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HDAC1, HDAC4, and HDAC9 Bind
to PC3/Tis21/Btg2 and Are
Required for Its Inhibition of Cell
Cycle Progression and Cyclin D1
Expression

LAURA MICHELI, GIORGIO D’ANDREA, LUCA LEONARDI, anp FELICE TIRONE*

Institute of Cell Biology and Neurobiology, National Research Council, Fondazione Santa Lucia, Rome, Italy

PC3/Tis21 is a transcriptional cofactor that inhibits proliferation in several cell types, including neural progenitors. Here, we report that
PC3/Tis2 1| associates with HDAC |, HDAC4, and HDAC9 in vivo, in fibroblast cells. Furthermore, when HDAC |, HDAC4, or HDAC9 are
silenced in fibroblasts or in a line of cerebellar progenitor cells, the ability of PC3/Tis2| to inhibit proliferation is significantly reduced.
Overexpression of HDACI, HDAC4, or HDACY in fibroblasts and in cerebellar precursor cells synergizes with PC3/Tis2 1| in inhibiting the
expression of cyclin D1, a cyclin selectively inhibited by PC3/Tis21. Conversely, the depletion of HDACI| or HDAC4 (but not HDAC9) in
fibroblasts and in cerebellar precursor cells significantly impairs the ability of PC3/Tis2| to inhibit cyclin D1 expression. An analysis of
HDACH4 deletion mutants shows that both the amino-terminal moiety and the catalytic domain of HDAC4 associate to PC3/Tis2I, but
neither alone is sufficient to potentiate the inhibition of cyclin D| by PC3/Tis21. As a whole, our findings indicate that PC3/Tis21 inhibits cell
proliferation in a way dependent on the presence of HDAC:s, in fibroblasts as well as in neural cells. Considering that several reports have
demonstrated that HDACs can act as transcriptional corepressors on the cyclin DI promoter, our data suggest that the association of
PC3/Tis21 to HDAC: is functional to recruit them to target genes, such as cyclin DI, for repression of their expression.

J. Cell. Physiol. 232: 1696—1707,2017. © 2016 Wiley Periodicals, Inc.

Tis21, also known as PC3 or BTG2 (in mouse, rat, and human,
respectively), is an anti-proliferative and pro-differentiative
transcriptional cofactor acting in neural and non-neural cells
(Bradbury etal., 1991; Guardavaccaro et al., 2000; Prévot et al.,
2000; Canzoniere et al., 2004; Passeri et al., 2006; Tirone et al.,
2013). In non-neural cells, such as fibroblast cells (NIH3T3),
mouse embryo fibroblasts, granulosa cells of the ovary, or
breast and prostate cancer cells, overexpression of Tis2|
induces arrest in the GO—GI phase of the cell cycle (Montagnoli
et al,, 1996; Rouault et al., 1996; Ficazzola et al., 2001;
Kawakubo et al., 2004; Li et al., 2009). In neural progenitor cells
of different areas of the brain—such as the cerebellum, the
hippocampus, and the subventricular zone—Tis2 | induces exit
from the proliferative state and differentiation (Canzoniere
et al., 2004; Farioli-Vecchioli et al., 2007, 2008, 2009). In
fibroblasts and in neural progenitor cells, Tis2| inhibits the
G|-S progression through direct repression of the cyclin DI
promoter activity (Guardavaccaro etal., 2000; Farioli-Vecchioli
et al,, 2007). Moreover, in neural progenitor cells, Tis2 [
activates pro-neural genes through direct repression of the
promoter of the Id3 gene, an inhibitor of pro-neural bHLH
transcription factors (Canzoniere et al., 2004; Farioli-Vecchioli
et al,, 2009).

Notably, in neural cells (cerebellar precursors and PCI12
cells), the Tis2 |-mediated inhibition of cyclin DI expression
correlates with recruitment of Tis2 | to the cyclin D| promoter,
accompanied by histone deacetylation. Our previous
observation that Tis2| binds in vitro to histone deacetylases |
and 4 (HDACI and HDAC4; Farioli-Vecchioli et al., 2007)
suggested that the anti-proliferative action of Tis2| could be
HDAC-dependent. Moreover, among the genes regulated by
Tis2| in cerebellar precursors, a significant number of genes
have expression which is modified by the HDAC inhibitor
trichostatin. This further suggests a functional implication of
HDAGC:S in Tis2| action (Farioli-Vecchioli et al., 2013). Among
the genes regulated by Tis21 in the cerebellum, we noticed also
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HDACS9, whose protein can associate with HDAC| and
HDAC4 (Sparrow et al., 1999; Petrie et al., 2003; Farioli-
Vecchioli et al,, 2013).

In this study, we further investigated whether the
proliferation of fibroblasts and neural cells (immortalized
cerebellar precursor cells) is jointly controlled by HDACs and
Tis21.

In general, HDAC:s influence proliferation in a cell type-
specific fashion, depending on the physiological environment
(see for review Reichert et al., 2012).

Germline deletion of HDACI in mice leads to early
embryonic lethality before E9.5 due to severe proliferation
defects and retardation in development (Lagger et al., 2002).
Moreover, HDAC | -deficient embryonic stem cells show
reduced proliferation, which correlates with decreased
cyclin A and cyclin E-associated kinase activities and
elevated levels of the cyclin-dependent kinase inhibitors p21
and p27 (Lagger et al., 2002). Also, HDAC4 appears to
promote colon cancer cell proliferation by repressing p21
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transcription (Wilson et al., 2008). In parallel with the
evidence for a positive role for HDACI| and HDAC4 in
proliferation, there are also opposite data. For instance,
deletion of HDACI (alone or with HDAC2) in T cells or in
neural progenitor cells induces increased proliferation
(Montgomery et al., 2009; Grausenburger et al., 2010), also
indicating a cell type-specific action. Moreover, recruitment
of HDACI by Rb is important for its growth-inhibitory
effect (Zhang and Dean, 2001), while HDAC4 inhibits the
activity of cyclin-dependent kinase-| and the progression of
proliferating HEK293T and HT22 cells through the cell cycle
(Majdzadeh et al., 2008).

Here, we report that Tis2| associates in vivo with HDACI
and HDACH4 as well as with HDACS9. Moreover, the silencing of
either HDACI, HDAC4, or HDACD9 leads to a loss of the cell
cycle inhibitory action of Tis2|, whereas overexpression of
either HDACI, HDAC4, or HDACS9 potentiates the Tis21-
mediated inhibition of cyclin D1. Altogether, our findings
indicate that the inhibition of proliferation exerted by Tis21
requires HDACI, HDAC4, or HDACSY, and suggest that
HDACI, HDAC4, and HDACS9 impact on cell cycle and cyclin
D1 expression by associating with Tis21.

Materials and Methods
Expression vectors and plasmids

pcDNA3-HDACI -Flag and pcDNA3-HDAC4-Flag were kindly
provided by T. Kouzarides (Brehm et al., 1998; Miska et al., 2001).
pSCT-HDACI-Flag was generated, as previously described
(Farioli-Vecchioli et al., 2007), by excising from the pcDNA3-
HDAC | -Flag vector the BamHI-5’ Xbal-3’ fragment containing the
HDACI-Flag cDNA and subcloning in pSCT vector
(Guardavaccaro et al.,, 2000) at the same sites. The pSCT vector is
a CMV promoter-driven vector previously described
(Guardavaccaro et al., 2000). pSCT-PC3-HA was generated with a
two step procedure, first by subcloning in BamHI-5' HindllI-3" of
pSCT the PC3 (rat) cDNA ORF fragment amplified by PCR and
devoid of stop codon; then a double strand fragment containing the
2xHA sequence was cloned in frame in the Hindlll-5" Notl-3’ sites,
downstream PC3 cDNA. The pSCT-PC3 vector also contains the
PC3 (rat) cDNA ORF (cloned in the Xbal-5' Hindlll-3’ sites),
whereas pSCT-BGal contains the 3 Galactosidase ORF; both were
previously generated as described (Guardavaccaro et al., 2000).
The pSCT-HDAC9-2xFlag vector was generated by cloning into
Xbal-5' Notl-3’ sites the mouse HDAC9 cDNA sequence,
previously synthesized by Genscript (Piscataway, NJ). The pSCT-
HDAC4-1-610 2xFlag or the pSCT-HDAC4-611-1084 2xFlag
vectors were generated by cloning into BamHI-5" Notl-3' sites of
pSCT the human HDAC4 ¢cDNA sequence (Bglll-5’ Notl-3')
corresponding to aa |-610 or 61 1-1084, respectively, and carrying
a 2xFlag sequence at the carboxy terminal, previously synthesized
by Genscript.

The prCDI-1810 reporter, containing about 1,650 nt of the rat
cyclin DI promoter and 5 UTR region cloned in the pGL2
Promega vector, was kindly provided by E. Ziff (Yan and Ziff, 1997).
For luciferase experiments, we used the constructs pSCT-
HDACI -Flag and pcDNA3-HDAC4-Flag.

The sequence of all these constructs was checked.

