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Spinal muscular atrophy (SMA) is an autosomal recessive neurodegenerative disorder that is the leading
genetic cause of infantile death. SMA is caused by homozygous deletion or mutation of the survival of
motor neuron 1 gene (SMN1). The SMN2 gene is nearly identical to SMN1, however is alternatively spliced.
The close relationship to SMNT results in SMN2 being a very power genetic modifier of SMA disease sever-

Ke}’WordS-' ity and a target for therapies. We sought to identify the regulatory role individual HDAC proteins use to
SP'R?I muscular atrophy control expression of full length protein from the SMN2 genes. We used quantitative PCR to determine the
RNAi effects shRNA silencing of individual HDACs on the steady state levels of a SMN2-luciferase reporter tran-
HDAC . . . AT . . . .

Luciferase scripts. We determined that reduction of individual HDAC proteins was sufficient to increase SMN protein

levels in a transgenic reporter system. Knockdown of class I HDAC proteins preferentially activated the
reporter by increased promoter transcription. Silencing of class Il HDAC proteins maintained transcrip-
tional activity; however silencing of HDAC 5 and 6 also appeared to enhance inclusion of an alternatively
spliced exon. This work highlights HDAC proteins 2 and 6 as excellent investigative targets. These data
are important to the basic understanding of SMN expression regulation and the refinements of current

therapeutic compounds as well as the development of novel SMA therapeutics.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive neu-
rodegenerative disease that has a carrier frequency of 1 in 35
and affects approximately 1 in 6000 individuals. It is characterized
by the progressive degeneration of alpha motor neurons and
resulting weakness and deterioration of muscles. SMA is caused
by the deletion or mutation of the survival motor neuron 1
(SMN1) gene [1]. Loss of SMN1 is partially compensated by
SMN2, the result of a gene duplication event in humans. SMN2 pre-
dominantly produces mRNA that is alternatively spliced, which ex-
presses a truncated protein that lacks exon 7. This protein is
unstable and is quickly degraded, however maintains the ability
to rescue viability but cannot overcome neurological defects [2].

Alternative splicing of SMN2 is caused by a single C to T base
change at the +6 position of SMN2 exon 7 [3,4]. Approximately
10% of transcripts produced from the SMN2 locus encode full
length SMN protein, in contrast to SMN1 which produced greater
than 95% exon 7 included transcripts. The C to T transition results
in the abrogation of exonic splicing enhancers (ESE) and concur-
rently strengthen an exonic splicing silencer (ESS) [2,5-7]. These
sites are populated by numerous protein complexes. Three pro-
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teins of note are hnRNP A1, hTra2p, and SF2/ASF. The latter two
proteins have been shown to promote exon 7 inclusion while bind-
ing of the former inhibits efficient splicing [7].

SMA disease severity has an inverse correlation to SMNZ2 gene
dosage [8,9]. As a result, the SMN2 gene is an excellent drug target
for SMA therapy. Increases in full length protein expression or
inclusion of exon 7 from the SMN2 gene can act to ameliorate dis-
ease symptoms. Compounds currently in clinical trials include a
class of drugs that function as histone deacetylase (HDAC) inhibi-
tors including phenyl butyrate [10-12], and valproic acid [12].
HDACs work by opposing histone acetyl-transferase proteins to
determine the steady state levels of histone acetylation [13]. This
post-translational modification of histone tails regulates the con-
formation of chromatin and partially controls the access of tran-
scriptional machinery to DNA. HDAC proteins are categorized
into four classes primarily based on homology to yeast deacetylase
proteins. Class | HDACs (HDACs 1, 2, 3, and 8) are similar to the Sac-
charomyces cerevisiae transcriptional regulator RPD3. Class II
HDACs (HDACs 4, 5, 6, 7, 9, and 10) are more closely related to
yeast HDA1. Class Il HDAC proteins are homologous to yeast
SIR1 and are Nicotinamide adenine dinucleotide (NAD+) depen-
dent. HDAC11 is a separate class as there is insufficient sequence
or functional data to categorize it in any of the other three classes
(reviewed in [14]).

