
TSPYL2 is an essential component of the REST/NRSF
transcriptional complex for TGFβ signaling activation
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REST/NRSF is a transcriptional repressor of neuronal genes that has been implicated in development and cancer. In epithelial
tissues, REST acts as a tumor suppressor and in breast cancer, loss of REST is associated with disease recurrence and poor
prognosis. Here, we identify TSPYL2 (also known as CDA1 and DENTT) as a novel component of the REST protein complex.
We show that REST and TSPYL2 are regulators of TGFβ signaling and that cell-cycle arrest induced by TGFβ requires both REST
and TSPYL2. Importantly, knockdown of REST or TSPYL2 resulted in transformation of human mammary epithelial cells.
Mechanistically, we demonstrate that the TSPYL2/REST complex promotes TGFβ signaling by repressing the expression of genes,
such as the proto-oncogene neurotrophic tyrosine kinase receptor C (TrkC). These data provide insight into the role of REST as a
tumor suppressor in epithelial tissues through the regulation of the TGFβ pathway.
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The transcription factor REST was originally discovered as a
repressor of neuronal differentiation genes in non-neuronal
lineages. Therefore, REST is considered as amaster regulator
of neurogenesis in development and maintenance of gene
silencing.1–4 Recently, it has been recognized that aberrant
REST function also has a role in human malignancies, largely
depending on the cellular context.5 Focal genomic deletions
targeting the REST locus have been found in colon adeno-
carcinoma and REST protein expression is often lost in small
cell lung carcinoma cells.6,7 In breast cancer, the loss of
full-length (FL) REST protein is associated with disease
recurrence and poor prognosis.8 However, the underlying
mechanism of how REST protects against transformation in
epithelial tissues has remained largely elusive.
We have previously implicated the testis-specific protein,

Y-encoded-like (TSPY-L) family of genes in cancer by
identifying TSPYL5 expression as a prognostic marker of
poor clinical outcome in breast cancer.9 TSPYL5 can interfere
with p53-dependent cell-cycle arrest and oncogene-induced
senescence triggering p53 ubiquitination and protein
degradation.9 Besides TSPYL5, the TSPYL family of genes
includes several other members (four coding genes and one
pseudogene) whose functions are still unknown. All five
proteins (TSPYL1, TSPYL2, TSPYL4, TSPYL5, and TSPYL6)
are characterized by a predicted nucleosome assembly
protein (NAP) domain, although functional evidence of NAP
activity has not been reported of any of the TSPYL family
members. TSPYL2, which shares only partial homology with
TSPYL5, has been proposed as a candidate tumor suppres-
sor in carcinoma cells.10 TSPYL2 is a negative regulator of

proliferation, induces p21CDKN1A, and inhibits anchorage-
independent growth; however, the mechanism through which
TSPYL2 may function as a tumor suppressor is poorly
understood.10–12

In this study, we identify TSPYL2 as a component of the
REST/NRSF transcriptional repressor complex and describe
an important role for this complex in the regulation of the TGFβ
pathway.

Results

Nuclear TSPYL2 enhances TGFβ signaling. To investigate
the physiological role of the TSPYL2 protein, we started to
characterize TSPYL2 cellular localization and its expression
levels in a panel of human cell lines. Overexpression of
FLAG-TSPYL2 in lung (A549), prostate (PC3), and osteo-
sarcoma (U2OS) human cell lines showed an exquisite
nuclear localization of TSPYL2 (Supplementary Figure S1A).
These data were further confirmed by the nuclear localization
of endogenous TSPYL2 after nucleus/cytoplasm biochemical
fractionation (Supplementary Figure S1B). Functionally, over-
expression of wild-type TSPYL2 in A549 lung adenocarci-
noma cells, which express low levels of endogenous TSPYL2
(Supplementary Figure S1C), inhibited cell proliferation and
induced p21, as compared with GFP which was used as a
control (Figures 1a and b, t=0).
To explore how TSPYL2 could inhibit cell proliferation, we

started by asking whether TSPYL2 could affect particular
growth inhibitory pathways. Since TSPYL2 had been
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associated with the pro-fibrotic role of TGFβ in diabetic
atherosclerosis and diabetic retinopathy,13–15 we tested
whether TSPYL2 could affect TGFβ-driven phenotypes in
our cancer cell systems. TGFβ is known to induce proliferation

arrest in primary epithelial cells of various organs and the
TGFβ pathway is frequently deregulated in malignancies.16,17

