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Introduction
Development of cancer has long been considered to be the consequence of a
wide variety of genetic alterations such as chromosomal translocations, point
mutations and deletions that alter proliferation and survival by activating
oncogenes or by inactivating tumor-suppressor genes. Whereas these genetic
changes constitute the basis of transformation, recent discoveries suggest
additional levels of gene regulation that may play a key role in tumor
heterogeneity and progression, which are generally referred to as epigenetic.
The term “epigenetic” encompasses the sum of heritable modifications that do
not involve changes to the underlying DNA sequence.
Different mechanisms can initiate and sustain epigenetic changes and a
complex interplay of these different mechanisms is beginning to be elucidated.
Epigenetic modifications include: DNA methylation, which generates 5methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC), post-translational
histone tail modifications, including methylation, acetylation, phosphorylation
and ubiquitylation, energy-dependent nucleosomal remodeling, and long
noncoding RNA regulation of local chromatin structure and chromosome
organization.
Epigenetic change is a regular and natural occurrence that can be influenced by
several external factors (i.e. age, environment and lifestyle) and it plays a
critical role during development to ensure proper lineage commitment, cell fate
determination, and organogenesis. On the other hand, ongoing research is
continuously uncovering aberrant epigenetic changes in a variety of human
disorders including cancer. Several studies have highlighted the involvement of
epigenetics in synovial sarcoma (SS), a highly aggressive soft tissue tumor
(Nielsen, Poulin, and Ladanyi 2015).
Synovial sarcoma is mainly detected in adolescents and young adults (mean
age: 35 years) and is most often located in the extremities although it can arise
in any part of the body. It is known to metastasize, most often to the lungs and
its prognosis remains very poor. Current treatment requires surgical excision
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accompanied by radiotherapy and sometimes chemotherapy (Nielsen, Poulin,
and Ladanyi 2015), but effectiveness is limited.
Synovial sarcoma is believed to arise in mesenchymal stem cells (MSCs) but its
pathogenesis is poorly-understood. Almost all cases of SS carry the
chromosomal translocation (t(X;18) that generates a fusion between the SS18
gene and one of the SSX genes, most frequently SSX1 and SSX2. Studies
based on transgenic mouse models suggest that the SS18-SSX fusion
oncoprotein is both necessary and sufficient to support tumorigenesis (Nielsen,
Poulin, and Ladanyi 2015). It is therefore considered to underlie SS
pathogenesis, at least in part by disrupting the physiologic functions of the wild
type protein components.
Wild type SS18 is a ubiquitous nuclear protein that participates in the regulation
of transcription of various genes. It is a co-activator incorporated in SWI/SNF, a
chromatin remodeling complex that uses the energy of ATP to mobilize
nucleosomes and regulate accessibility of individual genes to sequence-specific
transcription factors and the basal transcription machinery. The SWI/SNF
complex is involved in cell cycle control, stem cell maintenance and
differentiation. Increasing evidence supports a role for this complex in cancer
development (Nielsen, Poulin, and Ladanyi 2015).
SSX proteins are abundant in human adult testis, expressed at low levels in the
thyroid, and undetectable in other normal tissues. They can act as
transcriptional repressors since they possess a Kruppel-associated box (KRAB)
domain at the amino-terminus and a strong transcriptional repression domain,
termed the SSXRD (SSX Repression Domain) at the carboxy-terminus. These
domains have been found to co-localize with the Polycomb group complexes
that mediate epigenetic silencing of genes through chromatin remodeling.
The most common fusion is generated by the replacement of the 8 C-terminal
amino acids of SS18 by the 78 C-terminal amino acids of SSX1, 2 or 4. The
protein thus formed contains all SS18 domains except one SH2 C-terminal motif
and the SSX-repressor domain, retaining the interaction with SWI/SNF
4