Many HDAC inhibitors effective at increasing SMN expression
target both class I and class II HDACs [15-17]. According to pub-
lished data for M344 and suberoylanilide hydroxamic acid
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(SAHA/vorinostat), the most likely mechanism of action of these
drugs is through improved access of transcription machinery to
the SMIN2 promoter and by promotion of exon 7 inclusion by the
regulation splicing factors. M344 and SAHA are pan-HDAC inhibi-
tors, targeting both class I and class II HDAC proteins.

In this study we elucidate the role that individual HDAC pro-
teins have on the regulation of SMN expression. We targeted
HDACs 1-8 by the expression of short hairpin RNAs (shRNAs)
and measured SMN protein levels using a SMN2 luciferase reporter
cell line. We explored the effects of reduced HDAC protein levels on
SMN2 transcription, exon 7 inclusion, and mRNA expression levels
of SMN splicing modulators hTra2p, hnRNP A1, and SF2/ASF.
Silencing of individual HDAC mRNA was sufficient to increase the
amount of SMN reporter transcripts, and increase reporter activity.
Changes in total and full length mRNA were differentially affected
by the individual HDAC proteins silenced. While enhancing the ba-
sic understanding of SMA biology and SMN2 gene expression regu-
lation, these data will also identify potential drug targets that may
have less toxic properties than pan-HDACi while maintaining suf-
ficient SMN protein induction.

2. Materials and methods
2.1. Tissue culture

Cells were incubated at 37 °C with 5% CO,. HEK-293 reporter
SMN2-luciferase cells were grown in D-MEM (Gibco, #11995) with
10% fetal bovine serum (Sigma) and 1x Pen-Strep (Gibco, #15140)
with 200 pg/mL hygromycin B (Invitrogen, #10687-010). Primary
human SMA patient fibroblasts, 3813, were grown in D-MEM with
15% fetal bovine serum and 1x Pen-Strep.

2.2. shRNA vectors and transfection

All shRNA vectors were obtained from openbiosystems via the
UMass Medical School RNAI Core Facility. All shRNAs were in the
PGIPZ vector also expressing GFP under the CMV promoter. HDAC1
(V2LHS_61809, V3LHS_344564), HDAC2  (V2LHS_132136,
V3LHS_382880), HDAC3 (V2LHS_53152, V3LHS_380875), HDAC4
(V2LHS_71327,  V3LHS_340831), HDAC5 (V2LHS_68644,
V3LHS_321382), HDAC6 (V2LHS_71188, V3LHS_330045), HDAC7
(V2LHS_96401, V3LHS_351666), and HDAC8 (V3LHS_355330,
V3LHS_355335), pGIPZ non-silencing control. shRNAs (1 ng) were
transfected into 200,000 SMN2-luciferase reporter cells in a 12 well
tissue culture treated dish using Lipofectamine 2000 (Invitrogen) at
a 1:4 DNA:Lipofectamine 2000 ratio.

2.3. Luciferase assays

Luciferase was measured 48 h post transfection by harvesting
cells with 1x trypsin (Gibco, #15050-065) followed by trypsin
inhibitor (Invitrogen, #17075-029) followed by PBS collection
and centrifugation. Ten percent of cells by volume were equally
distributed into 3 wells of a white tissue culture 96 well plate.
The remaining 90% of cells were saved for RNA quantification. Pro-
mega Dual-glo luciferase assay system was used to determine
SMN-luciferase activity. MS-275 was purchased through Selleck-
Chem (#W12277).

2.4. Primary cell assays

Lentiviruses expressing HDAC shRNA clones were obtained
from the UMass Medical School RNAi Core Facility. Lentivirus
was added to 250,000 primary 3813 cells, plated in a 10 cm tissue
culture dish, at a multiplicity of infection (MOI) of 10 in the pres-

ence of polybrene. Growth medium containing 10% FBS and 1%
p/s was replaced 24 h following infection and allowed to grow an
additional 48 h before harvesting. Reduced mRNA steady state lev-
els were confirmed by semiquantitative endpoint PCR with the
same primer sets and conditions as the reporter cell assays.