Phosphorylation and activation of SMAD2 (S465/467)
and SMAD3 (S423/425) were increased in TSPYL2
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Figure 1 TSPYL2 is a positive regulator of TGFβ signaling and forms a protein complex with RESTand corepressors. (a) Proliferation of A549 lung carcinoma cells upon
infection with retroviruses expressing 3XFLAG-TSPYL2 or empty vector (EV). (b) A549 cells infected with TSPYL2 or GFP retroviruses were treated with TGFβ (5 ng/ml) for 24 or
48 h and subjected to immunoblotting. TSPYL2 increased P-SMAD2 (S465/467) levels after TGFβ treatment and enhanced the effects of TGFβ on decrease of E-cadherin and
induction of p21. Ratios between P-SMAD2 and SMAD2 were as indicated. (c) A549 cells were transfected with SMAD4 siRNA and subsequently infected with TSPYL2 or GFP
retroviruses. Cell proliferation is shown by Coomassie staining 7 days after infection. (d) Coomassie-stained gel showing TSPYL2 and its associated proteins that were purified by
co-immunoprecipitation (IP) using anti-flag antibody from nuclear extracts of A549 cells expressing 3XFLAG-TSPYL2. The immunoprecipitated proteins were eluted from the
agarose beads and the eluates and post-elution beads were resolved by SDS-PAGE. A549 cells transduced with EV were used as a control. Mass spectrometric analysis
revealed the identity of the proteins in the TSPYL2 eluate as indicated on the gel shown. (e) (i-ii) Co-IP using anti-flag antibody and western blotting of cells as in (a) showed the
interaction between 3XFLAG-TSPYL2 (T2) and the indicated endogenous proteins. (iii-iv) Co-IP using antibodies against TSPYL2 and SIN3A showed the binding between
endogenous TSPYL2, SIN3A, and REST proteins in nuclear extracts of HEK293 cells
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overexpressing cells, likely reflecting the activation of endo-
genous TGFβ signaling by TSPYL2 (Figure 1b, t=0; and
Supplementary Figures S2A and B, t=0). Accordingly,
TSPYL2 strongly enhanced SMAD activation in cells treated
with TGFβ (Figure 1b; Supplementary Figures S2A and B) by
increasing both the intensity and the duration of phospho-
SMAD2 levels after prolonged (12–72 h) TGFβ treatment. This
enhanced TGFβ response in turn drove a strong over-
expression of p21CDKN1A and downregulation of E-cadherin
(Figure 1b). Moreover, TSPYL2 increased the basal transcript
levels of the TGFβ target genes PAI1, JUNB, and SMAD7 and
these were further increased upon treatment with TGFβ
(Supplementary Figure S2C). To further assess the function of
TSPYL2 in TGFβ pathway activation, we used SMAD4 siRNA
and found that downregulation of SMAD4 impaired TSPYL2-
dependent changes in p21 and E-cadherin upon TGFβ
treatment (Supplementary Figure S2D). Knockdown of
SMAD4 also reversed the proliferation arrest imposed by
TSPYL2, as SMAD4 siRNA rescued A549 cells from
growth inhibition upon introduction of TSPYL2 (Figure 1c;
Supplementary Figure S1D). Of note, TGFβ treatment did not
affect the nuclear localization of TSPYL2 (Supplementary
Figure S1B). Finally, the ability to hyperactivate TGFβ
signaling was not shared by all TSPYL family members as
TSPYL5 did not affect the TGFβ pathway (Supplementary
Figure S2E).

TSPYL2 is a component of the REST repressor complex.
Since TSPYL2 is a nuclear factor (Supplementary Figures
S1A and B), its activity towards TGFβ might be related to a
nuclear function. Accordingly, we tested the possible inter-
action of TSPYL2 with SMAD2/3 or SMAD4, but we did not
observe any such associations (data not shown). Therefore,
to gain insight into the mechanism and biological function
of TSPYL2, we carried out flag-affinity purification of
3XFLAG-TSPYL2 from nuclear extracts of A549 cells
to isolate TSPYL2-associated proteins. Mass spectrometric
analysis identified many proteins in the TSPYL2-purified
fraction that are components of the REST transcriptional
repressor complex.1,2,4 The proteins associating with
TSPYL2 were REST, SIN3A, HDAC1, HDAC2, CoREST,
and ZMYND8 (Figure 1d; Supplementary Table S1). From the
analysis it appeared that unique peptides corresponding to
SIN3A were present in the highest abundance among the
TSPYL2-associated proteins (Supplementary Table S1).
REST is a master regulator of neurogenesis and represses

