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ATRA transcriptionally induces nSMase?2 through
CBP/p300-mediated histone acetylation®
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Abstract Neutral sphingomyelinase-2 (nSMase2) is a key
ceramide-producing enzyme in cellular stress responses.
While many posttranslational regulators of nSMase2 are
known, emerging evidence suggests a more protracted regu-
lation of nSMase?2 at the transcriptional level. Previously, we
reported that nSMase2 is induced by all-trans retinoic acid
(ATRA) in MCF7 cells and implicated nSMase2 in ATRA-
induced growth arrest. Here, we further investigated how
ATRA regulates nSMase2. We find that ATRA regulates
nSMase2 transcriptionally through the retinoic acid receptor-c,
but this is independent of previously identified transcrip-
tional regulators of nSMase2 (Sp1l, Sp3, Runx2) and is not
through increased promoter activity. Epigenetically, the nS-
Mase2 gene is not repressively methylated in MCF7 cells.
However, inhibition of histone deacetylases (HDACs) with
trichostatin A (T'SA) induced nSMase2 comparably to ATRA;
furthermore, combined ATRA and TSA treatment was not
additive, suggesting ATRA regulates nSMase2 through direct
modulation of histone acetylation. Confirming this, the his-
tone acetyltransferases CREB-binding protein and p300 were
required for ATRA induction of nSMase2. Finally, use of class-
specific HDAC inhibitors suggested that HDAC4 and/or
HDACS5 are negative regulators of nSMase2 expression.Hl
Collectively, these results identify a novel pathway of nSMase2
regulation and suggest that physiological or pharmacologi-
cal modulation of histone acetylation can directly affect
nSMase?2 levels.—Clarke, C. J., A. A. Shamseddine, J. J. Jacob,
G. Khalife, T. A. Burns, and . Y. A. Hannun. ATRA transcrip-
tionally induces nSMase2 through CBP/p300-mediated his-
tone acetylation. J. Lipid Res. 2016. 57: 868-881.
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Sphingolipids such as ceramide (Cer) are bioactive lip-
ids involved in many cellular processes including apopto-
sis, proliferation, and differentiation (1). Cer is produced
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through multiple pathways, and it functions as a central
hub in the sphingolipid network, an interlinked system of
metabolic enzymes that tightly control cellular sphingo-
lipid levels; of these pathways, the hydrolysis of SM by the
SMases is a major pathway for stress-induced Cer genera-
tion. At present, three main classes of SMase are known
and classified according to the pH optima of their activity
(acid, neutral, and alkaline, respectively), of which the acid
and neutral SMases (nSMase) are thought to play primary
roles in stress and cytokine-induced Cer production (2, 3).
Currently, four mammalian nSMases have been cloned
and characterized, nSMasel (SMPD2), nSMase2 (SMPD3),
nSMase3 (SMPD4), and mitochondria-associated nSMase
(SMPD5). Of these, nSMase?2 is by far the most studied
and has been implicated in the cellular response to cyto-
kines such as TNF and interleukin-18, chemotherapeutic
drugs, and oxidative stress (2). Physiologically, nSMase2 has
been implicated in apoptosis (4), growth arrest (5, 6), in-
flammation (7), mitogenesis (8), aging (9), and mineral-
ization of bone and teeth (10, 11).