2.5. PCR and qRT-PCR

RNA was isolated from cells using Trizol Reagent (Invitrogen,
#15596-026). cDNA was generated using the Improm-II
Reverse Transcription System (Promega, #A3801). Primer
sequences: Exon5/Xho-forward: catttccttctggaccactcgag,
Exon6-forward: gcccaaatctgctccatggaac, Luciferase-reverse: ata-
gcttctgecaac cgaacgg, Exon7-reverse: taaggaatgtgagcaccttccttc,
Exon8-reverse: gatctgtctgatcgtttctttagtgg, GAPDH-reverse (G3A):
tccaccaccctgttgetgta, GAPDH-forward (G3S): accacagtccatgccatcac.
The primer pairs to determine splicing factor mRNA changes
were as follows (forward, reverse), hTra2p (cacatcgaccggcgacagcea,
ccccgatccgtgageacttcc),  SF2/ASF  (ttagatctcatgagggagaaactgcc,
ggcttctgctacg actacgge), hnRNP Al (agggcgaaggtaggctggca,
gcttectcagetgttcgggct).qPCR was performed as described in the pro-
tocol for iQ SybrGreen Supermix (BioRad, #170-8882) in an Eppen-
dorf Mastercycler ep Realplex 4 real-time PCR machine. Reactions
were incubated for a 10 min 94 °C hot start followed by 45 cycles
of the following: 94 °C for 45 s, 60 °C for 15 s, 72 °C for 45 s. The
Pfaffl method was used to determine the change in transcript levels
relative to the DMSO or non-silencing shRNA controls and normal-
ized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

2.6. Chromosome immunoprecipitation (ChIP)

ChIP protocol was performed as described (Upstate Cell Signal-
ing) using anti-acetyl histone H3 (Upstate, #06-599) and RNA Poly-
merase Il CTD (abcam, #ab5095). Antibodies were bound and
washed using Protein A Dynabeads (Invitrogen, #10002D). DNA
was purified using Qiagen Quick PCR Clean-Up Kit. qPCR was per-
formed as above. Percent input bound was calculated based on a 5
point standard dilution curve of each relative input. Primer se-
quences: Forward (promoter): ggccaccgtactgttccge, reverse (exon
2): ccaaatgtcagaatcatcgctctgg.

2.7. Statistics

Two tailed t-test was used to calculate statistical significance
relative to DMSO or non-silencing shRNA controls. P-values -
(** - <0.0001, ** - 0.0001-0.001, ** - 0.0011-0.01, * - 0.011-
0.05). Error bars are SEM.

3. Results
3.1. SMN2-luciferase reporter responds to HDAC inhibitors

We theorized that individual HDAC proteins have distinct con-
tributions to the regulation of SMN expression. Increases in SMN
protein levels by a pan-HDAC inhibitor may be the result of the col-
lective and potentially additive effects by suppression of multiple
HDAC proteins. We wished to characterize how a class I specific
HDAC inhibitor would respond in our reporter cell system. We
compared the selective HDAC inhibitor MS-275 (Entinostat) with
two pan-HDAC inhibitors, SAHA and M344. Both have been re-
ported to increase SMN levels. The reporter used in this study is ex-
pressed from the 3.4 kB SMN2 promoter followed by exons 1-5
cDNA linked to a SMN2-luciferase splicing cassette [18]. The lucif-
erase protein is only properly translated when SMN exon 7 is in-
cluded in the processed mRNA. When exon 7 is excluded, the
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exon 6-8 junction shifts the reading frame and translation is pre-
maturely terminated early in the luciferase gene. Each of these
drugs were tested at four concentrations, 370 nM, 1.1, 3.3 and
10 pM. Both SAHA and M344 increased SMN luciferase levels up
to 10-fold. MS-275 activity was less active, only achieving 4-fold
increase of the fusion protein (data not shown). Activation of the
reporter by the class I specific drug MS-275 implies that inhibition
of a subset of HDAC proteins is sufficient to increase SMN protein
levels.

To further elucidate the mechanism that the individual HDAC
inhibitors use to increase the SMN expression, we quantified
changes in the reporter mRNA. Primers used to measure the total
levels of reporter mRNA which included both exon 7 included
and excluded messages. Separate reactions were used to indepen-
dently measure the increase or decrease of exon 7 included or full
length mRNA. An increase of exon 7 included reporter mRNA great-
er than that observed for total reporter mRNA infers a shift in the
splicing of exon 7 because changes in splicing of the reporter
mRNA should not affect the amount of mRNA present, only the ra-
tio of total reporter mRNA to exon 7 excluded transcripts.