genes involved in neural differentiation in non-neuronal
cells.1–4 Intriguingly, REST has been identified as a tumor
suppressor in epithelial tissues, but the underlyingmechanism
has remained largely undiscovered.6 Gene silencing by REST
depends on the recruitment of the co-repressors SIN3A and
CoREST, which in turn recruit HDACs and ZMYND8 for
neural-specific gene regulation.18–26 In addition to these
proteins, our mass spectrometric analysis identified subunits
of the SWI/SNF complex (BRG1, BAF170, and ISWI/SNF2H)
and the nuclear remodeling NuRD complex (LSD1, MTA1,
MTA2, RbAp46, and RbAp48) in the TSPYL2 purification, both
known to be recruited by REST (Supplementary Table S1). To
confirm our mass spectrometric results, we carried out co-
immunoprecipitations in A549 and PC3 cell lines and found

that endogenous SIN3A, HDACs, and REST could indeed
co-precipitate with FLAG-TSPYL2 (Figure 1e, i-ii; Supplementary
Figure S3A, i-ii). Consistently, we also observed interactions
between FLAG-REST and endogenous TSPYL2, CoREST,
and SIN3A in nuclear extracts of HEK293 cells, which express
high endogenous levels of TSPYL2 (Supplementary Figure
S3A, iii). Furthermore, we showed that the binding between
TSPYL2, REST, SIN3A, and CoREST was constitutive and
was not affected by TGFβ (Supplementary Figures S3B andC).
Importantly, we assessed whether physiological binding
between endogenous TSPYL2, SIN3A, and REST occurred
in cells and observed associations between these endo-
genous proteins in HEK293 nuclear extracts (Figure 1e, iii-iv).
Because of the association between TSPYL2 and the proteins
in the REST silencing complex, we tested whether TSPYL2
could affect transcription using a heterologous reporter
system. A fusion protein consisting of TSPYL2 and
the DNA-binding domain of Gal4 (Gal4-TSPYL2) readily inhi-
bited transcription of a Gal4-responsive luciferase reporter
(Supplementary Figure S3D). Similarly, a Gal4-SIN3A protein
was able to repress transcription of the reporter, while
Gal4-TSPYL5 did not affect luciferase reporter activity
(Supplementary Figure S3D).
Hence, nuclear localization, mass spectrometric analysis,

co-immunoprecipitation experiments, and Gal4 reporter activ-
ity identified TSPYL2 as an important component of the REST
multi-subunit transcriptional repressor complex.

TSPYL2 N-terminus domain mediates REST complex
binding and TSPYL2 biological activity. To determine
which domain of TSPYL2 was primarily involved in its
biological function, we generated a series of 3XFLAG-
TSPYL2 deletion mutants (Figure 2a). The deletion mutants
were subsequently introduced into A549 cells to allow
comparisons with FL TSPYL2. Expression of TSPYL2
mutants 4 and 6, as well as FL TSPYL2 triggered a
proliferation arrest in A549 cells (Figure 2b). Next, we
compared the three largest deletion mutants (numbered
4–6) to FL-TSPYL2 for binding to SIN3A by co-immuno-
precipitation. The TSPYL2 mutants 4 and 6, but not 5,
interacted with SIN3A similar to FL-TSPYL2 (Figure 2c).
When we tested these mutants for their abilities to
hyperactivate TGFβ signaling, we found that mutants
4 and 6, however not 5, prolonged the elevation of phos-
pho-SMAD2 levels up to 48 h after TGFβ treatment, when
phospho-SMAD2 signal was already reduced to the steady-
state level in control cells (Figure 2d). It followed from these
data that the N-terminus domain of TSPYL2, which is missing
in mutant 5, is the likely mediator of the biological function of
TSPYL2. However, the fact that mutant 1 did not show the
ability to arrest the cell cycle of A549 cells nor to bind SIN3A
in co-immunoprecipitation experiments (Supplementary
Figure S4A) was initially puzzling. A possible explanation
for this apparent discrepancy might be the incorrect folding of
the TSPYL2#1 fragment when isolated from the rest of the
protein. To test this possibility, we cloned TSPYL2#1 down-
stream of the Gal4 DNA binding domain. Indeed, a Gal4-
TSPYL2#1 (containing TSPYL2 domain 1, representing
the N-terminus) fusion protein did interact with SIN3A
(Figure 2e), and, consistently, repressed transcription of a
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Gal4-responsive reporter (Supplementary Figure S4B).
Therefore, we concluded that the N-terminus of TSPYL2 is
required for its biological function and for binding to the
REST/SIN3A repressor complex.