Cell lines

The NIH3T3 fibroblast cell line was cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 3% fetal calf serum
and 7% defined bovine serum (HyClone, Logan, UT), as previously
described (Guardavaccaro et al., 2000). C17.2 cells—an
immortalized line of cerebellar precursor cells (Ryder et al., 1990)
—and HEK 293 (human embryonic kidney) cells were cultured in
DMEM containing 10% fetal calf serum. All cell lines were kept in a
humidified atmosphere of 5% CO, at 37°C.
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Transfection of the plasmids was performed by the liposome
technique using the Lipofectamine reagent (Life Technologies,
Gaithersburg, MD) as per the manufacturer’s instructions.

Immunoprecipitation

NIH3T3 cells grown in 90-mm dishes, transfected with pSCT-PC3-
HA and pSCT-HDACI-Flag or pcDNA3-HDAC4-Flag, or pSCT-
HDACO9-Flag, were lysed by sonication in buffer containing 50 mM
Tris-HCI, pH 7.4, 150 mM NaCl, | mM EDTA, 0.4% Nonidet P-40,
10% glycerol, protease inhibitors, 0. mM Na3zVO,, 10mM
2-glycerophosphate, 5 mM NaF, 5 mM sodium butyrate, 600 nM
trichostatin A. Then | mg of total protein lysate was
immunoprecipitated overnight with either agarose-conjugated
mouse monoclonal F-7 anti-HA (Santa Cruz Biotechnology, Santa
Cruz, CA,; sc-7392AC), or with agarose-conjugated mouse
monoclonal anti-Flag antibodies (M2; Sigma—Aldrich, S.Louis, MO;
A2220).

In immunoprecipitated lysates, the HDAC-Flag, HDAC4-Flag,
and HDAC9-Flag proteins were revealed by Western blots with an
anti-Flag mouse monoclonal (M2; Sigma—Aldrich; F3165); HA-PC3
protein was revealed by Western blot with an anti-HA mouse
monoclonal antibody (clone 12CA5; ATCC, Manassas, VA).

Luciferase assays

NIH3T3 fibroblasts were transfected with the prCD-1810 reporter
(i-e., the rat cyclin DI promoter in the pGL2 Promega vector, see
above), with pSCT-PC3 (containing the rat PC3 coding region,
Montagnoli et al., 1996), and either the pSCT-HDACI-Flag or the
pcDNA3-HDAC4-Flag expression constructs, by using the
Lipofectamine reagent. The pRL-TK control reporter (Renilla
luciferase driven by the thymidine kinase promoter) was included in all
transfections. Luciferase assays were performed 48 h after
transfection using the Dual-Luciferase reporter assay system
(Promega, Madison, WI), according to the manufacturer’s
instructions, as previously described (Micheli etal., 201 1). Differences
in the luciferase activity of each sample (Li) dependent on the
transfection were normalized by measuring in each transfected cell
extract the expression levels of Renilla luciferase (Ri). The normalized
activity of the reporter gene was thus calculated as Li x Li/Ri. The fold
activity was then obtained as ratio of the average normalized reporter
activity value to the average normalized reporter activity units of the
corresponding control culture (set to unit). The statistical analysis
between groups was performed by Student ’s t-test on normalized
reporter activity values.

Design of siRNAs

The 19-nucleotide siRNA sequences specific to mouse HDACI,
HDACH4, and HDAC9 were designed by the on-line Design Tool
software (MWG, Ebersberg, Germany). The best candidate
sequences were used to synthesize a pair of 64-mer oligonucleotides
that were annealed and cloned in the pSUPER.retro.puro siRNA
expression vector, according to the manufacturer’s instructions
(Oligoengine, Inc., Seattle, WA). The HDAC| siRNA sequence was as
follows: 5-GTGCTGTGAAGCTTAATAA-3'; the HDAC4 siRNA
sequence was 5-AACAGCTTCTGAACCTAAC-3' (sequence
common to mouse and rat HDAC4 mRNA:s); the HDAC9 siRNA
sequence was 5-GCAACTGCAGCAAGAGTTA-3' (sequence
common to mouse and rat HDAC9 mRNAs). The control sequence
from the luciferase gene was 5'-ACGGATTACCAGGGATTTC-3'
(see also Micheli et al., 201 |). The presence of the correct sequence
cloned in pSUPER .retro.puro was confirmed by sequencing.

Generation of recombinant viruses and infections

Retroviruses from the pSUPER.retro.puro-shHDACI, pSUPER.
retro.puro-shHDAC4, pSUPER .retro.puro-shHDAC9, and



1698

MICHELI

pSUPER .retro.puro-shLUC constructs were generated as
described (Micheli et al., 201 1), by transfecting these constructs
into the packaging Phoenix helper cells using Lipofectamine
(Invitrogen, San Diego, CA). The supernatants were collected after
48 and 72 h and used for infection. NIH3T3 or CI17.2 cells were
plated (2 x 10° cells) and infected the first time with the viral
supernatant after 24 h and then a second time after 48 h. Seventy-
two hours after plating, the cells were split and selected with
puromycin (2 pg/ml) for 5 days. Infected cells were then reseeded
(60-mm dishes; 4 x 10° cells) to analyze HDACI, HDACA4, or
HDACS9 protein expression by Western blot or mRNA by real
time PCR; alternatively, infected cells were reseeded (35-mm
dishes; | x 10° cells) for transfection with the pSCT-PC3 or pSCT-
BGal expression vectors and analyzed by immunofluorescence
staining for Bromodeoxyuridine (BrdU) incorporation (see below)
or cyclin DI expression. Retroviruses from the pBABE.puro-PC3
or pBABE.puro-empty constructs were also generated by
packaging Phoenix helper cells and used to infect NIH3T3 and
C17.2 cells (90-mm dishes with 2 x 10° cells) with the procedure
described above, except only one infection was performed,
followed by selection in puromycin; infected cells were then
transfected with pSCT-HDAC-Flag and pcDNA3-HDAC4-Flag
and pSCT-HDAC9-Flag or with empty vectors, and then analyzed
for cyclin DI or HDACI/4/9 expression (see below).

Immunofluorescence staining and bromodeoxyuridine
treatment in NIH3T3 and C17.2 cells

In NIH3T3 or C17.2 cell cultures infected with shRNA targeting
HDACI| or HDAC4 or HDACS9 and transfected with pSCT-PC3 or
pSCT-BGal, the BrdU incorporation was determined after an 18h
pulse (50 pg/ml) as previously described (Guardavaccaro et al.,
2000). BrdU, PC3, and Gal staining was performed with a rat
monoclonal antibody against BrdU (AbD Serotec; MCA2060; 1:300),
or with rabbit polyclonal antibodies against PC3 (A3H antibody; 1:50;
Guardavaccaro et al., 2000) or against 3Gal (Millipore [Chemicon,
Billerica, MA]; ABI211; 1:100), respectively. Anti-BrdU, anti-PC3,
and anti-BGal antibodies were visualized by donkey anti-rat
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TRITC-conjugated, and by donkey anti-rabbit Alexa 488-
conjugated secondary antibodies, respectively (Jackson
ImmunoResearch, West Grove, PA). Cyclin DI expression was
detected by immunofluorescence staining using the mouse
monoclonal antibody against cyclin D1 (72-13G; Santa Cruz; sc-450;
1:50), and visualized by a donkey anti-mouse TRITC-conjugated
antibody.

Immunoblots

Western blot analysis of HDACI, HDAC4, HDACSY, cyclin DI, or
PC3 protein expression in HEK 293, C17.2, or NIH3T3 cells was
performed as described (Micheli et al., 201 1). Briefly, cells were
lysed by sonication in buffer containing 50 mM Tris—HCI, pH 7.4,
150 mM NaCl, | mM EDTA, 0.2% Nonidet P-40, with protease
inhibitors | mM Na3VOy, 10 mM 2-glycerophosphate, |0 mM NaF,
5mM ATP, 5 mM MgCl,. Proteins were then electrophoretically
separated by SDS—PAGE and transferred to nitrocellulose filters.
Immunoblots were performed hybridizing filters as indicated,
either to a rabbit polyclonal antibody against HDACI (Santa Cruz
Biotechnology; sc-7872; 1:200) or to a rabbit polyclonal antibody
against HDAC4 (Abcam, Cambridge, United Kingdom; ab1437;
1:500) or against PC3 (A3H antibody; 1:1,000), or to mouse
monoclonal antibodies against Flag (M2; Sigma—Aldrich; F3165;
1:350), HA (clone 12CA5; ATCC; 1:4), or against cyclin DI
(Santa Cruz; sc-450; 1:200).

Detection of the second antibody (goat anti-rabbit or goat anti-
mouse horseradish peroxidase-conjugated antibody; Jackson
ImmunoResearch) was performed by chemiluminescent assay.