Considerable research has focused on understanding the
acute transient activation of nSMases, and many regulators of
nSMase?2 in this process have been identified, including
p38 MAPK (7, 12), protein kinase C-3 (PKC-3) (13), matrix
metalloproteinase-2 and integrins (8), calcineurin (14),
and the proteins FAN and EED1 (15). More recent studies
have suggested that phosphorylation of nSMase2 can
regulate both its activity and stability (14, 16), although the
specific upstream kinases involved have yet to be deter-
mined. Posttranslational regulation of nSMase2 in response
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to reactive oxygen species (ROS) and glutathione deple-
tion has also been reported (9). Clearly, nSMase2 regula-
tion is complex, likely depending on both the cell type
and the stimulus. Indeed, emerging evidence has begun
to point to a more protracted regulation of at the tran-
scriptional level. Increases in nSMase2 expression have
been reported in response to bone morphogenetic protein-2
(BMP2) (17, 18), daunorubicin (19), cigarette smoke
(20), confluence (6), the hedgehog signaling mediator cy-
clopamine (21), and all-trans retinoic acid (ATRA) (5, 22,
23). Notably, in the latter two cases, increased expression
of nSMase2 was required for ATRA-induced growth ar-
rest (23) and cyclopamine-induced apoptosis, respectively
(21). Additionally, expression of nSMase2 was increased
in mature osteoblasts compared with mesenchymal pre-
cursors, consistent with a role for nSMase2 in bone ho-
meostasis (10). However, despite multiple known inducers
of nSMase2, to date only three transcription factors have
been implicated in regulating nSMase2 expression; Spl
and Sp3 were suggested to be important for daunorubicin
and ATRA responses (19, 22) while Runx2 was implicated
in the BMP2 response in both osteoblasts and chondro-
cytes (17, 18). In addition, cyclopamine induction of
nSMase2 required generation of reactive nitrogen species
(RNS) and was sensitive to treatment with N-acetylcysteine
(NAC) (21). Finally, PKC-3 was implicated in ATRA-
mediated nSMase2 induction through mediating Spl phos-
phorylation (22). However, this study focused on ATRA
concentrations (10 wM) far in excess of those achieved
pharmacologically (<1 wM) or observed physiologically
(<0.1 uM). Thus, the biological relevance of these relation-
ships is unclear.

In our recent study, we identified nSMase2 as an early
ATRA-induced gene and implicated nSMase2 in growth
arrest induced by a pharmacological ATRA dose (7). In
this study, we have further investigated mechanisms under-
lying nSMase?2 induction by ATRA. We report that ATRA
induces nSMase2 at the transcriptional level through the
retinoic acid receptor (RAR)-a. Moreover, the data sug-
gest that ATRA induction of nSMase2 does not require
any of the previously reported regulators of nSMase2 tran-
scription (Runx2, Sp1, Sp3, RNS) and does not appear to
be through activation of the putative Smpd3 promoter.
Instead, ATRA appears to regulate nSMase2 through epi-
genetic effects on histone acetylation and requires CBP/
p300 histone acetyltransferase (HAT).

MATERIALS AND METHODS

Materials

MCF7 and MDA-MB-231 breast carcinoma cells were obtained
from ATCC (Manassas, VA). RPMI and DMEM culture medium,
FBS, blasticidin S HCI, and superscript reverse transcriptase were
obtained from Life Technologies (Carlsbad, CA). Antibodies for
nSMase2, Runx2, Sp1, and Sp3 were from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Trichostatin A (TSA) and antibodies for
acetyl-histone H3 (K9) and histone H3 were from Cell Signal-
ing (Danvers, MA). Anti-actin was from Sigma (St. Louis, MO).

Enhanced chemiluminescence kit was from Pierce. Histone
deacetylase (HDAC) inhibitors LMK and mocestinostat were
from Selleck Biochem (Houston, TX). Retinoic acid, Amb80,
vorinostat, cycloheximide (CHX), and all other chemicals, unless
indicated otherwise, were obtained from Sigma.

Cell culture and siRNA

MCF?7 cells were maintained in RPMI media containing 10%
FBS; MDA-MB-231 cells were maintained in DMEM containing
10% FBS. Cells were maintained at 37°C, 5% COy in a humidified
atmosphere. For experiments, cells were subcultured in 60 mm
(200K) and 100 mm (500K) dishes with media being changed
1-2 h prior to the start of experiments. For siRNA, cells were
transfected using both forward and reverse transfection meth-
ods. For forward transections, cells were seeded in 60 mm (150K),
and after 24 h, cells were transfected with 20 nM negative control
(AllStar, Qiagen) or siRNA using oligofectamine or lipofectamine
RNAimax (Life Technologies) according to the manufacturer’s
protocol (Spl, Sp3, Sox9, HoxAb, ID1, IRFI siRNA from Qiagen;
Runx2, CBP, p300 siRNA from Life Technologies). For reverse
transfection, cells were seeded directly into media containing
siRNA complexes using lipofectamine RNAimax according to the
manufacturer’s protocol. In both cases, after 48 h, cells were incu-
bated in fresh media for 1-2 h prior to stimulation as indicated.