To further analyze the role of TSPYL2 as one of the
corepressors of REST, we tested where on the REST protein
the interaction domain with TSPYL2 was located. REST
contains two distinct repressor domains, one located in the
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N-terminus that binds SIN3A and the other located in the
C-terminus that interacts with CoREST.4 Co-immuno-
precipitation experimentswith REST deletionmutants showed
that endogenous TSPYL2 associated with REST (322–1097)
rather than the N-terminus of REST (1–323) in nuclear
extracts (Supplementary Figures S4C and D). We then tested
whether TSPYL2 interacted with the central domain of REST
(322–841) or with its C-terminus (841–1097), and found that
TSPYL2 was bound to the central domain of REST (322–841)
(Supplementary Figure S5E). Importantly, the binding
between REST, CoREST, and SIN3A was compromised after
introduction of TSPYL2 shRNA (Figure 2f).

Loss of TSPYL2 or REST affects TGFβ-dependent cell-
cycle arrest. Overall, the data suggested a functional
connection between REST and the TGFβ pathway through
TSPYL2. To this end, we infected human HaCaT cells, which
express TSPYL2 and are sensitive to TGFβ, with shRNA
retroviruses to generate specific knockdown of TSPYL2,
REST, and SMAD4 proteins (Figure 3a). HaCaT cells
expressing control GFP shRNA were readily growth arrested
by TGFβ, but strikingly, cells with TSPYL2 or REST shRNA
continued to proliferate upon addition of TGFβ (Figure 3b).
Hence, cells with knockdown of either TSPYL2 or REST
became insensitive to the cell-cycle arrest induced by TGFβ.
HaCaT cells with SMAD4 knockdown were used as controls
and were completely resistant to TGFβ (Figure 3b). As the
results represent the cumulative effects of TGFβ on cell
proliferation and survival, we therefore cannot exclude that a
fraction of the cells was lost due to cell death (Figure 3b).
Insensitivity to TGFβ following downregulation of TSPYL2 or
REST was also evident from gene expression analysis of
PAI1, p21CDKN1A and p15CDKN2B, which are involved in the
proliferation arrest imposed by TGFβ.27 Transcript levels of
these genes were diminished in HaCaT cells with TSPYL2,
REST, or SMAD4 shRNA, concomitant with the observed
resistance of the cells to TGFβ (Figure 3c). Next, we tested
the consequence of knockdown of TSPYL2 and REST in
transactivation assays using a CAGA12-luciferase reporter
containing multimerized SMAD binding elements from the
PAI1 promoter.28 TGFβ activated the reporter gene, but
knockdown of either TSPYL2 or REST abrogated the
activation of the reporter by TGFβ (Figure 3d;
Supplementary Figure S4F). Overall, these data indicated
that loss of TSPYL2 or RESTresulted in cellular resistance to
TGFβ-dependent proliferation arrest.

Transcriptional repression of TrkC by the TSPYL2/REST
complex enhances TGFβ oncosuppressive activity.
REST and its associated corepressor complexes silence
neuronal genes in non-neuronal lineages.1–4 Among the
genes restricted by REST is the neurotrophic tyrosine kinase
receptor C (TrkC).29 While Trk receptors are required for the
development, function, and survival of the mammalian
nervous system, aberrant expression of Trk receptors has
been associated with oncogenic phenotypes in non-neuronal
cells. The proto-oncogene TrkC allows transformation of
mammary epithelial cells, while cells expressing TrkB acquire
cell survival and metastatic capabilities.29,30 Of relevance,
TrkC is also involved in the t(12;15)(p13;q25) translocation

that has been detected in secretory breast cancer, congenital
fibrosarcoma, and acute myeloid leukemia.31–34 This translo-
cation results in the ETV6-NTRK3 (Tel-TrkC) chimeric
oncoprotein, which is an initiating event in secretory breast
carcinoma, a rare subtype of infiltrating ductal breast
carcinoma originating from committed mammary progenitor
cells.31,32 Importantly, both TrkC and ETV6-NTRK3 have
been reported to bind to and inhibit TGFβRII, thereby
negatively regulating SMAD phosphorylation and down-
stream TGFβ signaling.35,36