SAHA and M344 increased both total and exon 7 included
mRNA in the reporter cells. As the drug concentration increased
there was a greater difference between exon 7 included transcripts
and total mRNA (Fig. 1). This suggests that at lower concentrations
the pan-HDAC inhibitors may directly affect the acetylation state of
the histones populating the SMN2 reporter promoter. With the in-
crease of drug, there is also an increased effect on relevant targets
potentially including the splicing factors that modify SMN2 splic-
ing. Reporter mRNA analysis agrees with previously published re-
porter reporting these drugs not only increase the transcription
activity at the SMN2 promoter but also increase exon 7 inclusion.

Analysis of mRNA changes following MS-275 treatment re-
vealed a different profile than what was observed with the pan-
inhibitors. Class I specific HDAC inhibition increased both total
and exon 7 included mRNA. However, the fold increases of the total
transcript exceeded that of exon 7 included (Fig. 1). Therefore, we
propose that the increase in full-length exon 7 included message
corresponds to the MS-275 dependent increase of total SMN2 re-
porter transcription and not an increase in exon 7 splicing
efficiency.

3.2. Silencing of HDAC proteins increases SMN reporter protein and
mRNA levels

Analysis of mRNA increases with MS-275 and pan-HDAC inhib-
itors SAHA and M334 suggested key mechanistic differences
between the class I and Il HDACs. Therefore, we targeted HDACs
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1-8 using shRNA to explore the possible role that each plays in reg-
ulating SMN levels. We confirmed knockdown using semi-quanti-
tative endpoint-PCR (data not shown). Reduced levels of the class I
HDAC1, 2, 3, and 8, all increased SMN-luciferase reporter by at
least 1.5-fold (Fig. 2A). Knockdown of the individual class Il HDAC
proteins, HDAC4, 6, and 7 resulted in an increase of reporter activ-
ity, with HDAC6 showing the highest gain. HDAC5 shRNA did not
result in activation of the reporter.

Increased mRNA expression profiles for each class of protein
mirrored the results from the drug assays. Knockdown of the class
[ proteins HDAC1, 2, 3, and 8 increased total mRNA greater than
exon 7 included transcript (Fig. 2B). This is consistent with results
from MS-275 treatment and supports our hypothesis that the class
I HDACs plays a role in transcriptional regulation. Analysis of
mRNA increases following shRNA transfection of the class Il HDAC
protein revealed a more diverse set of profiles. Silencing of HDACs
4 and 7 resulted in a pattern consistent with transcriptional regu-
lation, while HDAC5 and 6 shRNA treatment displayed a more sub-
dued response that suggests that these proteins play a role in
recognition and inclusion of exon 7 (Fig. 2B). HDAC5 shRNA treat-
ment resulted in an increase of SMN-luciferase mRNA transcripts
without any noticeable impact on SMN-luciferase activity
(Fig. 2A). The reported function of HDAC5 does not indicate an
explanation for this observation. It is possible that silencing of
HDACS5 increased reporter mRNA and promoted inclusion of exon
7, but concurrently inhibited translation, caused a premature ter-
mination, or translational frame shift.

3.3. Analysis of changes of endogenous splicing factor mRNAs

Increases in mRNA and protein levels of the known SMN splic-
ing factors Tra2B, hnRNAP A1, and SF2/ASF have been reported to
promote inclusion of SMN exon 7 in SMN2 transcripts. To investi-
gate whether these same mechanisms are operative in the reporter
cells; we measured the mRNA levels of these splicing factors fol-
lowing drug or shRNA treatment. hnRNP A1, an inhibitory splicing
factor, was decreased following treatment with each of the three
chemical HDAC inhibitors tested. At 10 uM M344, hnRNP Al tran-
scripts were elevated relative to the lower levels observed at lower
drug concentrations. hTra2p transcript levels were increased in re-
sponse to both M344 and SAHA, with no effect in response to MS-
275 treatment. SF2/ASF was only significantly increased when re-
porter cells were treated with M344 (Fig. 3A). This is in agreement
with data in Fig. 1 showing a more potent response in fold increase
of exon 7 included mRNA in response to M344 over that of SAHA at
the same concentration. Analysis of these same transcripts follow-
ing shRNA treatments did not reveal any direct pattern associated
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Fig. 1. HDAC inhibition increases SMN-luciferase reporter mRNA levels. qRT-PCR was used to measure increases of SMN-luciferase mRNA following treatment with HDAC