Results
Binding in vivo of HDACI1/4 to PC3/Tis2l

As we had previously observed that HDACI| and HDAC4 bind
PC3/Tis21 in vitro (as we refer hereafter to either the rat or

mouse PC3/Tis2|/Btg2 sequence; Farioli-Vecchioli et al., 2007), in
the first place we sought to ascertain whether the association of
HDACI| and HDAC4 with PC3/Tis2| occurred also in vivo, using

A NIH3T3 cells

HDAC1-Flag + + + +
PC3-HA + - + -
HDAC1-Flag — | s “
PC3-HA—- e
IP a-HA INPUT
C  NIH3T3 cells
HDAC4-Flag + - + -
PC3-HA + + + +

HDAC4-Flag— il
PC3-HA — E

IP a-Flag

- 1
+

INPUT

B HEK 293 cells

HDAC1-Flag + - + -
PC3-HA + + + +
HDAC1-Flag— ' —
PC3-HA — . e
IP a-Flag INPUT
D HEK 293 cells
HDAC4-Flag + - + -
PC3-HA + + + +
HDAC4-Flag— - -
PC3-HA— — 4
IP a-Flag INPUT

Fig. I.

Coimmunoprecipitation of PC3/Tis21 and HDACI. (A) NIH3T3 cells (90 mm dish) or (B) HEK 293 cells were transfected (90 mm

dish) with pSCT-HDACI-Flag and with pSCT-PC3-HA or the empty vector (6.0 mg each); 48 h after transfection the cells were lysed and
immunoprecipitated with (A) the mouse monoclonal anti-HA antibody or with (B) the mouse monoclonal anti-Flag antibody, covalently
bound to Sepharose resin. The anti-HA or the anti-Flag antibodies were used for Western blot analysis of the immunoprecipitated complexes
(IP: a-HA lanes, (A); IP: a-Flag lanes, (B)) and of the input cell lysate (1/30 of the immunoprecipitated lysate). (C) NIH3T3 cells (90 mm dish) or
(D) HEK 293 cells (90 mm dish) were transfected with pcDNA3-HDACA4-Flag and with pSCT-PC3-HA or the empty vector (6.0 mg each); 48 h
after transfection the cells were lysed and immunoprecipitated with the mouse monoclonal anti-HA antibody, covalently bound to Sepharose
resin. The anti-HA or the anti-Flag antibodies were used for Western blot analysis of the immunoprecipitated complexes (IP: a-Flag lanes) and

of the input cell lysate (1/30 of the immunoprecipitated lysate).
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a co-immunoprecipitation assay. NIH3T3 or HEK 293 cells were
transfected with pSCT-HDAC | -Flag and with pSCT-PC3-HA or
empty vector (Fig. | A and B). Western blot analysis of either anti-
HA or anti-Flagimmunoprecipitates in NIH3T3 or HEK 293 cells,
respectively, indicated that HDACI and PC3/Tis21| proteins did
associate in vivo in both cell lines (Fig. 1A and B). An equivalent
result was obtained when NIH3T3 or HEK 293 cells were
transfected with pcDNA3-HDAC4-Flag and with pSCT-PC3-HA
or empty vector (Fig. 1C and D). In fact, Western blot analysis of
anti-Flag immunoprecipitates indicated that also HDAC4 and
PC3/Tis2| proteins associated in vivo (Fig. 1C and D).

Requirement of HDACI/4 for the inhibition of cell
proliferation by PC3/Tis21

This demonstration of an in vivo binding of HDAC| and HDAC4
with PC3/Tis21 raised the key question as to whether the
functional activity of PC3/Tis2| requires HDAC| and HDACA4.
Thus, we tested whether the inhibition of proliferation exerted
by PC3/Tis2| at the G- to S-phase transition, as determined by
bromodeoxyuridine (BrdU) incorporation, was prevented by

INHIBITS PROLIFERATION BY HDACs

silencing the expression of HDAC| and/or HDAC4 through
specific short hairpin RNA (shRNA) targeting.

We identified specific (19-nt) HDACI and HDAC4 shRNA
targeting sequences and cloned them in the pSUPER .retro.puro
vector. The corresponding retroviruses were used to infect
NIH3T3 cells. Analysis of the selection-resistant fibroblast
populations showed that the chosen shRNA sequence was
capable of silencing endogenous HDACI| or HDAC4 protein
expression (Fig. 2A), as compared to a control retrovirus
expressing an shRNA targeting luciferase (shLUC; Micheli etal.,
201 I; Farioli-Vecchioli et al., 2012).

Then, we tested the effect of HDACI or HDAC4 silencing
on the proliferation of NIH3T3 cells. NIH3T3 cells, infected
with shRNA to LUC and overexpressing PC3/Tis21
(transfected with pSCT-PC3), showed, as expected, a large
decrease of BrdU incorporation relative to controls
(transfected with pSCT-BGal) (pSCT-PC3 + shLUC vs. pSCT-
BGal + shLUC: Fig. 2C P < 0.0001, Fig. 2D P =0.001). Notably,
however, overexpression of PC3/Tis2 | in NIH3T3 silenced for
HDACI or HDAC4 only weakly inhibited BrdU incorporation,
this being significantly higher than in control shLUC-infected
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Fig. 2. HDACI and HDAC4 are required for the PC3/Tis21-dependent inhibition of proliferation. (A) shRNA-mediated silencing of HDACI
and HDAC4 expression. The expression of endogenous HDAC| and HDAC4 proteins was analyzed by Western blot using specific anti-
HDACI/4 antibodies in NIH3T3 fibroblasts, infected with retroviruses generated by the pSUPER.retro.puro vector expressing the HDACI- or
HDAC4-specific shRNA sequences (shHDACI or shHDAC4) or the shRNA sequence targeting luciferase (shLUC). After infection, cells were
selected for 5 days with puromycin and then analyzed by Western blot. (B) Representative immunofluorescence photomicrographs of BrdU
incorporation in NIH3T3 cells transfected with PC3 or B Gal and silenced for HDAC| or HDAC4. NIH3T3 cells, infected with either shHDACI
or shHDACA4 retroviruses, after selection in puromycin were transfected with the pSCT-PC3 or pSCT-BGal expression vectors (in 35-mm
dishes) and analyzed for BrdU incorporation and PC3 and BGal expression by immunofluorescence staining (after a 18 h BrdU pulse). White
arrows indicate cells double-positive for BrdU (red) and PC3 or BGal (green), whose nuclei are stained with Hoechst 33258 (blue).
Arrowhead:s indicate cells negative for BrdU (red) and positive for PC3 (green). Size bars 65 pm. (C and D) NIH3T3 cultures transfected with
PC3 or BGal and silenced for HDACI| or HDAC4 and immunostained for PC3, BGal, and BrdU as described in (B) were analyzed for the
percentages of BrdU PC3" cells to the total number of PC3" cells; BrdU-positive cells expressing BGal were calculated as percentages of
BrdU" BGal™ cells to the total number of BGal™ cells. (E) BrdU-positive C17.2 cells infected with shHDACI or (F) shHDAC4 retroviruses
were selected and transfected with the pSCT-PC3 or pSCT-BGal expression vectors and the percentages of BrdU"PC3" or BrdU" BGal®
cells to the total number of PC3" or BGal" cells were measured. (C-F) Mean + SEM values are from at least three independent experiments.
“P<0.05, **P<0.0l, or “**P <0.001, Student’s t-test.
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cells overexpressing PC3/Tis21 (Fig. 2C, pSCT-

PC3 + shHDACI vs. pSCT-PC3 + shLUC, 103% increase,
P=0.011; Fig. 2D pSCT-PC3 + shHDAC4 vs. pSCT-

PC3 +shLUC, 68% increase, P=0.003). Moreover, the
silencing of HDACI| or HDAC4 in NIH3T3 cells in itself did not
significantly change the BrdU incorporation (P =0.22 and 0.56,
respectively; Fig. 2C and D).

This indicated that the expression of either HDACI or
HDACH4 is necessary for the full inhibitory activity of PC3/Tis2 |
on the GI to S-phase cell cycle transition.

Comparable results were obtained when HDACI or
HDACH4 were silenced in the continuous cell line of cerebellar
granule neuron precursors, C17.2. In fact, PC3/Tis2| strongly
inhibited BrdU incorporation, relative to control cells (pSCT-
PC3 + shLUC vs. pSCT-BGal 4 shLUC: Fig. 2E, P=0.0002,
Fig. 2F P=0.0029); whereas in C17.2 cells transfected with
PC3/Tis2| and silenced for HDAC| or HDACH4, the levels of
BrdU incorporation were significantly higher than in cells
transfected with PC3/Tis21 but infected with control shRNA
LUC (Fig. 2E, pSCT-PC3 + shHDACI vs. pSCT-PC3 + shLUC,
32% increase, P=0.024. Fig. 2F, pSCT-PC3 + shHDACH4 vs.
pSCT-PC3 + shLUC, 32% increase, P =0.049; pSCT-

PC3 4 shHDAC4 vs. pSCT-BGal + shHDAC4, P =0.34).

The inhibition by PC3/Tis21 on cyclin DI expression is
potentiated by HDACI1/4

Given that the inhibitory control of the cell cycle exerted by
PC3/Tis2| in normal, non-tumoral cells, occurs mainly, though
not exclusively, by down-regulating the expression of cyclin D |

(Guardavaccaro et al., 2000), next, we asked if the requirement
of HDACI| and HDAC#4 in the PC3/Tis2|-dependent control
of cell cycle involved cyclin DI.

