very rarely SSX4).” The resulting transcript, referred
to as $§18-SSX, is evidently a driver of synovial sarcoma, given
the fact that overexpression of SS18-SSX can induce transfor-
mation of noncancerous rat fibroblast cells® and replicates the
pathogenesis of human synovial sarcoma in transgenic mice.”®
More importantly, SS18-SSX provides an Achilles’ heel for
synovial sarcoma therapy, as human synovial sarcoma cells
have been observed undergoing apoptosis in response to
RNA interference (RNAi)-mediated depletion of the fusion
oncogene.g"11

Over the decades, promising progress has been made in
understanding the molecular mechanisms behind S$S18-SSX
fusion protein-promoted tumorigenesis. Originally, many of
the studies were focused on the transcriptional regulatory
activity of SS18-SSX based on its ability to interact with mam-
malian SWItch/Sucrose Non-Fermentable (SWI/SNF) and
Polycomb (Pc) complexes,”'*"'¢ yet it has become clear that
SS18-SSX also possesses transcription-independent functions.
For example, SS18-SSX can induce B-catenin stabilization and
accumulation within the nucleus, which then aberrantly acti-
vates the canonical Wingless-related integration (WNT) path-
way to support synovial sarcoma formation.'”** Due to the
complexity of SS18-SSX action, therapies that systematically
target the synovial sarcoma biology remain in short supply. In
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addition, there has been no success in developing drugs that
can directly bind SS18-SSX to inhibit its oncogenic functions.

Through unbiased screening of 900 compounds comprising
100 different drug classes, a recent study has identified histone
deacetylase (HDAC) inhibitors (ex. SB939 and Quisinostat) as
the most potent agents to kill human synovial sarcoma cells in
tissue culture.’® Preclinical experiments have further shown
the prominent efficacy of HDAC inhibition against tumor
growth in a transgenic mouse model closely mimicking
human synovial sarcomagenesis.”’”>* Surprisingly, immuno-
fluorescence staining and western blot analyses revealed that
SS18-SSX protein levels were reduced in the tumor tissues from
HDAC inhibitor-treated mice.”* A similar effect was witnessed
in human synovial sarcoma cell lines in response to various
HDAC inhibitors with distinct structures.?’~? Notably, the
levels of SS18-SSX mRNA remained unaffected under the
same conditions. Consistent with this, HDAC inhibitor-
induced reduction of SS18-SSX protein levels was indeed
reversed by MG132 proteasome inhibitor. Additionally, the
higher levels of SS18-SSX protein were conjugated with poly-
ubiquitin chains, suggesting that the fusion oncoprotein
undergoes proteasome-dependent proteolysis after HDAC
inhibitor treatment.

Using mass spectrometry, a 500 kDa protein (named Mcl-1
ubiquitin ligase E3, or MULE;* also known as HUWE1,*
ARF-BP1,>° UREB1,%® LASU1,%” and HectH9?®) was identified
that had specifically copurified with SS18-SSX in HDAC inhi-
bitor-treated synovial sarcoma cells.”> MULE belongs to
amajor class of E3 enzymes that contain a characteristic homo-
logous to the E6-AP carboxyl terminus (HECT) domain with
catalytic activity for ubiquitin transfer to substrate proteins.””
The ability of MULE to ubiquitinate SS18-SSX was readily
confirmed in both in vitro ubiquitination and human embryo-
nic kidney (HEK293) cell-based expression systems.
Significantly, by depleting MULE, the levels of endogenous
§S18-SSX ubiquitination in human synovial sarcoma cells
were remarkably reduced upon HDAC inhibitor treatment,
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which correlated with a dramatic increase in SS18-SSX protein
levels. These results indicate that MULE is a major E3 ligase for
SS18-SSX, and this ubiquitination activity contributes at least
in part to HDAC inhibitor-induced SS18-SSX protein degrada-
tion. Coimmunoprecipitation analysis of serial MULE frag-
ments further revealed that two protein domains, tryptophan-
glutamate repeats and ubiquitin-binding motif (WWE and
UBM, respectively), specifically interact with the SS18-SSX
fusion oncoprotein. WWE is involved in mediating protein-
protein interactions,”® while UBM is a monoubiquitin-binding
motif with unknown biological significance.’