inhibitors. Fold increase of mRNA was normalized to GAPDH.
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Fig. 2. shRNA silencing of individual HDACs increase SMN-luciferase activity and mRNA. (A) HDAC shRNAs increase SMN-luciferase activity levels. SMN2 reporter cells were
treated for 48 h with shRNA. HDAC?2 silencing increase luciferase activity the greatest at nearly 2-fold. HDAC5 knockdown appears to have no effect on luciferase activity (B)
qRT-PCR was used to measure increases of SMN-luciferase mRNA following treatment with HDAC shRNA. Fold increase of mRNA was normalized to GAPDH.

with the mechanisms determined by SMN transcripts analysis.
shRNAs specific to HDAC1 or HDAC2, both suspected transcrip-
tional regulators, show nearly identical effects on total and exon
7 included SMN reporter mRNAs in Fig. 2; however, in this exper-
iment low levels of HDACT significantly increased hTra2p and SF2/
ASF, while HDAC2 shRNA treatment was inconsequential (Fig. 3B).
Additionally, silencing of HDAC5 and 6 similarly increase the levels
of endogenous splicing factors as HDAC1; yet analysis of the SMN
reporter transcripts argues the mechanism of SMN increase differs
between the two HDACs. Therefore, there is no direct correlation of
these splicing factor mRNA levels to the affect on SMN reporter
mRNA. Modulation of SMN splicing is not exclusive to these three
proteins measured. The entirety of proteins required to promote
exon 7 inclusion may not be sufficiently modified by single HDAC
knockdown. Hence, the reason why more potent pan-HDAC inhib-
itors may be required to directly modify SMN exon 7 splicing.

3.4. Quantification of acetyl-histone H3 and RNA Polymerase II at the
reporter promoter

We measured the amount of acetyl-histone H3 and RNA Poly-
merase I (RNAP) present at the reporter promoter to determine
the effects sShRNA or HDAC inhibitor treatment imparts on tran-
scriptional modulators. We treated reporter cells with a single dos-
age of each HDACi as well as each shRNA. We performed
chromosome immunoprecipitation (ChIP) using an acetyl-histone
H3 and RNAPII antibodies and subsequent qPCR to measure the
percent of input DNA bound by acetyl-H3 and RNAP. Treatment
of the cells with each of the three HDAC inhibitors resulted in in-

creases of approximately 1.5-fold in RNAP ChIP at the reporter pro-
moter. Increased ChIP of acetyl-H3 was moderate with SAHA and
MS-275 treatment (Fig. 3). Increases of acetyl-H3 with HDACi in
the reporter cells were consistent with published reports. HDAC
shRNA treatment did not yield any statistically significant in-
creases of acetyl-H3 or RNAP ChIP with the exception of HDAC7
(Fig. 4). HDAC7 silencing increased the amount of RNAP Polymer-
ase ChIP at the SMN2 reporter promoter 1.4-fold. This result is
comparable to drug treatment and supports the data that HDAC7
primarily regulates SMN transcription (Fig. 2B).

4. Discussion

HDAC inhibitors most effective at increasing SMN protein levels
do not discriminate between HDAC classes. These drugs act glob-
ally, and as a result increase expression of the SMN2 gene and
the levels of other modulating proteins such as splicing factors.
However, the pitfalls of off-target effects need to be addressed.
To examine this and gain a better understanding of the contribu-
tions of individual HDAC proteins, we targeted individual HDAC
mRNAs and measured the effects of shRNA treatment on SMN2
transcription and splicing.