Thus, we analyzed the effect of HDACI| or HDAC4
overexpression on cyclin DI protein levels in NIH3T3 cells
with or without PC3/Tis21. NIH3T3 cells, infected with
pBABE-PC3 retrovirus, showed a large decrease of cyclin DI
levels relative to control cultures transfected with empty virus
(Fig. 3A,A’, pBABE-PC3 vs. pBABE-empty, 48% decrease as
judged by densitometry analysis, normalized to tubulin; Fig. 3B,
B’, pBABE-PC3 vs. pBABE-empty, 46% decrease). On the other
hand, the overexpression of HDACI or of HDAC4 alone did
not appreciably change the expression of cyclin DI (Fig. 3A/A’
and B,B’), consistent with the lack of significant effect of
HDACI or HDACH4 silencing on cell proliferation (Fig. 2A and
B). When, however, NIH3T3 cells infected with pBABE-PC3
retrovirus were transfected with the pSCT-HDACI-FLAG
vector, the levels of cyclin D1 resulted further inhibited,
relative to cells infected with pBABE-PC3 retrovirus only
(Fig. 3A,A’; pBABE-PC3 vs. pBABE-PC3 + pSCT-HDACI -
FLAG, 52% decrease).

Similarly, when NIH3T3 cells infected with pBABE-PC3
retrovirus were transfected with the pcDNA3-HDAC4-FLAG
vector, the levels of cyclin DI resulted further inhibited
(Fig. 3B,B’; pBABE-PC3 vs. pBABE-PC3 + pcDNA3-HDAC4-
FLAG, 17% decrease).

Equivalent results were obtained in the neural C17.2 cell
line. In fact, infection of C17.2 cells with pPBABE-PC3 retrovirus
strongly inhibited the expression of cyclin DI (pBABE-PC3 vs.
pBABE-empty, 72% and 52% decrease, Fig. 3C,C’ and D,D’,
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Fig. 3. Overexpression of HDACI| or HDAC4 potentiates the PC3/Tis2l-dependent inhibition of cyclin DI expression. (A,A’ and B,B’)

Western blot of cyclin DI protein in NIH3T3 cells or (C,C’ and D,D’) in C17.2 cells and densitometry analysis. Cells were infected with either
pBABE.puro-PC3 or pBABE.puro-empty retroviruses, selected with puromycin for 5 days, then transfected with either pSCT-HDACI-Flag
(A,A’ and C,C’) or pcDNA3-HDAC4-Flag (B,B’ and D,D’) or with empty vectors, and after 48 h were analyzed for cyclin DI, PC3, HDACI-
Flag, and HDAC4-Flag expression. Representative results from three independent experiments are shown. In (A’,B’ and C’,D’) values are
presented as percent decrease of protein expression in cells infected and transfected as indicated, relative to the group of control cells
(infected with pBABE-.puro-empty virus and transfected with empty vectors), after normalization to the corresponding values of a-tubulin

expression (the control base line is set to 100%).
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respectively); moreover, the coexpression of pPBABE-PC3
retrovirus with transfected pSCT-HDACI-FLAG or pcDNA3-
HDACA4-FLAG vectors, further inhibited the levels of cyclin
D1, relative to cells infected with pBABE-PC3 retrovirus only
(Fig. 3C,C’ and D,D’; pBABE-PC3 vs pBABE-PC3 + pSCT-

HDACI-FLAG, 49% decrease; pBABE-PC3 vs pBABE-
PC3 + pcDNA3-HDACA4-FLAG, 38% decrease).

Thus, the overexpression of HDACI| or HDAC4
potentiates the ability of PC3/Tis2 1 to inhibit the expression of
cyclin D1. As a whole, these data indicate that the full inhibitory
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Fig. 4. Silencing of HDACI| or HDAC4 impairs the PC3/Tis21-dependent inhibition of cyclin DI expression. (A) Representative
immunofluorescence photomicrographs of cyclin DI nuclear expression in NIH3T3 cells transfected with PC3 or BGal and silenced for
HDACI or HDACA4. NIH3T3 cells, treated as described below in (B), were analyzed for cyclin DI, PC3, and BGal expression. White arrows:
double-positive cells for cyclin DI (red) and PC3 or 3Gal (green); arrowheads: cells negative for cyclin DI (red) and positive for PC3 (green).
Nuclei were stained with Hoechst 33258 (blue). Size bars 65 pm. (B) NIH3T3 cells, infected with either ssHDACI, shHDAC4, or shLUC
retroviruses, after selection in puromycin were transfected with the pSCT-PC3 or pSCT-BGal expression vectors (in 35-mm dishes) and
analyzed for cyclin DI and PC3 or BGal expression by immunofluorescence staining. The percentages of cyclin DI "PC3" or cyclin D1 BGal™*
cells were calculated as percentages to the total number of PC3" cells or BGal" cells, respectively. Mean + SEM values are from at least three
independent experiments. “P < 0.05, “*P < 0.01, or ***P < 0.001, Student’s t-test.
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control of PC3/Tis21, either on cell cycle progression or on
cyclin DI expression, requires HDAC| and HDACH4; this
regulation of cyclin DI appears to be effective also in neural
cells.

The inhibition of cyclin DI expression by PC3/Tis21
requires HDACI1/4

The above data would predict that silencing the expression of
HDACI| or HDAC4 may impair the ability of PC3/Tis2| to
inhibit cyclin D| expression. To test this possibility, we
counted by immunofluorescence staining the NIH3T3 cells
positive for cyclin D1, after infection with either shLUC, or
shHDACI or shHDAC4 and overexpressing PC3/Tis21 by
transfection of the pSCT-PC3 or control pSCT-BGal vectors
(Fig. 4A and B). The inhibition of cyclin D| expression by PC3/
Tis2| was significantly lower in NIH3T3 cells silenced for
HDACI or HDAC4 than in control NIH3T3 cells infected with
shLUC (Fig. 4B, pSCT-PC3 + shHDACI vs. pSCT-

PC3 +shLUC, 130% increase of cyclin DI cells, P=10.003;
pSCT-PC3 4 shHDAC4 vs. pSCT-PC3 +shLUC, 178%
increase of cyclin D1V cells, P= 0.00006). However, PC3/Tis2 |
was still able to significantly reduce the cyclin D17 cells in
NIH3T3 cultures silenced for HDACI or HDAC4, when
compared to control cells silenced for HDACs overexpressing
BGal (Fig. 4B, pSCT-PC3 + shHDACI vs. pSCT-

BGal + shHDACI, P=0.007; pSCT-PC3 + shHDAC4 vs.
pSCT-BGal + shHDAC4, P=0.018). Overall, these data
confirm that HDAC| or HDACH4 are required for the PC3/
Tis2|-dependent inhibition of cyclin DI expression, but also
suggest that neither HDACI nor HDAC4 alone is totally
responsible for this inhibition.

The inhibition of cyclin DI promoter by PC3/Tis21 is
potentiated by HDACI1/4

To further test the role of HDACI and HDAC4 on the control
of cyclin DI expression by PC3/Tis2 |, we checked whether the
down-regulation that PC3/Tis2| exerts on cyclin DI
transcription (Guardavaccaro et al., 2000) is modulated by
HDAC:S. For our experiments, we transfected NIH3T3
fibroblasts with a reporter construct (prCDI-1810) carrying
about 1650 nucleotides of the cyclin DI promoter region,
together with expression vectors for HDAC| (pSCT-HDACI -
Flag) or HDAC4 (pcDNA3-HDAC4-Flag), and increasing
concentrations of PC3/Tis2| (pSCT-PC3). We observed that
HDACI and HDACH4 alone significantly reduced the
transcriptional activity of the cyclin DI promoter (Fig. 5;
HDACI vs. control, P=0.013; HDAC4 vs. control,
P=0.0004), but when HDAC| or HDAC4 were cotransfected
with increasing concentrations of PC3 (0.75 and | pg), this
inhibition was significantly potentiated (Fig. 5; HDACI with
0.75 or | ng PC3 vs. HDACI, P=0.03 and P < 0.001,
respectively; HDAC4 with 0.75 or | ng PC3 vs. HDACH4,
P=0.017 and P=0.011I, respectively). This indicated that
HDACI and HDACH4 synergized with PC3/Tis21 in the
negative regulation of cyclin DI transcriptional activity.