To investigate whether TSPYL2 is required for REST-
mediated TrkC repression, we first overexpressed TSPYL2
in A549 cells and found that TSPYL2 decreased TrkC mRNA
and protein levels (Figures 4a and b). Interestingly, we also
noticed that TrkC was induced by TGFβ in A549 cells, but that
TSPYL2 completely abrogated this increase (Figure 4a and b).
An increase in TrkB has been observed previously in neurons
that were exposed to TGFβ.37 Like TrkB, TrkC may itself be a
TGFβ responsive gene, which would create a negative
feedback loop between TGFβ and TrkC. Conversely, REST
or TSPYL2 shRNA de-repressed the TrkC locus and allowed
for increased TrkC expression levels (Figure 4c). Similar
results were obtained in HEK293T cells (Supplementary
Figure S5A). Next, we determined whether TGFβ signaling
was directly affected by TrkC levels. Indeed, knockdown of
TrkC resulted in elevated phospho-SMAD2 levels upon
treatment with TGFβ (Figure 4d; Supplementary Figure
S5B). Consistently, we found that in co-immunoprecipitations,
endogenous TrkC physically interacted with endogenous
TGFβRII (Figure 4e; Supplementary Figure S5C).
REST silences neuronal genes through directly occupying a

conserved DNA sequence, known as RE1 or NRSE (repres-
sor element 1/neuron restrictive silencer element)1,2 that is
present in its target genes. We therefore tested whether the
RE1 sites in the genes encoding TrkC and neuronal pentraxin
receptor (NPTXR) were occupied by RESTand TSPYL2. Due
to the unavailability of a ChIP-grade TSPYL2 antibody, we
overexpressed HA-TSPYL2 in A549 cells to perform chroma-
tin immunoprecipitation (ChIP) experiments. ChIP revealed
enrichment of REST, TSPYL2, and SIN3A at proximal DNA
regions encompassing the RE1 sites in the TrkC and NPTXR
genes (Figure 4f; Supplementary Figure S5D). These data
indicated that the REST/TSPYL2 complex is present on
chromatin to inhibit the expression of neuronal genes,
including TrkC.
REST was previously identified in a genome-wide RNAi

screen as a tumor suppressor gene in human mammary
epithelial cells (HMECs).6 Knockdown of REST triggers
anchorage-independent proliferation of HMECs, which repre-
sents an in vitro hallmark of transformation.6 To determine
whether TSPYL2 would be tumor suppressive in the same
context, we tested whether loss of TSPYL2 would result in
transformation in this assay. Strikingly, we found that HMECs
infected with TSPYL2 shRNA retrovirus formed colonies in
soft agar, similar to cells with REST shRNA (Figure 4g).
Hence, downregulation of either REST or TSPYL2 was
sufficient to cause transformation, consistent with the notion
that both genes could act as tumor suppressors. HMECs
display substantial constitutive TGFβ signaling in standard
culturing condition while abrogation of this pathway causes
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transformation.6 The transcript levels of PAI1 and SMAD7
were decreased in HMECs after knockdown of TSPYL2 or
REST, likely reflecting the inhibition of endogenous TGFβ
signaling in these cells (Supplementary Figure S6A).
Moreover, introduction of a wild-type TrkC allowed colony
formation in transformation assays and reduced PAI1 and
SMAD7 mRNA levels in HMECs (Figure 4g; Supplementary
Figure S6B).
Overall, these data indicate that TrkC is a key target of the

TSPYL2/REST complex for the regulation of the tumor
suppressive activity of the TGFβ pathway.

Discussion

Taken together, our findings provide novel insights into the
function of TSPYL2, which have allowed us to reach several
relevant conclusions.
First, we have identified TSPYL2 as an essential component

of the REST protein complex that represses transcription of pro-
neuronal genes in non-neuronal tissues. Our protein purification
strategy demonstrated that TSPYL2associateswithmany of the
known cofactors for REST-mediated gene silencing.
Second, we have found that expression of TSPYL2 in