Protein extraction and immunoblot analysis

To extract cellular protein, cells were scraped in RIPA buffer
and lysed by sonication. Protein concentration was estimated by
the Bradford assay, and aliquots of lysates were mixed with equal
volumes of x2 Laemmli buffer (Biorad), vortexed, and boiled for
5-10 min. Protein was separated by SDS-PAGE and immunoblot-
ted as described previously (5, 7)

Real-time PCR

Following stimulation, mRNA from MCF7 cells was extracted
using the RNEasy kit (Qiagen). RNA (0.5-1 pg) was used to syn-
thesize cDNA with either the Superscript II Kit for first-strand
synthesis (Invitrogen) or Quanta cDNA mastermix. Following
c¢DNA conversion, samples were diluted to 300 pl with molecular-
biology-grade dH,O. Real-time RT-PCR with SYBR green (Biorad)
was performed on a Biorad iCycler detection system. Standard
reaction volume was 25 pl containing 12.5 pl supermix, 6.5 pl
dH,O (Sigma), 100-500 nM oligonucleotide primers (IDT), and
5 pl ¢cDNA template (diluted 12x in molecular-biology-grade
dH,0). Initial steps of quantitative RI-PCR (qRT-PCR) were 2 min
at 50°C for UNG erase activation, followed by a 3 min hold at
95°C for enzyme activation. For all primers, cycles (n = 40) con-
sisted of a 10 s melt at 98°C, followed by a 45 s annealing at 55°C
and 45 s extension at 68°C. The final step was 55°C incubation
for 1 min. All reactions were performed in triplicate, and thresh-
old for cycle of threshold (Ct) analysis of all samples was set at
0.15 relative fluorescence units. Data were normalized to an in-
ternal control gene, actin, to control for RNA preparation. Analy-
sis of a single PCR product was confirmed by melt-curve analysis.
Real-time PCR with Tagman assays was performed on the ABI
7500 real-time system using iTaq mastermix (Biorad). Standard
reaction volume was 15 pl containing 7.5 pl supermix, 3.25 pl
dH,O (Sigma), 0.25 pl 60x Tagman assay, and 3.75 pl cDNA tem-
plate (diluted 12x in molecular-biology-grade dH,O). The quan-
titative PCR protocol consisted of 2 min enzyme activation at
95°C followed by 40 cycles consisting of a 10 s melt at 98°C, fol-
lowed by a 60 s anneal and extension at 60°C. All reactions were
performed in triplicate. Actin was used as a reference gene in all
cases, and Ct values were converted to mean normalized expres-
sion using the AACt method. All Tagman assays were purchased
from Life Technologies.
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Analysis of heteronuclear RNA

RNA was extracted and treated with DNase (Ambion) for two
rounds according to the manufacturer’s protocol. Treated RNA
was processed for cDNA and real-time RT-PCR as described
above. For detection of nSMase2 heteronuclear RNA (hnRNA),
Tagman assays that span intron-exon junctions were utilized. Actin
was used as reference gene, and analysis of no template controls
was performed to confirm no contamination of genomic DNA.

Promoter activity by luciferase assay

MCF7 cells were seeded in 60 mm dishes and, 24 h later, were
transfected with 1 wg nSMase2 promoter-luciferase and 0.5 ug
pEF6-LacZ using Xtremegene 9 (Roche) according to the manu-
facturer’s protocol. After 6 h, media was changed for 1 h prior to
stimulation with vehicle (DMSO), ATRA (1 wM), or doxorubicin
(200 nM) for 24 h. Luciferase and galactosidase activities were
extracted and assayed using the luciferase and high-sensitivity ga-
lactosidase assay kits (Stratagene) according to the manufactur-
er’s protocol. Measured luciferase activity was normalized to
galactosidase activity.

Transcription factor array

To facilitate analysis of transcription factors in the early ATRA
response, a transcription factor array (SA Biosciences/Qiagen)
was utilized (PAHS-075). To run the array, a mastermix of 1,275 pl
SYBR-green, 102 pl ¢cDNA, and 1,173 pl dH,O was prepared for
each cDNA template, and 25 pl of the mastermix was loaded per
well. The RT-PCR protocol consisted of 10 min at 95°C for poly-
merase activation followed by 40 cycles of a 15 s melt at 95°C and
60 s at 60°C for annealing and extension. After the cycles were
run, a melt curve was performed to confirm a single product for
each primer pair. Data were analyzed utilizing the PCR Array
Data analysis portal (http://www.sabiosciences.com).