components as well as co-localization with the polycomb group proteins. Similar
to the two wild type proteins, SS18-SSX does not contain any DNA binding
domain. It is commonly believed that its expression drives epigenetic changes
resulting in aberrant transcription but the exact nature and identity of these
changes is still poorly understood. Various studies have shown interactions
between SS18-SSX and several proteins involved in epigenetic regulation
including chromatin remodeling proteins, transcription factors such as activating
transcription factor 2 (ATF 2) and TCF/Lef, co-repressors such as transducinlike enhancer of split 1 (TLE1), co-activators, including P300 and epigenetic
transcriptional regulators including histone deacetylases (HDAC).
Recent studies have proposed models that describe the role of SS18-SSX in
transcriptional de-regulation of relevant genes. One model proposed that SS18SSX, by interacting with both ATF2 and TLE1, serves as a bridge to connect
together these two important transcriptional regulators. SS18-SSX alone cannot
bind to DNA, and its recruitment to target promoters is dependent on the
sequence-specific transcriptional activator ATF2. In this manner, SS18-SSX
recruitment of a TLE1-containing repressor complex (containing HDAC)
functions to silence ATF2 target genes (Fig. 1a) (Su et al. 2012). A second
model described the capacity of the fusion protein to disrupt BAF complexes,
outcompeting wild type SS18 and causing displacement of the BAF47 subunit.
This modified complex has an enhanced capacity to displace polycomb and is
then recruited to specific loci in a transcription factor independent manner (Fig.
1b) (Kadoch and Crabtree 2013). Our own work has recently shown that SS18SSX, by interacting with TCF/LEF transcription factors and HDAC participates in
the de-repression of the WNT target gene and WNT regulator Axin2. This model
implies SS18-SSX-mediated inhibition of HDAC activity with a consequent
increase in histone acetylation and chromatin accessibility, highlighting
epigenetic regulation by SS18-SSX that employs histone acetylation (Fig. 1)
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Figure 1 : Models of SS18-SSX mediated transcriptional de-regulation
A (Su et al. 2012)
B (Kadoch and Crabtree 2013)
C (Cironi et al. 2016)
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Acetylation of the lysine amino group is a posttranslational modification
regulated by the opposing activities of lysine acetyltransferases and
deacetylases (Fig. 2). The activity of these enzymes can affect many different
cytoplasmic and nuclear proteins involved in the regulation of various
fundamental cellular processes. Importantly, the acetylation of histones is a key
modulator of chromatin structure involved in DNA replication and repair, gene
silencing and transcription.
Acetylated sites are read by bromodomain-containing proteins which are part of
chromatin remodeling complexes associated with transcriptional activation. By
contrast, histone deacetylases (HDACs) are generally found in co-repressor
complexes and remove acetyl groups from histones, promoting formation of
compacted, transcriptionally inactive chromatin. Although oversimplified, one
can say in general that hyperacetylated chromatin is transcriptionally active,
whereas hypoacetylated chromatin is typically silent.

Figure 2 : Scheme of lysine deacetylation by HDAC
(Barneda-Zahonero and Parra 2012)

To date 18 different mammalian HDACs have been identified and divided into 4
classes. Most of them are dependent on Zn++ for their activity (class I, II and IV),
whereas class III HDACs include sirtuins, which are dependent on NAD+. Being
essentially nuclear and ubiquitously expressed, class I HDAC1 and HDAC 2 are
mainly responsible for histone deacetylation. They are usually both found in
various large multiprotein complexes that differ in protein composition
7

participation in these complexes appears to be necessary for HDAC activity
(Fig. 3). The different protein composition of the various complexes determines
their activity, the substrate specificity and genomic location. Targeting to
specific DNA regions can be mediated by diverse components: specific DNA
binding transcription factors that recruit the complexes to sequence specific
regions (for example, Sp1, Sp3, p53, NF-κB and YY1) or factors with a broader
DNA binding capacity like CpG methyl binding proteins (MBD2), which can
recruit the complex to methylated DNA regions. In addition, HDAC complexes
can either display intrinsic ATP-dependent chromatin remodeling activity, as is
the case of the NURD complex, or associate with other modules with enzymatic
functions such as the nucleosome mobilization activity of SWI/SNF, DNA
methylation, histone methylation and N-acetylglucosamine transferase activity.
The best known among HDAC containing complexes are Sin3, NuRD and
CoREST.