epithelial cells is anti-proliferative by activating and
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Figure 4 REST and TSPYL2 enhance TGFβ signaling through inhibition of TrkC expression. (a) Quantitative RT-PCR showed TrkC gene expression levels in A549 cells
overexpressing TSPYL2 or GFPafter treatment with TGFβ for 24 h. Relative TrkCmRNA levels were normalized to the internal control GAPDH (mean+S.D., n= 4, *Po0.05, #Po0.01).
(b) A549 cells were infected with TSPYL2 or GFP retroviruses, treated with TGFβ (5 ng/ml) for 48 h and subjected to immunoblotting to show TrkC repression, and TGFβ pathway
activation by TSPYL2. (c) Knockdown of RESTor TSPYL2 de-repressed the TrkC locus resulting in increased TrkC levels (* indicates a non-specific band). (d) Immunoblot showing cells
treated with TGFβ for 48 h after infection with TrkC shRNA. (e) Interaction between endogenous TrkC and TGFβRII proteins was shown by co-immunoprecipitation using anti-TrkC
antibody. (f) ChIP followed by quantitative PCR was used to analyze the occupancy of TrkC RE1 site‐proximal chromatin by REST, HA-TSPYL2, and SIN3A in A549 cells expressing
HA-TSPYL2. GAPDH promoter was used as a control (mean+S.D., n= 3). (g) Anchorage-independent proliferation of HMECs infected with TSPYL2 or REST shRNA retroviruses was
tested in soft agar assays. Expression of full-length TrkC cDNA in HMECs was also tested for cellular transformation. Colony numbers were as depicted (mean +S.D., n= 3)
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potentiating TGFβ signaling. The TSPYL2/REST complex is
required for proper responses to TGFβ, as downregulation of
TSPYL2 or REST results in resistance to TGFβ-induced
proliferation arrest as well as to inhibition of TGFβ target gene
expression.
Mechanistically, weproposeamodel inwhich themulti-subunit

complex consisting of REST, TSPYL2, and the associated co-
repressors is required for full transcriptional repression of RE1-
containing neuronal genes, thereby modulating the sensitivity of
cells to the anti-proliferative effect of TGFβ, one of the most
important barriers to transformation in epithelial cells (Figure 5).
Among the genes silenced by the REST/TSPYL2 complex we
found TrkC, a neurotrophic receptor already described as a
potent inhibitor of TGFβ signaling, although we cannot exclude
that additional genes may be involved.
TGFβ is known to inhibit cellular proliferation in normal

epithelial development, for example, in ductal and glandular
mammary tissue.38 During the initial phases of breast
carcinogenesis, TGFβ signaling acts as a powerful tumor
suppressor through the transcriptional induction of genes
such as p15INK4B, p16INK4A, p19ARF, p21CIP1, PAI, and p57
and the consequent inhibition of tumor growth.39 However,
epithelial cancer cells progressively acquire resistance to the
cytostatic effects driven by TGFβ, and the tumor progresses
towards advanced stages.39

Loss of REST protein, or the expression of aberrant REST
transcript variants encoding truncated REST proteins, has been
reported in several types of human malignancies of epithelial
origin, including breast, lung, and colon cancers.6–8 In breast
cancer, the loss of FLRESTprotein, in favor of a shorter carboxy-
terminal truncated form has been described in a small fraction of
cases and is associated with disease recurrence and poor
prognosis.8 Accordingly, we provide evidence that both TSPYL2
and RESTare important for tumor suppression in epithelial cells,
as knockdown of either gene or overexpression of TrkC was
sufficient for the acquirement of the ability of anchorage-
independent growth in HMECs. Interestingly, high TrkC expres-
sion was recently observed in comparison with normal breast
tissue in about 84% of the infiltrating ductal carcinomas
analyzed.40 Additionally, through in vitro and in vivo experimental
studies, the authors demonstrated that overexpression of FL
wild-type TrkC is sufficient to promote proliferation and colony
formation, as well as tumor growth in mouse models of breast
cancer. Mechanistically, they attributed the oncogenic activity of
TrkC to its ability to activate MAPK and PI3K pathways.40

Intriguingly, REST has also been linked to PI3K signaling, albeit
in a different context.6

Together, our results unveil an important tumor suppressive
function of the TSPYL2/REST complex in epithelial cancers

through gene silencing and the transcriptional maintenance
and potentiation of the tumor suppressive TGFβ pathway.