Chromatin immunoprecipitation assay

For analysis of acetyl-histone H3 (Ac-H3) enrichment at the
nSMase2 and nSMase3 genes, the Magna ChIP A kit (EMD Mil-
lipore) was utilized according to the manufacturer’s instructions.
For these experiments, ~1 x 107 cells was used for immunopre-
cipitation with the Ac-H3 (K9) antibody (C5B11; Cell Signaling)
using normal rabbit IgG (#2729; Cell Signaling) as negative con-
trol. Following chromatin immunoprecipitation (ChIP) and pu-
rification of DNA, levels of nSMase2 and nSMase3 were analyzed
by qRT-PCR with the following primers: N2-F, CAGGGTCC-
GAGGCAGAAAT; N2-R, AGACCACATCCCCCAGAGAC; N3-F,
GCGTCATTGAAGCCCAACAG;andN3-R,CGGGCGGACCAG-
AAAATTG. For all PCR analyses, melt curves were performed to
ensure single products. Relative DNA in immunoprecipitates was
normalized to total input, and enrichment is calculated as DNA
in Ac-H3 over IgG negative control.

Statistical analysis

Data are represented as mean + SEM, unless otherwise indi-
cated. Statistical analysis was by unpaired Student’s +test, one-way
ANOVA or two-way ANOVA as indicated with P< 0.05 being con-
sidered statistically significant and n representing the number of
experiments as indicated.

RESULTS

ATRA regulates nSMase2 through RAR-« receptors

Previously, we reported that nSMase2 is an early in-
duced gene in the ATRA response and is regulated in a
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time- and dose-dependent manner (7). Here, the mecha-
nism by which ATRA regulates nSMase2 was explored.
ATRA effects are primarily mediated by nuclear recep-
tors, whereas the synthetic ATRA analog fenretinide
(4HPR) has acute functions that are independent of
RARs (24). Accordingly, to confirm that ATRA effects
on nSMase2 were receptor mediated, the effects of
4HPR and ATRA were compared (Fig. 1A). As can be
seen, treatment with 4HPR had no significant effect on
nSMase2 expression compared with the strong effect
seen with ATRA suggesting that nSMase2 regulation is
directly through nuclear receptors. There are currently
three subtypes of ATRA receptor (RAR-a, RAR-$2, and
RAR-y), and MCF7 cells express all three subtypes,
whereas MDA-MB-231 cells possess primarily the RAR-~y
subtype (25). To determine which receptor is important
for nSMase2 induction, the effects of the RAR-a agonist
Amb80 on nSMase2 mRNA were investigated (Fig. 1B).
As can be seen, Am580 treatment (100 nM, 12 h) signifi-
cantly increased nSMase2 expression, comparable to the
ATRA response. In contrast, ATRA stimulation of MDA-
MB-231 cells had no effect on nSMase2 induction (Fig.
1C). To consolidate these results, two structurally distinct
RAR-a antagonists, Ro-415253 and ER-50891, were used.
As can be seen, preincubation with 1 and 5 wuM Ro-415253
(Fig. 1D) or 5 and 10 uM ER-50891 (Fig. 1E) significantly
inhibited ATRA induction of nSMase2. Taken together,
this confirms ATRA regulates nSMase?2 through the RAR-o
subtype.

The binding of ATRA to RARs induces a conforma-
tional change leading to recruitment of transcriptional
coactivators and direct upregulation of target genes. To
determine whether nSMase2 is a direct target of RAR-q,
MCF7 cells were preincubated with or without CHX
(50 pg/ml). If ATRA is still able to induce nSMase2 mRNA
in the absence of protein synthesis, this would imply that
RAR-a directly interacts with the nSMase2 gene (Fig. 1F).
As seen before, ATRA strongly induced nSMase2 mRNA in
the absence of CHX; however, in the presence of CHX,
ATRA was unable to increase nSMase2 mRNA suggesting
that ATRA requires synthesis of an intermediate regula-
tory factor to induce nSMase2.