Figure 3 : Class I HDAC1-HDAC2 multiprotein complexes
(Delcuve, Khan, and Davie 2012)
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The Sin3 core complex contains Sin3A or Sin3B, HDAC1 and/or HDAC2,
SAP18, SAP30 and retinoblastoma-associated proteins (RbAps) RbAp46 and
RbAp48.
The NuRD complex has a variable composition that is dependent on the cell
type and external stimuli. It is the only HDAC complex that harbors intrinsic
ATP-dependent chromatin-remodeling activities carried out by Mi-2α and/or Mi2β. Other components of NuRD are structural and/or regulatory proteins
RbAp46/RbAp48 and, in some instances, also p66α or p66β, the methyl-CpGbinding domain-containing proteins (MBD2 or MBD3) and the three members of
the metastasis-associated protein family (MTA1, MTA2 or MTA3), which
mediate downstream responses to the activation of different signaling
pathways. Lysine-specific demethylase 1 (KDM1/LSD1) has also been identified
as a component of NuRD.
The CoREST complex is composed of proteins distinct from those of Sin3 and
NuRD. It is recruited by the RE1 silencing transcription (REST) factor and
includes KDM1/LSD1 that promotes demethylation of H3 on lysine 4
(H3K4me2). CoREST can also form larger complexes by association with
ZNF217, a Krüppel-like zinc finger protein and strong candidate oncogene
found in breast cancer, or with other complexes, such as the chromatinremodeling complex SWI/SNF or the C-terminal binding protein (CtBP)
complex.
Deregulation of histone acetylation has been observed in several disorders and
in various types of cancer. Furthermore, the aberrant recruitment of HDAC
mediated by anomalous fusion proteins has been described in certain
leukemias. HDAC activity therefore appears to be important in cancer and is
emerging as a promising target in cancer therapeutics.
In the present work we have addressed the role of HDAC activity in synovial
sarcoma and the relationship between HDAC and the synovial sarcoma fusion
protein. More precisely, we attempted to analyze the possible changes that
SS18-SSX induces in the composition of HDAC containing complexes.
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Methods

Cell lines
To perform our experiments we choose C3H10T1/2 mouse mesenchymal
progenitor cells. These cells show transcriptional changes upon the expression
of SS18-SSX that resemble the transcriptome of synovial sarcoma, therefore
they appear to have features similar to the cell in which this tumor effectively
originates. C3H10T1/2 and 293T cells were obtained from ATCC and were
cultured in DMEM, 10% FBS, 1% penicillin/streptomycin, 1% non essential
amminoacids.

Lentiviral infection and SS18-SSX expression
Expression of SS18-SSX1 bearing a V5 C-terminal tag was achieved using the
self-inactivating lentiviral Gene Transfer and Expression system pLIVc which
produces a floxed proviral genome. 293T were co-transfected with packaging
plasmids and either the empty pLIVc or the pLIVc containing SS18-SSX-V5
using Xtreme gene 9 reagent (Roche) and standard transfection protocols. The
supernatant of 293T containing the lentiviral particles was collected 72 hours
after transfection, passed through a 0.45 micron filtration system and
concentrated by ultracentrifugation. Infection of C3H10T1/2 was performed in
10 ml of fresh complete medium containing 8 micrograms/ml of polybreene.
Infected cells were selected for 10 days by the addition of 1 microgram/ml of
puromycine.
SS18-SSX-V5 expression in stable populations of selected C3H10T1/2 was
controlled by SDS-PAGE and western blot analysis. The tagged protein was
revealed by using an anti-V5tag antibody (Invitrogen) and a HRP-conjugated
sheep anti mouse secondary antibody. An anti-tubulin antibody was used to
control the equal loading of the gel.
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Activity based protein profiling (ABPP)
A scheme of the workflow relative to these experiments is reported in Fig. 4.