PC3/Tis21 binds and requires HDAC9 to inhibit cell
proliferation

Recently, a genome-wide analysis performed by us has shown
that the ablation of PC3/Tis21 in cerebellar precursors leads to
changes in the expression of a number of genes, which are
significantly enriched for gene products interacting with
HDACI or HDAC4 or modified by the HDAC inhibitor
trichostatin (Farioli-Vecchioli et al., 2013). Among these genes
are HDAC9 and the corepressor Ncorl; as they are part of
complexes with HDACI or HDAC4 (Sparrow et al., 1999;
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Fig. 5. HDACI and HDAC4 synergize with PC3/Tis21 in repressing

the transcriptional activity of cyclin DI. NIH3T3 cells were plated in
35-mm culture dishes and cotransfected the next day with the cyclin
DI promoter reporter (prCDI, 0.1 png), with the pSCT-PC3
expression construct or the empty vector (0.75 or | pg), and either
HDACI (pSCT-HDACI-Flag, 0.15 pg) or HDAC4 (pcDNA3-
HDACA4-Flag, 0.05 ng) expression vectors. The pSCT and/or
pcDNA3 empty vectors were included also where necessary to
normalize for DNA content. Cells were harvested 48 h after
transfection. Luciferase activity from cell extracts is expressed as
fold induction relative to the activity of the control prCDI reporter
sample (cotransfected only with empty vectors). HDACI and
HDACA4 inhibit cyclin DI promoter activity in synergy with Tis2l.
Bars represent the average fold induction = SEM determined from
four independent experiments, each performed in duplicate.
“P<0.05; **P<0.0l; “**P <0.001 (Student’s t-test).

Petrie etal., 2003), we sought to verify whether PC3/Tis2 | was
able to bind in vivo also HDACSY, in addition to HDAC4 and
HDACI.

Thus, NIH3T3 and HEK 293 cells were transfected with
pSCT-HDAC9-Flag and with pSCT-PC3-HA-or empty vector
(Fig. 6A and B). Western blot analysis of anti-Flag
immunoprecitates showed that HDAC9 and PC3/Tis21
proteins did associate in vivo (Fig. 6A and B).

Next, we tested whether the inhibition of the
proliferation exerted by PC3/Tis2l at the GI- to S-phase
transition, required HDAC9 expression. Thus, we assessed
if BrdU incorporation was impaired after silencing the
expression of HDACSY by specific shRNA targeting. A
specific 19-nt HDAC9 targeting shRNA sequence was
cloned into pSUPER.retro.puro vector, and the
corresponding retroviruses expressing shHDAC9 resulted
capable of silencing endogenous HDAC9 mRNA expression
in NIH3T3 cells (Fig. 6C).

As expected, NIH3T3 cells, infected with shLUC and
overexpressing PC3/Tis2| by transfection of the pSCT-PC3
vector, showed a great decrease of BrdU incorporation
(Fig. 6D and E; pSCT-PC3 + shLUC vs. pSCT-BGal + shLUC,
P <0.0001). The silencing of HDAC9 with shHDACS9 in itself
did not significantly change the BrdU incorporation (P=0.18
for shLUC + pSCT-BGal vs. shHDAC9 + pSCT-BGal;

Fig. 6D and E). Remarkably, however, in PC3-overexpressing
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Fig. 6. HDACSY binds PC3/Tis2| and is required for its inhibitory activity on the cell cycle. (A) NIH3T3 cells (90 mm dish) or (B) HEK 293 cells
(90 mm dish) were transfected with pSCT-PC3-HA and with pSCT-HDAC9-Flag or with the empty vector (6.0 pg each); 48 h after
transfection the cells were lysed and immunoprecipitated with the mouse monoclonal anti-Flag antibody, covalently bound to Sepharose
resin. The anti-Flag or the anti-HA antibodies were used for Western blot analysis of the immunoprecipitated complexes (IP: a-Flag lanes) and
of the input cell lysate (1/30 of the immunoprecipitated lysate). (C) shRNA-mediated silencing of HDAC9 expression. The graph shows the
levels of HDAC9 mRNA expression in NIH3T3 fibroblasts, infected with retroviruses generated by the pSUPER.retro.puro vector expressing
the HDAC9-specific shRNA sequences (shHDACY) or the control shRNA sequence targeting luciferase (shLUC). After infection, cells were
selected for 5 days with puromycin, reseeded, and analyzed. (mean & SEM fold increases; TBP was used to normalize data; *P < 0.05, Student’s
t-test). (D) Representative immunofluorescence photomicrographs of BrdU incorporation in NIH3T3 cells overexpressing PC3/Tis21 or BGal
and silenced for HDAC9. NIH3T3 cells were infected with shHDACS9 retrovirus, selected in puromycin, then transfected with the pSCT-PC3
or pSCT-BGal expression vectors and analyzed for BrdU incorporation (after a 18 h BrdU pulse) and PC3 and BGal expression. White arrows:
double-positive cells for BrdU (red) and PC3 or 3Gal (green); arrowheads: cells negative for BrdU (red) and positive for PC3 (green). Size bars
65 pm. (E) NIH3T3 cells or (F) C17.2 cells overexpressing PC3/Tis21 or BGal and silenced for HDAC9 as described in (D) were analyzed for
the percentages of BrdU"PC3" or BrdU" BGal™ cells to the total number of PC3" or BGal™ cells. Mean + SEM values are from at least three
independent experiments. “*P < 0.01, or ***P < 0.001, Student’s t-test. (G,G’) Western blot and densitometry analysis of cyclin DI protein in
NIH3T3 cells or (H,H’) in C17.2 cells. Cells were infected with either pBABE.puro-PC3 or pBABE.puro-empty retroviruses, selected with
puromycin for 5 days, then transfected with either pSCT-HDAC9-Flag or with empty vectors, and after 48 h were analyzed for cyclin DI or for
HDAC9 expression. Representative results from three independent experiments are shown. In (G’,H’) values are percent change of protein
expression in cells infected/transfected as indicated, relative to control cells infected with pBABE-.puro-empty virus and transfected with
empty Flag vector (set to 100%), after normalization to the corresponding values of a-tubulin expression.

cultures, the ability of PC3/Tis21 to inhibit BrdU incorporation
was significantly reduced by the silencing of HDAC9

(Fig. 6D and E; pSCT-PC3 + shHDACS9 vs. pSCT-

PC3 + shLUC, 68% increase of incorporation, P =0.005).
Moreover, in NIH3T3 cells silenced for HDAC9 the levels of
BrdU incorporation did not significantly differ whether PC3/
Tis2| was overexpressed or not (Fig. 6D and E; pSCT-

PC3 + shHDACS9 vs. pSCT-BGal 4+ shHDAC9, P=0.08).
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Similarly, in PC3-overexpressing C17.2 cultures, the
silencing of HDACS significantly reduced the ability of PC3/
Tis21 to inhibit BrdU incorporation (Fig. 6F; pSCT-

PC3 + shHDACS9 vs. pSCT-PC3 + shLUC, 95% increase of
incorporation, P= 0.002). Moreover, in C17.2 cells silenced for
HDACSY, the BrdU incorporation did not differ whether PC3/
Tis2| was overexpressed or not (Fig. 6F; pSCT-

PC3 + shHDACS9 vs. pSCT-BGal 4+ shHDACY, P=0.17).
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As a whole, this indicated that without the expression of
HDACS9 the inhibitory activity of PC3/Tis21 on the GI to S-
phase transition is impaired, thus pointing to a requirement of
HDACS9 activity in the antiproliferative effect of PC3/Tis21.

We then analyzed the effect on cyclin DI protein levels of
the overexpression of HDAC9 in NIH3T3 and C17.2 cells with
or without PC3/Tis21. As shown above, infection with pBABE-
PC3 retrovirus reduced cyclin D1 levels relative to control
cultures transfected with empty virus (Fig. 6G,G’, pBABE-PC3
vs. pBABE-empty, 25% and 21% decrease in NIH3T3 and C17.2
cells, respectively). Interestingly, the overexpression of
HDACS9 alone, unlike that of HDACI/4, increased the
expression of cyclin D1 in both cells types, (Fig. 6G,G’ and H,
H’), despite the lack of effect of HDACSY silencing alone on cell
proliferation (Fig. 6D and E). However, when NIH3T3 or C17.2

ET AL

cells infected with pBABE-PC3 retrovirus were transfected
with the pSCT-HDAC9-FLAG vector, cyclin DI levels were
further inhibited by 29% and 43%, respectively, relative to cells
infected with pBABE-PC3 retrovirus only (Fig. 6G,G’ and H,H’;
pBABE-PC3 + pSCT-HDACI-FLAG vs. pBABE-empty, 47%
decrease in NIH3T3 and 55% decrease in C17.2 cells).

Thus, the overexpression of HDAC9 potentiates the ability
of PC3/Tis2| to inhibit the expression of cyclin DI.