ATRA induces nSMase?2 at the transcriptional level

The requirement of an intermediate factor for ATRA
regulation of nSMase2 raised the possibility that it may in-
crease mRNA stability rather than affecting transcription.
To rule this out, we assessed nSMase2 mRNA stability in
the presence and absence of ATRA. For this, cells were
stimulated with vehicle or ATRA for 12 h, and transcrip-
tion was interrupted with actinomycin D. Subsequently,
nSMase2 mRNA levels were assessed at 0, 3, 6, and 9 h post
actinomycin treatment (Fig. 2A). Overall, there were no
significant differences in mRNA half-life between vehicle-
treated (7.13 h) and ATRA-treated (7.35 h) cells consis-
tent with transcriptional regulation.

To develop these data and further evaluate transcrip-
tional regulation, the effect of ATRA on activity of the
Smpd3 promoter was determined. For this, we cloned the
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Fig. 1. ATRA effects on nSMase2 are through the RAR-a. MCF7 and MDA-MB-231 cells shown were seeded in 60 mm dishes. A: MCF7
cells were stimulated with vehicle (DMSO), ATRA (1 uM), or 4HPR (1 uM) for 12 h (* P< 0.05 vs. vehicle, n = 4). B: MCF7 cells were stimu-
lated with vehicle (DMSO) or Am580 (100 nM) for 12 h (RNA) (** P< 0.01 vs. vehicle, n = 3 RNA). C: MCF7 and MDA-MB-231 cells were
stimulated with vehicle (DMSO) or ATRA (1 pM) for 24 h (** P< 0.01 vs. vehicle, n = 3). D: MCF7 cells were pretreated with Ro-415253
(1 or 5 uM) for 20 min prior to stimulation with DMSO or ATRA (1 uM) for 24 h (* P<0.05 vs. vehicle, n = 4). E: MCF7 cells were pretreated
with ER-50891 (5 or 10 pM) for 15 min prior to stimulation with DMSO or ATRA (1 pM) for 24 h (*** P< (.001 vs. vehicle, n = 4). F: MCF7
cells were pretreated with CHX (50 wg/ml) for 15 min prior to stimulation with vehicle (DMSO) or ATRA (1 pM) for 6 h (¥* P< 0.01 vs.
vehicle, n = 3). As shown, RNA was extracted and converted to cDNA, and nSMase2 expression analyzed by qRT-PCR. As shown, protein was
extracted in RIPA buffer, and nSMase?2 levels analyzed by immunoblot using actin as loading control.

region spanning from —1,100 bp to +25 bp upstream of = nSMase2 promoter activity (19). Indeed, as seen with dau-
exon 1 as described previously (17-19, 22), and reporter ~ norubicin, low-dose doxorubicin increased the activity of
assays were performed as described above. For these ex-  the nSMase2 promoter compared with vehicle control
periments, we utilized doxorubicin as a positive control as (Fig. 2B). Surprisingly, and in contrast to doxorubicin,
its analog daunorubicin was previously reported to increase ~ ATRA did not increase promoter activity. This was also the
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ATRA (1 pM) for 24 h. hnRNA levels were analyzed as described in Materials and Methods (** P<0.01, ##*% P<0.001 vs. vehicle, n = 3).

case when a longer (—2,000 bp to +25 bp) promoter con-
struct was utilized (data not shown).

Given the lack of effect of ATRA on the nSMase2 pro-
moter, it was important to confirm transcriptional induc-
tion of nSMase2 by other means. Accordingly, the effects
of ATRA on nSMase2 hnRNA were determined. The
hnRNA represents the immediate product of gene tran-
scription that contains both transcribed introns and exons
prior to mRNA splicing; thus, increased levels of transcrip-
tion result in increased hnRNA levels. For this purpose,
extracted RNA was treated with DNase to remove any
possible contaminating genomic DNA, and qRT-PCR was
performed with primers designed to span intron-exon
junctions (Fig. 2C). Results indicated that ATRA strongly
increased levels of hnRNA as detected by both primer sets
confirming that induction of nSMase2 primarily occurs at
the transcriptional level.