EXPERIMENT FLOW CHART

1. In vivo treatment with SAHA-BP or SAHA-BP + excess SAHA

Specificity

2. Irradiation (covalent binding)
3. Lysis by sonication
4. Click chemistry reaction (biotinylation)
5. Protein precipitation
6. Isolation of biotinylated proteins (streptavidin beads)
7. Analysis of protein contents by mass spectrometry
Figure 4: flow chart of the ABPP experiment.

C3H10T1/2 cells expressing SS18-SSX-V5 or an empty pLIVc were grown in
10mm plates and stimulated with 500nM SAHA-Bpyne in 5 ml of PBS for 1
hour. As a control of specificity parallel samples were treated with the same
amount of SAHA-Bpyne in the presence of excess SAHA (10microM). Cells
were irradiated for 10 minutes at 365 nm using a Spectroline ENF 260C UV
lamp. After crosslinking the cells were washed 3 times with 5 ml of PBS,
scraped using a rubber policeman and pelleted by centrifugation. Cell pellets
were snap frozen in liquid nitrogen and stored at -80°C until use. Several similar
samples were collected to obtain a sufficient amount of proteins. Cell pellets
were defrosted, pooled together, and resuspended in 200 microL of PBS
containing proteases and phosphatases inhibitors and sonicated 3 times at 50%
power on ice for 10 seconds with 10 seconds intervals.
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Sample protein contents were measured using Bio-Rad Protein Assay Dye
Reagent Concentrate (BIO-RAD) and 1 mg of total proteins was used for each
click chemistry reaction in a total volume of 1 ml. The reaction was performed
by adding to the protein sample 0.25mM TCEP, 50microM THPTA and
50microM Biotin-PEG3-Azide, after vortexing the reaction was started by the
addition of 0.5mM CuSO4 and incubated for 1 hour 30 minutes at room
temperature. In some cases Biotin-PEG3-Azide was omitted from the reaction
to obtain a negative control of biotinylation.
After reaction proteins were precipitated by adding 200 microL of PBS and
centrifugation at 4°C 13000rpm for 5 minutes, the pellet was washed twice with
200 microL of methanol and resuspended in 1 ml of PBS containing 0.2% SDS
by sonication and heating.
Streptavidin coupled beads (Millipore) were prepared by washing twice in PBS,
blocking by incubating with 1 ml of PBS containing 20 mg/ml of BSA at 4°C for
30 minutes rotating and then washing once in PBS. After removal of
supernatant, beads were incubated with the protein suspension and incubated
for 1 hour 30 minutes at 4°C rotating.
Beads were then washed at 4°C twice in 1 ml of PBS containing 0.2% SDS,
twice in PBS containing 6M urea and three times with PBS.
For western blot analysis 3X loading buffer was added to the beads, after
boiling for 5 minutes and centrifugation supernatant was recovered and load on
10% reducing gel.
Samples for mass spectrometry were stored by snap freezing in liquid nitrogen
the dried beads. Analysis were done at the Protein Analysis facility, UNIL
Lausanne Switzerland following the protocols described in Cravatt, Wright, and
Kozarich 2008.
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Results and discussion

Expression of SS18-SSX-V5 in C3H10T1/2
Western blot analysis of infected C3H10T1/2 cells revealed a strong and stable
expression of the tagged fusion protein. A clear band at the expected molecular
weight was observed in cells infected with SS18-SSX-V5 virus while no signal
was obtained in pLIVc virus infected cells (Fig. 5).

Figure 5 : Western blot analyses of C3H10T1/2 infected cells
Mouse anti-V5, anti-tubulin antibody and HRP-conjugated sheep anti-mouse secondar
antibody were used

The physical interaction of HDAC and SS18-SSX
This physical interaction has been shown in previous studies, which employed
co-immunoprecipitation, density-gradient separation techniques and proximity
ligation assays (PLA) (Cironi et al. 2016). These methods, however have
limitations: co-IP and density-gradient separation don’t analyze the native state
of the proteins, PLA allows the detection of dual protein-protein interactions in
living cells but does not address, just like the other two techniques, the activity
of the deacetylases in the context of the native complexes. For these reasons
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we wanted to analyze HDAC complexes using a method called “activity based
protein profiling (ABPP). This method relies on the use of a small molecule
directed to the active site of HDAC that is capable of covalent protein
modification that allows the labeling and the purification of the proteins of
interest. Specifically we used SAHA-Bpyne, a probe created by Cravatt and
coworkers (Fig. 6) (Salisbury and Cravatt 2007). SAHA-Bpyne is a modified
version of SAHA, a cell permeable reversible HDAC inhibitor that chelates to
the Zn2+ cation of HDAC active site.