Materials and Methods
Reagents and plasmids. TGFβ was obtained from Peprotech (Rocky Hill, NJ,
USA) and used at a final concentration of 5 ng/ml unless indicated otherwise.
SB431542 was purchased from Ascent Scientific/Abcam Biochemicals (Cambridge,
MA, USA) and used at 20 μM. The pBabePuro-3Xflag-Nbio retroviral vector (EV,
empty vector) has been described previously.9 Human TSPYL2 cDNA was cloned into
the aforementioned vector to generate pBabePuro-3Xflag-Nbio-TSPYL2, as well as in
pBabePuro after addition of an N-terminal HA tag, resulting in pBabePuro-HA-
TSPYL2. TSPYL2 deletion mutants were generated by PCR amplification of the
indicated protein domains, which were subsequently ligated into the EV vector.
Human REST cDNA was cloned into the pCR3-CMV-3Xflag plasmid, which resulted
in the 3Xflag-REST expression vector. The 3Xflag-REST (1–323) and (322–1097)
constructs were created by digestion of REST cDNA at an internal Nde1 restriction
site. The 3Xflag-REST (322–841) and (841–1097) constructs were generated by PCR
amplification. To generate pCR3-CMV-Gal4-flag, a cDNA encoding the Gal4 DNA-
binding domain (1–147) was cloned upstream of the flag tag in pCR3-CMV-flag.
TSPYL2 FL and deletion mutants were inserted downstream of the Gal4-flag to
generate the Gal4-flag-TSPYL2 constructs. Similarly, Gal4-flag-Sin3A and Gal4-flag-
TSPYL5 were made by cloning Sin3A and TSPYL5 cDNAs into pCR3-CMV-Gal4-flag.
The pBabePuro-3Xflag-Nbio-TSPYL5 vector has been described before.9 Human
TrkC cDNA was cloned into pBabePuro to express TrkC. SMAD4 and TrkC siRNA
pools were obtained from Dharmacon (Lafayette, CO, USA). shRNA constructs were
generated in the pRetroSuper plasmid and target sequences are listed in
Supplementary Table S2.

Cells and retroviral infections. A549, U2OS, HaCaT, HEK293, and Phoenix
cells were cultured in DMEM supplemented with 10% FBS, L-glutamine, and
antibiotics. HMECs expressing hTERT and SV40 large T-antigen (TLM-HMECs)6 were
cultured in mammary epithelial growth medium (MEGM, Lonza, Walkersville, MD,
USA). Retroviruses were generated by transfection of Phoenix packaging cells and
retroviral supernatants were used for infection after addition of 4 μg/ml polybrene.

Protein purification and mass spectrometry. Nuclear extracts of A549
cells were prepared by incubation of the cells in hypotonic lysis buffer (10 mM Hepes
pH7.9, 0.2 mM EDTA, 1 mM DTT) for 10 min, addition of Triton X-100 to a final
concentration of 0.1% and centrifugation to collect the cell nuclei. Nuclei were lysed in
lysis buffer (50 mM Tris pH 7.5, 10% glycerol, 150 mM NaCl, 0.2% NP-40, protease
inhibitor cocktail EDTA-free (Complete, Roche, Indianapolis, IN, USA), 10 mM NaF,
0.2 mM Na3VO4, 2.5 mM sodium pyrophosphate, 2.5 mM sodium β-glycerophosphate,
1 mM DTT, 1 mM PMSF) for 30 min, sonicated, and centrifuged, before incubation
with anti-FLAG M2 affinity gel (Sigma, St. Louis, MO, USA). The immunoprecipitates
were washed with wash buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1% NP-40,
protease inhibitor cocktail EDTA-free (Complete, Roche), 10 mM NaF, 0.2 mM
Na3VO4, 2.5 mM sodium pyrophosphate, 2.5 mM sodium β-glycerophosphate, 1 mM
DTT, 1 mM PMSF) and eluted using 200 ng/μl 3XFLAG peptide (Sigma) in wash
buffer. The eluates were added to Laemmli sample buffer and separated on Bis-Tris
gradient gels (NuPAGE Novex, Invitrogen, Grand Island, NY, USA). The gels were
stained with SimplyBlue Safe Stain (Invitrogen) and excised bands were subjected to
in-gel trypsinization followed by LC-MS/MS analysis.