Interestingly, MULE binds to SS18-SSX through specific
recognition of its C-terminal region, which contains
a conserved domain (SSX repression domain, or SSXRD)
known for chromatin association and transcriptional
repression.”>”> However, MULE-mediated ubiquitination
occurs at the N-terminus of SS18-SSX, involving a single lysine
residue (lysine 23, or K23), mutation of which could almost
completely abrogate HDAC inhibitor-induced conjugation of
polyubiquitin chains to the fusion oncoprotein. It is now clear
that MULE degradation of SS18-SSX protein relies on at least
two levels of specificity- protein interaction with the SSX
region, and ubiquitination position in SS18 (Figure 1). This
mechanism therefore allows for more precise control of
MULE-mediated destruction toward the fusion oncoprotein
compared to its wild-type partners. Beyond these molecular
observations, a critical problem raised is how MULE recog-
nizes SS18-SSX in synovial sarcoma cells given that MULE is
mostly located in the cytoplasm®”>* and SS18-SSX is an exclu-
sively nuclear protein. Undeniably, the interaction between
MULE and SS18-SSX was clearly detected in the cytoplasm of
synovial sarcoma cells by in situ proximity ligation assay (PLA)
and immunofluorescence microscopy.22 Therefore, future
study is necessary to uncover additional regulatory mechan-
isms underlying nuclear-cytoplasmic shuttling of the SS18-SSX
fusion protein and to elucidate the potential role of HDAC
activity and HDAC inhibitor treatment during this process.

MULE is almost undetectable in synovial sarcoma, although its
protein levels are increased after addition of MG132 proteasome
inhibitor. This is consistent with recent studies that show MULE
is unstable in human epidermal growth factor receptor 2 (HER2)-

positive breast cancer cells, due to ubiquitin-mediated degrada-
tion by the oncogenic E3 ligase, mouse double minute 2 homolog
(MDM2).* Notably, an inverse relationship between MULE and
MDM2 expression in breast cancer and liposarcoma patient
specimens has also been demonstrated by immunohistochemis-
try-based tissue microarrays.’® Synovial sarcoma cells likely adopt
a similar mechanism to degrade MULE and maintain its protein
at low levels. Indeed, a lysine-rich region of MDM2 (residues
460-476) directly binds the acidic domain of MULE (residues
2425-2469), although this interaction is then blocked by HDAC
inhibitor treatment. Mass spectrometric analysis of the MDM2
protein further identified five lysine residues (K466, K467, K469,
K470, and K473) within the aforementioned lysine-rich region,
which were specifically acetylated upon HDAC inhibition.

The relevance of these findings was highlighted with the gen-
eration of acetylation-defective MDM2 mutants that interacted
with MULE, in a similar manner to what’s seen with wild-type
MDM2, but that no longer respond to HDAC inhibitor-induced
dissociation.”? Based on protein structure analysis, it becomes
clear that the lysine-rich region of MDM2 forms a positively
charged docking site for MULE through the attraction to its
negatively charged acidic domain (Figure 2a). This binding inter-
face is abolished upon HDAC inhibitor treatment, largely because
of the charge neutralization of MDM?2’s lysine-rich region by
acetylation (Figure 2b). Curiously, lysine acetylation was also
found to function as the binding signal for so-called “reader”
proteins that are generally characterized by the presence of evo-
lutionarily conserved bromodomains.?” Therefore, the effects of
HDAC inhibitor treatment on MDM2 might be more compli-
cated than simple dissociation of MULE. It will be important to
determine whether site-specific acetylation signaling provides
a widespread mechanism for differentially regulating the fate of
MDM?2 substrates under physiological and pathological
conditions.