Nevertheless, the silencing of HDAC9 did not affect the
ability of PC3/Tis2| to inhibit cyclin DI expression. In fact,
when we counted by immunofluorescence staining the
NIH3T3 and C17.2 cells overexpressing PC3/Tis2| that were
positive for cyclin D1, the levels of cyclin DI expression was
the same after infection with either shLUC or shHDAC9
(Fig. S1A and B, percentage of cyclin D1 NIH3T3 cells: pSCT-
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Fig. 7. The amino-terminal moiety and the catalytic domain of HDAC4 both bind PC3/Tis2| but do not potentiate the inhibition of cyclin D1
expression by PC3/Tis21. (A) Co-immunoprecipitation of PC3/Tis21 and HDAC4 deletion mutants. NIH3T3 cells (90 mm dish) were
transfected with pcDNA3-HDAC4-Flag or pSCT-HADC4-1-610-Flag, or pSCT-HADC4-611-1084-Flag and with pSCT-PC3-HA or the empty
vectors (6.0 pg each); 48 h after transfection the cells were lysed and immunoprecipitated with the mouse monoclonal anti-Flag antibody,
covalently bound to Sepharose resin. The anti-HA or the anti-Flag antibodies were used for Western blot analysis of the immunoprecipitated
complexes and of the input cell lysate (1/30 of the immunoprecipitated lysate). (B) Western blot of cyclin DI protein in NIH3T3 cells and (B’)
densitometry analysis. Cells were infected with either pBABE.puro-PC3 or pBABE.puro-empty retroviruses, selected with puromycin for

5 days, then transfected with either pSCT-HDAC4-1-610-Flag or pSCT-HDAC4-611-1084-Flag or with empty vectors, and after 48 h were
analyzed for cyclin DI, PC3, HDAC4 mutant (Flag), and for tubulin expression. (B) A representative result from three independent
experiments is shown. (B’) Percent decrease of cyclin DI protein expression in cells infected and transfected as indicated, relative to the group
of control cells (infected with pBABE-.puro-empty virus and transfected with empty vectors), after normalization to the corresponding values
of a-tubulin expression (the control base line is set to 100%).
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PC3/Tis2l

PC3 + shHDACS9 vs. pSCT-PC3 +shLUC, P=0.62; Fig. SIC,
cyclin DI C17.2 cells: pSCT-PC3 + shHDAC9 vs. pSCT-
PC3 4 shLUC, P=0.73).

This clearly indicates that HDAC9, unlike HDACI and
HDACH4, is not required for the full inhibitory control of
PC3/Tis21 on cyclin DI expression.

The amino-terminal moiety and the catalytic domain of
HDACA4 both bind PC3/Tis2| but do not potentiate the
inhibition of cyclin DI expression by PC3/Tis21l.

Since we have observed that HDACI/4/9 are required for the
inhibitory action of PC3/Tis2| on cell proliferation, we further
sought to define which HDAC domain was involved. To this
aim, we performed a mutant analysis of the HDAC4 protein, as
this displays a well separated catalytic domain. We generated
two HDAC4 deletion mutants, one spanning the amino-
terminal moiety carrying the MEF-binding domain and nuclear
localization signal (aa 1-610; pPSCT-HADC4-1-6 | 0-Flag vector),
and a second one carrying the whole catalytic domain and
nuclear export signal (aa 611-1084; pSCT-HADC4-61 |-1084-
Flag vector), as described by Bertos et al. (2001).

NIH3T3 cells were transfected with pcDNA3-HDAC4-Flag,
or pSCT-HADC4-1-610-Flag or pSCT-HADC4-61 |-1084-Flag
vectors and with pSCT-PC3-HA or empty vectors (Fig. 7A).
Western blot analysis of anti-Flag immunoprecipitates
indicated that both the N-terminal domain (1-610) and the
catalytic domain of HDAC4 (61 1-1084) were able to associate
with the PC3/Tis2| protein, although the latter showed a more
efficient binding (Fig. 7A).

Next, we tested whether the HDAC4 amino-terminal
moiety and/or the catalytic domain alone were sufficient to
potentiate the ability of PC3/Tis21 to inhibit the expression of
cyclin DI1. Thus, we analyzed cyclin DI protein levels after
overexpression of HDAC4-1-610 and of HDAC4-611-1084
mutants in NIH3T3 cells with or without PC3/Tis2|
overexpression (pBABE-PC3 retrovirus). Interestingly, the
overexpression of HDAC4-1-610 or HDAC4-611-1084
mutants alone was able to inhibit the expression of cyclin D1 to
an extent similar, or less pronounced than PC3/Tis2I,
respectively (Fig. 7B,B’). When, however, the pSCT-HDAC4-
611-1084-Flag vector was transfected in NIH3T3 cells infected
with the pBABE-PC3 retrovirus, the levels of cyclin D | resulted
further inhibited to the same level attained with pBABE-PC3
retrovirus alone (Fig. 7B,B’; pBABE-empty vs. pBABE-PC3, 33%
decrease, pBABE-empty vs. pBABE-PC3 + pSCT-HDAC4-
FLAG-611-1084, 34% decrease). Furthermore, the addition of
pBABE-PC3 retrovirus to pSCT-HDAC4-1-610 did not
produce any evident change (Fig. 7B,B’).

Thus, no synergy was attained with PC3/Tis2| to inhibit
cyclin D1 expression, suggesting that the binding of the whole
HDACH4 molecule is necessary to synergize with the inhibitory
action of PC3/Tis2| on cyclin DI expression.

Discussion

Our findings indicate that PC3/Tis2| inhibits cell proliferation
in a way that is dependent on the function of HDAC:. In fact,
when HDACI, HDAC4, or HDACS are silenced, the ability of
PC3/Tis21 to inhibit proliferation in fibroblasts and in
cerebellar precursor cells is significantly reduced. These
functional data are compatible with our present observations
that HDACI, HDAC4, and HDACS9 associate in vivo with
PC3/Tis21, and that the overexpression of HDAC|/4/9
potentiates—while the silencing of HDACI/4 reduces—the
inhibition exerted by PC3/Tis2| on the expression of cyclin D1,
in fibroblasts and in cerebellar precursor cells. Moreover, the
inhibitory activity of PC3/Tis2| on the cyclin DI promoter,
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where PC3/Tis2| binds, is significantly increased by HDACI
and HDAC4.

This strongly suggests that the binding of HDACs to PC3/
Tis21 is required for the inhibitory activity of PC3/Tis2| on the
cyclin DI promoter, through which PC3/Tis2| preferentially
inhibits the cell cycle entry in normal neural and non-neural
cells (Guardavaccaro et al., 2000). In fact, we have previously
observed that the antiproliferative gene PC3/Tis2| impairs
GI1-S transition by direct repression of the cyclin DI
promoter, acting as a transcriptional regulator (Guardavaccaro
et al., 2000).

This is the first evidence that HDAC9 associates with PC3/
Tis21 and is implicated in cell cycle regulation through cyclin
D 1. However, since we observed that the silencing of HDAC9
does not affect cyclin D1 levels, the activity of HDAC9 might be
redundant with that of other HDACs.

D cyclins play a unique role in the regulation of cell
proliferation, since these are the only cyclins directly regulated
by proliferation factors, that is, the mitogenic signals.
Moreover, D cyclins control the “restriction point”
responsible for the cell decision to enter or not the cycle; in fact
D cyclins, being the first cyclins to phosphorylate pRb, control
the activation of E2F and thus control the mechanism by which
the cell starts proliferating. The other S-phase cyclins
phosphorylate pRB only after D cyclins have inactivated pRb,
thus when the cell has already entered the cycle, and therefore
do not play a decisional role (Sherr and Roberts, 1995). A
misregulation of these controls can be lost during cellular
transformation, and cyclin D1 is correspondingly
overexpressed in a number of cancers.

Furthermore, the requirement of HDAC: for the inhibition
by PC3/Tis2I of the cyclin DI promoter activity is consistent
with our previous finding that the recruitment of PC3/Tis2| on
cyclin DI promoter is inversely correlated with the acetylation
of histone H4 (Farioli-Vecchioli et al., 2007). This suggests that
the HDAC:s associated with PC3/Tis2 | in complexes binding the
cyclin D| promoter can transcriptionally repress its activity. This
corepressor activity may be particularly necessary for class Il
HDAC:s, such as HDAC4/9, which do not bind directly to DNA
but require other coactivators (Martin et al., 2007).

It is known that HDACs exert an important repressive
activity interacting, either directly or indirectly, with a variety
of DNA-binding transcription factors, including nuclear
hormone receptors, nuclear factor kB, myocyte enhancer
factor 2, and Sox2 (Nagy et al., 1997; Zhong et al., 2002; Tang
and Goldman, 2006; Baltus et al., 2009).

Concerning the role of HDAC:s in cell cycle regulation, they
act in cell-type and environment-specific fashion. In fact,
despite the numerous reports describing the use of HDAC
inhibitors as anticancer agents with inhibitory activity on the
cell cycle (Lakshmaiah et al., 2014), it is known that the HDAC
complex is required for the repression of particular promoters
responsive to the E2F family of transcription factors that play a
critical role in regulation of GI cyclin genes (Telles and Seto,
2012).

Different reports have demonstrated that HDACs can act as
transcriptional corepressors on the cyclin D1 promoter (Klein
and Assoian, 2008), that is, the SMARI factor targets cyclin D
promoter and represses its expression interacting with
HDACI, SIN3, and pRb to form a multiprotein repression
complex (Rampalli et al., 2005). Similarly, Sox6 represses cyclin
D1 promoter activity by interacting with [3-catenin and
HDACI, in pancreatic Bcells (Iguchi et al., 2007). Interestingly,
yinand yangl (YY-I) represses cyclin D1 by recruiting HDACI
to a TRE/Oct-I-binding site on the cyclin DI promoter
(Cicatiello et al., 2004) in this way maintaining quiescence in
mammary epithelial cells.

As a whole, these observations are consistent with our
present results about the inhibitory role of PC3/Tis2| on the
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cell cycle by repression of cyclin DI expression via binding of
HDAGC:S.