In a HEK293 SMN2-luciferase reporter cell line we were able to
detect changes in SMN2 mRNA and protein in response to individ-
ual HDAC knockdown. We were able to demonstrate that targeted
silencing of individual HDAC proteins increased full length SMN
protein. Our experiments support that each HDAC protein, with
the exception of HDACS5, contributes to increasing SMN protein
with potential of overlapping of mechanisms. Inhibition of class I
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Fig. 3. Quantitative PCR of endogenous splicing factors in response to HDAC inhibitor treatment in SMN2-luciferase reporter cells. SMN2-luciferase reporter cells were treated
with 4 concentrations of HDAC inhibitors SAHA, M344, and MS-275. mRNA levels of splicing factors hTra2p (white bars), hnRNPAT1 (gray bars), and SF2/ASF (dark gray bars).
qRT-PCR was used to measure fold changes in transcript levels relative to DMSO carrier treated cells. GAPDH was used for normalization. (B) SMN2-luciferase reporter cells
were treated with HDAC specific ShRNA. mRNA levels of splicing factors hTra2p (white bars), hnRNPA1 (gray bars), and SF2/ASF (dark gray bars). qRT-PCR was used to
measure fold changes in transcript levels relative to a non-silencing shRNA control. GAPDH was used for normalization.
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Fig. 4. Quantitative chromosome immunoprecipitation of the SMN2-luciferase promoter. The SMN promoter was isolated from HDAC inhibitor and HDAC shRNA treated
HEK293T SMN2-luciferase reporter cells using chromosome immunoprecipitation. Irrelevant rabbit IgG was used for a negative control. qPCR was used to accurate determine
the percent of input DNA bound by anti-acetyl-H3 and anti-RNA Polymerase CTD antibodies.

HDAC s or class Il HDACs 4 and 7, appeared to modulate SMN2 re-
porter transcription, while exon 7 inclusion was regulated by the
class I HDAC proteins 5 and 6.

However, HDAC2 and HDAC 6 may be the most compelling tar-
gets for SMA therapy. Recent works have identified these two
HDACs as having neuroprotective properties. Specifically, HDAC2

deficiency resulted in increased synapse number as well as im-
proved memory formation [19]. Interestingly, HDAC2, but not
HDACT, populates promoters of genes directly associated with syn-
aptic plasticity. Further highlighting the role of HDAC2 in synaptic
plasticity, SAHA was unable to change synapse numbers in HDAC2
deficient mice in contrast to treated wild-type animals [19]. This
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suggests that the transcriptional effect of SAHA on SMN2 expres-
sion may be dependent on HDAC2.

HDACS is an interesting drug target because a neuron-specific
function has been extensively established. Regulation of HDAC6
levels or microtubule related activity could drastically alter a mo-
tor neurons ability to respond to external stimuli and either pro-
mote or inhibit survival. HDAC6’s role in preventing autophagy is
linked to association with poly-ubiquitinated proteins and promot-
ing their degradation reducing aggregation related neurondegreda-
tion [20,21]. It is possible that inhibition of HDAC6 alters the
stability of the SMN protein by countering any mechanism that
may promote the proteosome based degradation of SMN. In com-
bination with proposed neuroprotective properties, as well as un-
ique mechanisms to increase full length SMN protein, inhibition
of one or both of these two HDAC proteins may have profound
implications in SMA therapy.

The advantage of pan-inhibitor compounds is that transcrip-
tional and splicing pathways are being targeted simultaneously.
This is most likely why the most potent HDACi drugs currently un-
der investigation for SMA fall into this class of compounds.
However, many of these same drugs mentioned, including SAHA,
MS-275, phenyl butyrate, valproic acid, and sodium butyrate are
currently used or are in clinical trials for cancer therapy. It is this
class of drugs propensity to induce toxic effects on cell cycle and
also cell death that make them valuable in this context. Com-
pounds that are more specific in could be more effective in SMA
therapy and lack potential undesirable cytotoxic side effects.

Development of more effective and targeted therapies depends
of the complete understanding of HDACs are involved in SMN reg-
ulation. This study has shown that inhibition of an individual
HDAC is sufficient to increase SMN2 transcription as well as pro-
mote the inclusion of exon 7. Based on our observations, it should
be possible to identify compounds that increase SMN expression
while avoiding the broad genomic effects of the pan-HDAC inhibi-
tors it and preventing any associated toxicity. A compound that is
capable of achieving this, while maintaining potency would be ex-
tremely beneficial to SMA patients and families.
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