Lysine acetylation is a fully reversible post-translational mod-
ification; HDACs and sirtuins (SIRTSs) are an important class of
enzymes that can catalyze the removal of acetyl groups from
proteins.”> Among eleven HDAC family members, only histone
deacetylase 1 (HDAC1) and 2 (HDAC2) are substantially
expressed in synovial sarcoma cell lines and patient
specimens.”>*® Notably, HDAC1 and HDAC2 share considerable
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Figure 1. Overview of SS18-SSX ubiquitination by Mcl-1 ubiquitin ligase E3 (MULE). The E3 ligase MULE binds to the C-terminal SSXRD domain of S518-5SX through two
distinct protein domains, WWE and UBM. Polyubiquitin chains are attached to a specific lysine residue (lysine 23, or K23) within the N-terminal SNH domain of SS18-SSX
for protein degradation. SS18-SSX protein domains include SNH, SS18 N-terminal homology domain (residues 20-73); QPGY, glutamine-proline-glycine-tyrosine-rich
domain (residues 187-379); SSXRD, SSX repression domain (residues 424-457). MULE protein domains include: ARLD, Armadillo repeat-like domain (residues 104-815);
UBA, ubiquitin-associated domain (residues 1316-1355); WWE, tryptophans—glutamate repeats (residues 1603-1680); BH3, Bcl-2 homology region 3 (residues 1976-
1990); UBM, ubiquitin-binding motif (residues 2963-3082); HECT, homologous to the E6—-AP carboxyl terminus (residues 3993-4374).
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Figure 2. Structural interface between the acidic domain of Mcl-1 ubiquitin ligase E3 (MULE) and the lysine-rich domain of mouse double minute 2 homolog (MDM2). (a)
Surface presentation of the MULE-MDM2 interaction. Models for MULE (residues 2261-2970) and MDM2 (residues 418-491) are generated by high-resolution
comparative modeling with the Robetta server,*® and docking analysis performed using the ClusPro server.* (b) Histone deacetylase (HDAC) inhibitor-induced lysine
acetylation of MDM2 (at position 466, 467, 469, 470 and 473), leading to MULE dissociation. The acidic domain of MULE (residues 2432-2465) is highlighted in cyan, and

the lysine-rich domain of MDM2 (residues 460-476) highlighted in yellow.

sequence homology (approximately 85% identical), and their
complex assemblies and activities are largely redundant in var-
ious biological contexts, only with a few exceptions such as early
embryogenesis and brain development.* > Depletion of
HDAC?2 in synovial sarcoma cells strongly inhibited the MDM2-
MULE interaction and greatly promoted SS18-SSX degradation,
while depletion of HDACI showed no obvious effect. These
studies highlight a MDM2-mediated ubiquitination pathway
specifically connecting HDAC2 activity with synovial sarcoma
biology, despite HDACI having a similar capability to bind
MDM2. At this moment it is not known whether both HDACs
exist in the same MDM2 complex, seeing as HDACI1 and
HDAC?2 can form heterodimers between each other,™* and they
are seen together in a number of multiprotein complexes.*” Thus,
future work is necessary to untangle the mechanistic detail of
MDM2 regulation, which may involve distinct sets of acetylated
lysine residues targeted by HDAC1 and HDAC2, respectively.
In conclusion, HDAC2 is a novel component to the MDM?2
ubiquitination pathway that serves a critical contribution in main-
taining low levels of MULE protein inside human cancer cells.
Intriguingly, MULE is also a ubiquitin E3 ligase and exhibits the
tumor-suppressor function in synovial sarcoma by targeting the
SS§18-SSX driver oncoprotein for ubiquitination and degradation.
Based on this information, drugs that either block the enzymatic
activity of HDAC2 and MDM2 or inhibit their interaction might
be especially valuable for synovial sarcoma treatment. For exam-
ple, small-molecule HDAC inhibitors represent one possible
therapeutic strategy that has displayed potent suppressive
activity on synovial sarcoma cell proliferation in vitro and
tumor growth in vivo that is being currently tested in clinical

trials.*®*” In a broad perspective, elevated expression levels
of both HDAC2 and MDM?2 are found in a variety of tumor
types, and their overexpression is often associated with
aggressive tumor behavior (i.e. distant metastasis) and
poor prognosis.*>** Moreover, a significant correlation
between HDAC2 and MDM2 has been highlighted with
clinical evidence showing that HDAC2 is highly coexpressed
with MDM2 in dedifferentiated liposarcoma samples.’® In
keeping with this, two recent reports suggest a positive role
of HDAC2 in regulation of the MDM2 gene expression in
lung cancer and liposarcoma cells.”>”' However, neither
HDAC?2 inactivation nor HDAC inhibitor treatment can
reduce MDM2 levels in synovial sarcoma,”” as well as in
several other tumor types.”>>” In the future, it will be impor-
tant to find the possibly druggable enzymes and/or cellular
signaling molecules that participate in transcriptional
induction of MDM2 by HDAC2, so that specific agents can
be combined with HDAC inhibitor treatment more effi-
ciently and effectively target various types of human cancers
associated with the HDAC2-MDM2 pathway.
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