Western blotting and immunoprecipitation. For western blotting, cells
were lysed in Ripa buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 0.5%
deoxycholic acid, and 0.1% SDS) supplemented with protease inhibitors (Complete,

TrkC (genes X,Y,Z)

• Transcriptional repression
• Barrier to transformation
• TGFβ signaling

RE1

REST

HDAC

CoREST

HDAC

Figure 5 Model depicting the RESTrepressor complex with TSPYL2. The intact complex is required for transcriptional repression of genes, such as TrkC, thereby regulating
TGFβ signaling and functioning as a barrier against transformation of epithelial cells
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Roche), briefly sonicated, and resolved on SDS-PAGE gels. The proteins were
transferred onto nitrocellulose membranes and detected by chemiluminescence
after incubation with the indicated antibodies. For co-immunoprecipitation, cells
were lysed as described above for protein purification and the lysates were
incubated with the indicated antibodies and protein A/G agarose to retrieve co-
immunoprecipitated protein complexes, which were subsequently subjected to
western blotting. Antibodies for western blotting and co-immunoprecipitation were
as follows: the TSPYL2 antibody was from Proteintech Group (Chicago, IL, USA)
and the REST antibody (07-579) was from Upstate/Millipore (Bedford, MA, USA).
Antibodies against P-SMAD2 (S465/467), P-SMAD3 (S423/425), E-cadherin, TrkC,
and PARP were from Cell Signaling (Danvers, MA, USA). Flag (M2), flag (rabbit),
and actin antibodies were from Sigma. SMAD2/3 antibodies were obtained from
Millipore and the SMAD2 antibody was from BD Transduction Laboratories (Franklin
Lakes, NJ, USA). SMAD4 (B-8), Sin3A (AK-11), HDAC1 (H-51), HDAC2 (H-54), HA
(Y-11), HSP90 (H-114), and p21CIP(F-5) were from Santa Cruz Biotechnology
(Dallas, TX, USA). TGFβRII antibodies were from Cell Signaling and Upstate, and
the CoREST antibody was from Bethyl Laboratories (Montgomery, TX, USA).

Luciferase reporter assay. U2OS cells were co-transfected with CAGA12-
luciferase and CMV-renilla internal control plasmids and the indicated shRNA
constructs using the calcium phosphate precipitation method. TGFβ was added
96 h after transfection and cells were cultured for another 24 h before lysis. Relative
luciferase activity was measured using the Dual-Luciferase Reporter system
(Promega, Madison, WI, USA) in an automated 96-well plate reader (Promega) and
normalized to renilla internal control values. Similarly, U2OS cells were co-
transfected with a luciferase reporter containing 5XGal4 response elements (Gal4-
TK-luciferase), CMV-renilla, and the indicated Gal4-TSPYL2 plasmids before
detection of luciferase activity 72 h after transfection.

qRT-PCR. Total RNA was extracted using Trizol reagent (Invitrogen) and used to
prepare first-strand cDNA using the SuperScriptIII polymerase (Invitrogen) or iScript
reverse transcriptase mix (Bio-Rad, Hercules, CA, USA). Quantitative real-time
PCRs were done using SYBR Green master mix (Roche or Qiagen, Germantown,
MD, USA) in a thermal light cycler (Roche). Relative mRNA levels of each gene
shown were normalized to the expression of GAPDH. qRT-PCR primers are listed in
Supplementary Table S3.

Chromatin immunoprecipitation. ChIP assays were performed according
to the Upstate/Millipore protocol with small modifications. A549 cells expressing HA-
TSPYL2 were crosslinked with 1% formaldehyde for 10 min at room temperature.
Nuclear extracts were prepared in hypotonic buffer as described above and nuclei
were lysed in nuclear lysis buffer (50 mM Tris pH8.0, 10 mM EDTA, 1% SDS,
protease inhibitors) and sonicated. The chromatin was diluted 10-fold in IP buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris pH8.0, 167 mM NaCl,
protease inhibitors, 1 mg/ml BSA) and incubated with 5 μg of specific antibodies
overnight at 4 °C. The antibodies used for ChIP were Sin3A (K-20) and HA (Y-11)
antibodies from Santa Cruz Biotechnology and REST antibody (07-579) from
Upstate/Millipore. Immunocomplexes were collected on protein A/G-agarose beads
preadsorbed with sonicated single-strand DNA. Following five sequential washes,
DNA was eluted using 1% SDS in 0.1 M NaHCO3 and cross-linked complexes were
reversed in 0.2 M NaCl by heating at 65 °C for 4 h. The DNA in the
immunoprecipitates was purified and resuspended in 30 μl TE. The DNA
sequences were detected by quantitative real-time PCR using sets of primers
designed to amplify the RE1-containing regions of the TrkC and NPTXR genes or
the GAPDH promoter (Supplementary Table S3).
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