ATRA induction of nSMase?2 is independent of previously
reported transcriptional regulators

Previous studies have identified Runx2, Spl, Sp3, and
RNS as transcriptional regulators of nSMase2 in response
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to various stimuli (17-19, 21). Indeed, Spl and Sp3
were reported to be upstream of nSMase2 in the ATRA
response, although this was inferred by use of pharma-
cological inhibition (22). Consequently, we elected to
confirm their role in ATRA regulation of nSMase2 by
utilizing an siRNA approach to more specifically down-
regulate Spl and Sp3. Notably, ATRA stimulation had
no effects on levels of Spl or Sp3 alone (Fig. 3A), and
thus we were able to achieve >80% knockdown of both
at the protein level. Strikingly, loss of Sp1l, Sp3, or both
together had no inhibitory effect on nSMase2 induction
by ATRA at the protein level; indeed, levels appeared
somewhat increased (Fig. 3B). This was also seen when
we analyzed ATRA effects on nSMase activity following
Spl and Sp3 knockdown (data not shown). Thus, Spl
and Sp3 are dispensable for ATRA induction of nSMase2
in MCF7 cells.

We next turned our attention to additional pathways
implicated in nSMase2 regulation, namely, ROS/RNS
generation and Runx?2 (17, 18, 21). To determine whether
ROS are required for ATRA induction of nSMase2, the
ROS/RNS scavenger NAC, previously shown to inhibit
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Fig. 3. Spl, Sp3, Runx2, and RNS are not required for ATRA effects on nSMase2. A: MCF7 cells were stimulated with vehicle (DMSO) or
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prior to stimulation with vehicle (DMSO) or ATRA (1 uM) for 24 h. Protein was extracted and analyzed for nSMase2, Sp1, and Sp3 levels
by immunoblot using actin as loading control. Inmunoblot is representative of n = 4. C: MCF7 cells were pretreated with NAC (500 wM)
for 3 h prior to stimulation with vehicle (DMSO) or ATRA (1 wM) for 24 h. Protein was extracted, and nSMase2 levels analyzed by
immunoblot (n = 4). D: MCF7 cells were seeded in 60 mm dishes and transfected with AStar or Runx2 siRNA (20 nM) for 48 h prior to
stimulation with vehicle (DMSO) or ATRA (1 uM) for 24 h. Protein was extracted and analyzed for nSMase2 and Runx2 levels by immu-
noblot using actin as loading control. Immunoblot is representative of n = 3.

nSMase?2 induction by cyclopamine (21), was used. Cells
were pretreated for 3 h with 500 uM NAC prior to stimula-
tion with ATRA for 24 h, with previous studies demonstrat-
ing this is sufficient time for NAC to exert its antioxidant
effects (26, 27). Results indicated that ATRA induction of
nSMase2 was comparable in the presence and absence of
NAC (Fig. 3D) suggesting that ROS/RNS are not required
for this process.

Finally, siRNA was utilized to determine whether
Runx2 was important for ATRA induction of nSMase2
(Fig. 3D). Results showed a strong Runx2 knockdown in
the presence of Runx2 siRNA compared with negative
control siRNA. Importantly, loss of Runx2 had no effect
on ATRA induction of nSMase2. Taken together, these
results demonstrate that ATRA induces nSMase2 inde-
pendently of previously identified transcriptional regula-
tors of nSMase?2.

Identification of transcription factors acutely induced by
ATRA

Having ruled out known transcriptional regulators, it
was important to identify other candidate transcription
factors induced by ATRA that may be upstream of nSMase2.
To this end, a PCR array that measures expression of 84
transcription factors was utilized (Qiagen/SA Biosciences).
For this, cells were stimulated with ATRA for 3 h, chosen
as this was prior to nSMase?2 induction (7), and mRNA
was extracted (Fig. 4A). Following array analysis, transcrip-
tion factors that were induced above 3-fold were chosen.
As can be seen, ATRA induced DRI, HoxAb, ID1, IRF1,
and RB1 compared with vehicle controls. Validation of
these with independently designed qRT-PCR primers con-
firmed increases in ID1 and trends to increases in IRF1
and HoxAb (data not shown). Additional analysis of the
literature suggested ATRA could also induce Sox9 at early
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time points (28), and this was confirmed by immunoblot identified transcription factors appear to act upstream of
(Fig. 4B). nSMase2 in the ATRA response.