SAHA BPyne
Benzophenone
alkine

Figure 6 : Design and synthesis of HDAC activity-based probe SAHA-BPyne. (A)
Structures of general HDAC inhibitor SAHA and SAHA-BPyne. (B) Synthetic scheme for
preparation of SAHA-Bpyne (Salisbury and Cravatt 2007)

To create SAHA-Bpyne, SAHA was modified with the addition of the following
moieties: a benzophenone which can be activated by UV-crosslinking to
promote covalent labeling of proximal proteins and an alkyne group to allow a
click-chemistry-mediated conjugation of a reporter tag such as biotin. The latter
allows the affinity purification of labeled proteins that can subsequently be
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analyzed by mass spectrometry or western blot (Fig. 7). As demonstrated by
Cravatt’s group this probe can be used to analyze the components of HDAC
containing complexes both in cell lysates and more importantly in living cells.

Figure 7 : Model for SAHA-BPyne labeling of HDACs and HDAC-associated proteins
(Salisbury and Cravatt 2007)

Samples that were analyzed by mass spectrometry were obtained both from
C3H10T1/2 pLIVc and from C3H10T1/2 SS18-SSX-V5 cells and each
population was either treated with SAHA-Bpyne alone or with SAHA-Bpyne in
the presence of excess SAHA. We expected that the proteins specifically
precipitated because of the interaction with the inhibitor (HDACs) or of the close
proximity with HDACs were much more represented in the SAHA-Bpyne alone
samples than in the presence of competing unmodified SAHA. This control, of
primary importance, would allow the distinction between the real interactors of
HDAC and the background constituted by those proteins that aspecifically bind
to beads. Although blocking steps and very stringent washing conditions were
introduced in the precipitation procedure, this kind of background is never
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completely eliminated and the competition criterion helps to recognize it. From
the peptide analysis we obtained a list of about 4500 proteins. When we
compared the SAHA-Bpyne samples and the corresponding competed samples
for the numbers of recovered HDACs peptides or peptides of each single
protein in the list, we observed that the competitive effect of SAHA was very
poor. In Table 1 are reported the number of peptides found for HDACs and few
other known HDAC interactors for each condition. We had to conclude that in
our precipitates the proteins specifically biotinylated in the click chemistry
reaction were largely hidden by the aspecific background. Although the list of
protein we obtained contained a large percentage of known HDACs interactors
we could not validate these proteins as real interactors and this experiment did
not allow any comparison of HDAC interactors between the SS18-SSX
expressing and the control cells.
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Table 1 : Spectral counts of affinity purified proteins
C3H10T1/2
COMPETITOR