An involvement of HDACs and chromatin remodeling
factors was previously reported for Tob|, another member of
the Btg gene family, which was observed to exert its inhibitory
activity on the cell cycle by recruiting HDAC| on the cyclin D1
promoter (Yoshida et al., 2003).

A component of the complexes PC3/Tis2|-HDACs may
also be the arginine methyltransferase PRMT I, which in fact has
been shown to bind PC3/Tis2| (Lin et al., [996). In this regard,
we have previously observed that PRMT | is recruited to
histone complexes on the RAR( promoter, where it primes
the demethylation and acetylation of histones, favoring the
transcriptional activity of the RARB promoter (Passeri et al.,
2006). Thus, PRMT| and HDACs may exert opposite activity
on the cyclin DI promoter. Future studies should investigate
the role of PRMTI on the cyclin DI promoter.

As a comparison between our present observations in the
cerebellar precursor cell line C17.2 and the role of PC3/Tis21I in
cerebellum in vivo, we have previously observed that the
overexpression of PC3/Tis21 in cerebellar precursor cells in a
transgenic conditional mouse highly impairs their proliferation,
reducing cyclin D1 levels, and also prevents tumorigenesis (Farioli-
Vecchioli et al., 2007). This report suggests a functional
explanation. Conversely, the ablation of PC3/Tis21| in cerebellar
precursor cells in vivo, although highly increasing
medulloblastoma frequency, does not affect their proliferation
(Farioli-Vecchioli et al., 2012). In this regard, we have recently
observed that the role of PC3/Tis2I in the control of cerebellar
precursor cells proliferation may be redundant with Btgl, a family-
related gene, thus explaining how the inactivation of PC3/Tis21 in
vivo does not affect their proliferation (Ceccarelli et al., 2015).

Furthermore, we have previously observed that PC3/Tis2|
regulates in proliferating cerebellar precursor cells several
genes involved in epigenetic control (Farioli-Vecchioli et al,,
2012, 2013). Among these are HDAC9, which also binds
HDACI| or HDAC4 (Petrie et al., 2003), or the histone
modification editor Ankrd| |, which regulates HDAC3
(Gallagher et al., 2015), or Padi4, which demethylates histones
and binds HDACI (Denis et al., 2009). Thus, PC3/Tis2| may
control the transcription of cyclin DI and of other genes, by
acting as coregulator of complexes including HDACs, PRMT I,
and/or several other chromatin modifying enzymes such as a
Ankrdl 1. Our analysis of HDAC4 deletion mutants further
indicates that the binding of either the amino-terminal moiety
or the catalytic subunit of HDAC4 to PC3/Tis2| is not
sufficient to potentiate its inhibition of cyclin D| expression,
suggesting that the full activity of the HDAC molecule is
required and that complex interactions may take place.

In this scenario, in neural tissues, it has been observed that
deletion of HDAC| or HDAC2 separately has weak effects on
neuronal development (Montgomery et al., 2009), but the
deletion of both results in increased proliferation of neuronal
precursors at the ventricular zone and reduced number of
differentiating neurons (Montgomery et al., 2009). Moreover,
in cerebella of HDACI-2 double knockouts Purkinje cells fail to
migrate (Montgomery et al., 2009). Interestingly, the deletion
of HDAC4 in vivo leads to a reduced development of brain and
cerebellum (Majdzadeh et al., 2008). Such defects of
proliferation and migration of neural cells are compatible with
the phenotypes observed in cerebella after overexpression or
deletion of PC3/Tis21 in cerebellar granule precursor cells (i.e.,
inhibition of proliferation with increase of differentiation, or
impairment of migration of cerebellar precursors,
respectively), and are in line with the idea that PC3/Tis2| may
vehiculate HDAG:s to inactivate proliferative target promoter
genes such as cyclin DI.

Considering the implication of cyclin D1 in tumorigenesis and
since PC3/Tis21| acts as tumor-suppressor gene in several
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systems (Micheli et al.,, 2015), the requirement of HDACI,
HDAC4, and HDAC9 for the cell cycle inhibitory activity of PC3/
Tis2 | may offer new perspectives and targets for cancer therapy.

Acknowledgments

We are grateful to Maurizia Caruso (IBCN-CNR, Rome) for
her critical advice and suggestions. This work was supported by
contract grant Project FaReBio di Qualita from Italian Ministry
of Economy and Finance to CNR and from CNR projects
DSB.AD004.093 and DSB.AD004.094 to Felice Tirone.

Literature Cited

Baltus GA, Kowalski MP, Zhai H, Tutter AV, Quinn D, Wall D, Kadam S. 2009. Acetylation of
sox2 induces its nuclear export in embryonic stem cells. Stem Cells 27:2175-2184.

Bertos NR, Wang AH, Yang X]. 2001. Class Il histone deacetylases: Structure, function, and
regulation. Biochem Cell Biol 79:243-252.

Bradbury A, Possenti R, Shooter EM, Tirone F. 1991. Molecular cloning of PC3, a putatively
secreted protein whose mRNA is induced by nerve growth factor and depolarization.
Proc Natl Acad Sci USA 88:3353-3357.

Brehm A, Miska EA, McCance D), Reid JL, Bannister AJ, Kouzarides T. 1998. Retinoblastoma
protein recruits histone deacetylase to repress transcription. Nature 391:597-601.

Canzoniere D, Farioli-Vecchioli S, Conti F, Ciotti MT, Tata AM, Augusti-Tocco G, Mattei E,
Lakshmana MK, Krizhanovsky V, Reeves SA, Giovannoni R, Castano F, Servadio A, Ben-
Arie N, Tirone F. 2004. Dual control of neurogenesis by PC3 through cell cycle inhibition
and induction of Math|. | Neurosci 24:3355-3369.

Ceccarelli M, Micheli L, D’Andrea G, De Bardi M, Scheijen B, Ciotti M, Leonardi L, Luvisetto
S, Tirone F. 2015. Altered cerebellum development and impaired motor coordination in
mice lacking the Btgl gene: Involvement of cyclin DI. Dev Biol 408:109-125.

Cicatiello L, Addeo R, Sasso A, Altucci L, Petrizzi VB, Borgo R, Cancemi M, Caporali S, Caristi
S, Scafoglio C, Teti D, Bresciani F, Perillo B, Weisz A. 2004. Estrogens and progesterone
promote persistent CCNDI gene activation during G| by inducing transcriptional
derepression via c-Jun/c-Fos/estrogen receptor (progesterone receptor) complex
assembly to a distal regulatory element and recruitment of cyclin D1 to its own gene
promoter. Mol Cell Biol 24:7260-7274.

Denis H, Deplus R, Putmans P, Yamada M, Métivier R, Fuks F. 2009. Functional connection
between deimination and deacetylation of histones. Mol Cell Biol 29:4982-4993.

Farioli-Vecchioli S, Cina |, Ceccarelli M, Micheli L, Leonardi L, Ciotti MT, De Bardi M, Di
Rocco C, Pallini R, Cavallaro S, Tirone F. 2012. Tis2 | knock-out enhances the frequency of
medulloblastoma in patched| heterozygous mice by inhibiting the Cxcl3-dependent
migration of cerebellar neurons. | Neurosci 32:15547—15564.

Farioli-Vecchioli S, Micheli L, Leonardi L, Ceccarelli M, Cavallaro S, Tirone F. 2013.
Medulloblastoma or not? Crucial role in tumorigenesis of the timing of migration
of cerebellar granule precursor cells, regulated by Nos2 and Tis2l. Front Neurosci
6:198.

Farioli-Vecchioli S, Saraulli D, Costanzi M, Leonardi L, Cina‘ |, Micheli L, Nutini M, Longone P,
Oh SP, Cestari V, Tirone F. 2009. Impaired terminal differentiation of hippocampal granule
neurons and defective contextual memory in PC3/Tis2| knockout mice. PLoS ONE 4:
e8339.

Farioli-Vecchioli S, Saraulli D, Costanzi M, Pacioni S, Isquo |, Micheli L, Bacci A, Cestari V,
Tirone F. 2008. The timing of differentiation of adult hippocampal neurons is crucial for
spatial memory. PLoS Biol 6:e246.

Farioli-Vecchioli S, Tanori M, Micheli L, Mancuso M, Leonardi L, Saran A, Ciotti MT,
Ferretti E, Gulino A, Pazzaglia S, Tirone F. 2007. Inhibition of medulloblastoma
tumorigenesis by the antiproliferative and prodifferentiative gene PC3. FASEB |
21:2215-2225.

Ficazzola MA, Fraiman M, Gitlin J, Woo K, Melamed J, Rubin MA, Walden PD. 2001.
Antiproliferative B cell translocation gene 2 protein is down-regulated post-
transcriptionally as an early event in prostate carcinogenesis. Carcinogenesis
22:1271-1279.

Gallagher D, Voronova A, Zander MA, Cancino Gl, Bramall A, Krause MP, Abad C, Tekin M,
Neilsen PM, Callen DF, Scherer SW, Keller GM, Kaplan DR, Walz K, Miller FD. 2015.
Ankrdl | is a chromatin regulator involved in autism that is essential for neural
development. Dev Cell 32:31-42.

Grausenburger R, Bilic I, Boucheron N, Zupkovitz G, El-Housseiny L, Tschismarov R, Zhang
Y,Rembold M, Gaisberger M, Hartl A, Epstein MM, Matthias P, Seiser C, Ellmeier W.2010.
Conditional deletion of histone deacetylase | in T cells leads to enhanced airway
inflammation and increased Th2 cytokine production. ] Immunol 185:3489-3497.

Guardavaccaro D, Corrente G, Covone F, Micheli L, D’Agnano |, Starace G, Caruso M,
Tirone F. 2000. Arrest of GI-S progression by the p53-inducible gene PC3 is Rb-
dependent and relies on the inhibition of cyclin DI transcription. Mol Cell Biol
20:1797-1815.

Iguchi H, Urashima Y, Inagaki Y, Ikeda Y, Okamura M, Tanaka T, Uchida A, Yamamoto TT,
Kodama T, Sakai ). 2007. SOX6 suppresses cyclin D | promoter activity by interacting with
beta-catenin and histone deacetylase |, and its down-regulation induces pancreatic beta-
cell proliferation. ] Biol Chem 282:19052-19061.

Kawakubo H, Carey JL, Brachtel E, Gupta V, Green JE, Walden PD, Maheswaran S. 2004.
Expression of the NF-kappaB-responsive gene BTG2 is aberrantly regulated in breast
cancer. Oncogene 23:8310-8319.

Klein EA, Assoian RK. 2008. Transcriptional regulation of the cyclin D| gene ata glance. ] Cell
Sci 121(Pt23):3853-3857.

Lagger G, O’Carroll D, Rembold M, Khier H, Tischler ], Weitzer G, Schuettengruber B,
Hauser C, Brunmeir R, Jenuwein T, Seiser C. 2002. Essential function of histone
deacetylase | in proliferation control and CDK inhibitor repression. EMBO |
21:2672-2681.

Lakshmaiah KC, Jacob LA, Aparna S, Lokanatha D, Saldanha SC. 2014. Epigenetic therapy of
cancer with histone deacetylase inhibitors. ] Cancer Res Ther 10:469—478.

Li F, Liu ), Park ES, Jo M, Curry TE, Jr. 2009. The B cell translocation gene (BTG) family in the
rat ovary: Hormonal induction, regulation, and impact on cell cycle kinetics.
Endocrinology 150:3894-3902.



PC3/Tis2l

Lin WJ, Gary D, Yang MC, Clarke S, Herschman HR. 1996. The mammalian immediateearly
TIS21 protein and the leukemia-associated BTG protein interact with a proteinarginine
N-methyltransferase. ] Biol Chem 271:15034—15044.

Majdzadeh N, Wang L, Morrison BE, Bassel-Duby R, Olson EN, D’Mello SR. 2008. HDAC4
inhibits cell-cycle progression and protects neurons from cell death. Dev Neurobiol
68:1076-1092.

Martin M, Kettmann R, Dequiedt F. 2007. Class Ila histone deacetylases: Regulating the
regulators. Oncogene 26:5450-5467.

Micheli L, Ceccarelli M, Farioli-Vecchioli S, Tirone F. 2015. Control of the normal and
pathological development of neural stem and progenitor cells by the PC3/Tis21/Btg2 and
Btgl genes. | Cell Physiol 230:2881-2890.

Micheli M, Leonardi L, Conti F, Maresca G, Colazingari S, Mattei E, Lira SA, Farioli-Vecchioli
S, Caruso M, Tirone F. 201 |. PC4/Tis7/IFRD | stimulates skeletal muscle regeneration and
is involved in myoblast differentiation as a regulator of MyoD and NF-kB. ] Biol Chem
286:5691-5707.

Miska EA, Langley E, Wolf D, Karlsson C, Pines ], Kouzarides T. 2001. Differential localization
of HDAC4 orchestrates muscle differentiation. Nucleic Acids Res 29:3439-3447.

Montagnoli A, Guardavaccaro D, Starace G, Tirone F. 1996. Overexpression of the nerve
growth factor-inducible PC3 immediate early gene is associated to inhibition of cell
proliferation. Cell Growth Differ 7:1327-1336.

Montgomery RL, Hsieh J, Barbosa AC, Richardson JA, Olson EN. 2009. Histone deacetylases
I and 2 control the progression of neural precursors to neurons during brain
development. Proc Natl Acad Sci USA 106:7876-7881.

Nagy L, Kao HY, Chakravarti D, Lin R}, Hassig CA, Ayer DE, Schreiber SL, Evans RM. 1997.
Nuclear receptor repression mediated by a complex containing SMRT, mSin3A, and
histone deacetylase. Cell 89:373-380.

Passeri D, Marcucci A, Rizzo G, Billi M, Panigada M, Leonardi L, Tirone F, Grignani F. 2006.
Btg2 enhances retinoic acid-induced differentiation by modulating histone H4 methylation
and acetylation. Mol Cell Biol 26:5023-5032.

Petrie K, Guidez F, Howell L, Healy L, Waxman S, Greaves M, Zelent A. 2003. The histone
deacetylase 9 gene encodes multiple protein isoforms. ] Biol Chem 278:16059-16072.

Prévot D, Voeltzel T, Birot AM, Morel AP, Rostan MC, Magaud JP, Corbo L. 2000. The
leukemia-associated protein Btgl and the p53-regulated protein Btg2 interact with the
homeoprotein Hoxb9 and enhance its transcriptional activation. ] Biol Chem 275:147—-153.

Rampalli S, Pavithra L, Bhatt A, Kundu TK, Chattopadhyay S. 2005. Tumor suppressor
SMARI mediates cyclin DI repression by recruitment of the SIN3/histone deacetylase |
complex. Mol Cell Biol 25:8415-8429.

Reichert N, Choukrallah MA, Matthias P. 2012. Multiple roles of class | HDACs in
proliferation, differentiation, and development. Cell Mol Life Sci 69:2173-2187.

Rouault |P, Falette N, Guéhenneux F, Guillot C, Rimokh R, Wang Q, Berthet C, Moyret-Lalle
C, Savatier P, Pain B, Shaw P, Berger R, Samarut ], Magaud JP, Ozturk M, Samarut C,

JOURNAL OF CELLULAR PHYSIOLOGY

INHIBITS PROLIFERATION BY HDACs

Puisieux A. 1996. Identification of BTG2, an antiproliferative p53-dependent component
of the DNA damage cellular response pathway. Nat Genet |14:482—486.

Ryder EF, Snyder EY, Cepko CL. 1990. Establishment and characterization of multipotent
neural cell lines using retrovirus vector-mediated oncogene transfer. ] Neurobiol
21:356-375.

Sherr CJ, Roberts JM. 1995. Inhibitors of mammalian G| cyclin-dependent kinases. Genes
Dev 9:1149-1163.

Sparrow DB, Miska EA, Langley E, Reynaud-Deonauth S, Kotecha S, Towers N, Spohr G,
Kouzarides T, Mohun TJ. 1999. MEF-2 function is modified by a novel co-repressor, MITR.
EMBO | 18:5085-5098.

Tang H, Goldman D. 2006. Activity-dependent gene regulation in skeletal muscle is mediated
by a histone deacetylase (HDAC)-Dach2-myogenin signal transduction cascade. Proc Natl
Acad Sci USA 103:16977-16982.

Telles E, Seto E. 2012. Modulation of cell cycle regulators by HDACs. Front Biosci (Schol Ed)
4:831-839.

Tirone F, Farioli-Vecchioli S, Micheli L, Ceccarelli M, Leonardi L. 2013. Genetic control
of adult neurogenesis: Interplay of differentiation, proliferation and survival modulates
new neurons function, and memory circuits. Front Cell Neurosci 7:59.

Wilson AJ, Byun DS, Nasser S, Murray LB, Ayyanar K, Arango D, Figueroa M, Melnick A, Kao
GD, Augenlicht LH, Mariadason JM. 2008. HDAC4 promotes growth of colon cancer cells
via repression of p21. Mol Biol Cell 19:4062—4075.

Yan GZ, Ziff EB. 1997. Nerve growth factor induces transcription of the p21 WAFI/CIP|
and cyclin DI genes in PCI2 cells by activating the Sp| transcription factor. | Neurosci
17:6122-6132.

Yoshida Y, Nakamura T, Komoda M, Satoh H, Suzuki T, Tsuzuku JK, Miyasaka T, Yoshida EH,
Umemori H, Kunisaki RK, Tani K, Ishii S, Mori S, Suganuma M, Noda T, Yamamoto T.
2003. Mice lacking a transcriptional corepressor Tob are predisposed to cancer. Genes
Dev 17:1201-1206.

Zhang HS, Dean DC. 2001. Rb-mediated chromatin structure regulation and transcriptional
repression. Oncogene 20:3134-3138.

Zhong H, May MJ, Jimi E, Ghosh S. 2002. The phosphorylation status of nuclear
NF-kappa B determines its association with CBP/p300 or HDAC-1. Mol Cell
9:625-636.

Supporting Information

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.

1707