pLIVc

pLIVc

SS-V5

SS-V5

+

-

+

-

Gene simbol

Number of peptides

Core HDAC
HDAC1
HDAC2
HDAC3
RBBP4
RBBP7

6
6
3
6
5

4
6
4
6
8

8
7
4
7
7

8
7
6
7
9

RCOR1
KDM1A
HMG20B
ZMYM2
CDYL

0
12
1
1
2

0
10
1
2
1

4
18
0
1
3

5
16
2
1
3

CHD4
GATAD2A
GATAD2B
MTA1
MTA2
MTA3
MBD2
MBD3
Sin3-related
BRMS1L
SIN3A
SIN3B
CTBP1

33
5
8
11
15
2
3
10

38
7
5
10
12
2
4
10

33
4
8
10
16
4
3
7

40
7
15
11
18
5
4
10

1
3
0
3

1
3
0
5

0
8
0
4

5
11
2
5

CoREST

NuRD
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Because the technique we used is a multistep protocol and the failure to
individualize the proteins that are in complexes with HDACs and are therefore
biotinylated in the click chemistry reaction may arise at several points, we
decided to perform pilot experiments to test each step of the procedure. Both
the excess of aspecific background and a poor amount of specifically
biotinylated proteins may be the possible causes.
To lower as much as possible the aspecific binding to the beads during the
precipitation we had already used very stringent washing conditions and we had
included a blocking step.
Considering that the binding of the probes and the UV crosslinking are the
simplest step and are unlikely to be responsible for the failure, we mainly
focused on the efficiency of the click chemistry reaction. In order to control the
efficiency and the effective biotinylation of target proteins we analyzed by SDSPAGE and Western blot aliquots of samples immediately after the click
chemistry incubation and aliquots of the total lysate not subjected to the
reaction as a negative control. After incubation with HRP-conjugated
streptavidin, biotinylated proteins were visualized using a Western blot detection
kit (vitec). This revealed the presence of few biotinylated proteins in the click
chemistry reaction that were not present in the initial lysate suggesting that the
click chemistry reaction was working appropriately (Fig. 8). By repeating these
experiments several times we also realized that the efficiency of the reaction
could substantially vary and found that this was mostly linked to storage of one
of the key component of the click chemistry reaction: CuSO4 which easily
precipitates when stored in solution. For this reason this component should
always be prepared fresh.
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Figure 8 : Western blot analyses of total lysate and click chemistry reaction. HRPconjugated streptavidin was used to detect biotinylated proteins

Having corrected the storage procedure for CuSO4 we tested by western blot
analysis the binding efficiency of biotinylated proteins to streptavidin beads and
the competitive capacity of SAHA versus the corresponding modified probe.
Cells, treated with SAHA-Bpyne or SAHA-Bpyne with excess SAHA, were
crosslinked, sonicated and click chemistry reactions were performed with
freshly prepared CuSO4. Proteins were precipitated and affinity purified with
streptavidin beads and, after washing, were subjected to SDS-PAGE and
Western blotting. Precipitated biotinylated proteins were revealed using HRPconjugated streptavidin (Fig. 9). HDAC1 was revealed using a goat anti-HDAC
antibody (Abcam) (Fig. 10). This analysis shows that biotinylated protein
effectively bind to streptavidin beads, that SAHA is exerting a competitive effect
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on SAHA-Bpyne mediated biotinylation of HDAC1 and of other proteins that are
presumably HDAC interactors (Fig. 9-10).

Figure 9 : Western blot analyses of affinity purifued proteins after click chemistry
reaction. HRP-conjugated streptavidin was used to detect biotinylated proteins
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Figure 10 : Western blot analyses of affinity purified biotinylated proteins after click
chemistry reaction. A goat anti-HDAC1 antibody was used and a HRP-conjugated donkey
anti-goat secondary antibody

Conclusion and perspectives
In this study we have attempted to analyze by mass spectrometry HDAC
complexes with the goal of individuate potential qualitative and quantitative
differences created by the presence of the synovial sarcoma fusion protein.
Unfortunately our first experiments highlighted inconsistencies that led us to
undertake a troubleshooting work. This work has led to the correction and
optimization of the initial protocol and we could finally demonstrate that the
revised procedure was giving more consistent results. The application of this
revised procedure therefore can be used to repeat the final experiment. This
troubleshooting work also suggested perspectives for further improvements.
Although we cannot be sure of the specific cause of the low efficiency of the
click chemistry reaction, the list that we obtained from the mass spectrometry
experiment contained many known HDAC interactors and many of them are
cytoplasmic and related to HDACs other than HDAC1 and 2. SAHA inhibitor in
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fact, although is preferentially targeting HDAC 1 and 2, is not completely
selective and could potentially bind any HDAC. We are interested in nuclear
complexes and to improve this aspect would be interesting to introduce a step
of nuclei isolation before sonication and click chemistry.
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