In order to determine whether any of these candidates
were upstream of nSMase2, a systematic siRNA approach The Smpd3 gene is not hypermethylated in MCF7 cells

was taken. Cells were treated with negative control or tar- Having ruled out a number of candidate transcription
get siRNA for 48 h prior to stimulation with ATRA for 24 h, factors upstream of nSMase2, other possibilities by which
and the effects on both nSMase2 and transcription fac- ~ ATRA might affect nSMase2 expression were considered.
tor levels were determined. In cases in which an antibody  Previous studies have reported that loss of ATRA signaling
for the transcription factor of interest was not available, can lead to hypermethylation of downstream genes in

siRNA efficiency was determined by qRT-PCR. As can be  breast epithelial cells (29, 30). Moreover, the Smpd3 gene
seen, ATRA strongly induced Sox9 (Fig. 4B), HoxAb (Fig. (nSMase2) is reported to be hypermethylated in some
4C), IRF1 (Fig. 4D), and ID1 (Fig. 4E), consistent with breast cancer and hepatocellular carcinoma (HCC) cells
previous results and the transcription factor array. Impor- (31, 32). Thus, we speculated that ATRA might induce
tantly, siRNA for all transcription factors reduced ATRA ~ nSMase2 by modulating methylation. To begin to probe
induction of the transcription factor by >60%. However, in this, it was first necessary to establish that the nSMase2 gene
all cases, the effects of ATRA on nSMase2 induction were s repressively methylated in MCF7 cells. For this, epigenetic
not significantly inhibited (Fig. 4B-E). Thus, none of the unmasking experiments were performed in which cells
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are treated in tandem with the DNA methyltransferase in-
hibitor 5-azacytidine (5-aza; 1 uM) for 48 h followed by
TSA for 24 h with subsequent analysis of nSMase2 mRNA
by qRT-PCR (Fig. 5A, B). To be able to distinguish repres-
sive methylation from effects of single agents alone, dual
treatments of 5-aza/TSA were compared with individual

treatments of 5-aza/vehicle and vehicle/TSA, as well as
with vehicle only. For these experiments, MDA-MB-231
cells were utilized as positive controls because the Smpd3
gene was shown to be hypermethylated in this cell line (32).
In MDA-MB-231 cells, 5-aza/TSA treatment significantly
increased nSMase2 expression compared with vehicle
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Fig. 5. ATRA regulates nSMase2 epigenetically through histone acetylation but not gene methylation. MDA-MB-231 (A) or MCF7 (B)
cells were seeded in 60 mm dishes and treated with vehicle or 5-aza (1 uM) for 48 h prior to treatment with vehicle (DMSO) or TSA (300 nM)
for 24 h. RNA was extracted and nSMase?2 levels analyzed by qRT-PCR using actin as reference gene (** P<0.01,n =5). C: MCF7 cells
were treated with vehicle (DMSO), ATRA (1 uM), TSA (300 nM), or both for 24 h. Protein lysates were prepared and nSMase2 levels ana-
lyzed by immunoblot using actin as loading control (* P< 0.05, n = 3). D: MCF7 cells were treated with vehicle (DMSO), ATRA (1 uM),
TSA (300 nM), or both for 24 h. RNA was extracted, and nSMase2 levels were analyzed by qRT-PCR using actin as reference gene (* P<
0.05, n = 3). E: MCF7 cells were treated with vehicle (DMSO), doxorubicin (200 nM), TSA (300 nM), or both for 24 h. RNA was extracted,
and nSMase?2 levels were analyzed by qRT-PCR using actin as reference gene (** P< 0.01, n = 4). F: MCF7 cells were treated with vehicle
(DMSO) or ATRA (1 pM, 24 h), and acetyl-H3 levels at the nSMase2 and nSMase3 genes were probed by ChIP analysis (* P<0.05, n = 4).
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control to an extent that was significantly higher than ei-
ther single agent (Fig. 5A), consistent with hypermethyl-
ation of the nSMase2 gene as reported previously (32). In
contrast, while 5-aza/TSA treatment of MCF7 cells signifi-
cantly increased nSMase2 expression over vehicle and
5-aza-treated cells, they were not significantly different
from the effects seen in cells treated with TSA alone (Fig.
5B). Thus, we conclude that the Smpd3 gene is not repres-
sively hypermethylated in MCF7 cells, and consequently,
ATRA is not likely to be regulating nSMase2 through ef-
fects on methylation. Strikingly, TSA treatment alone was
sufficient to significantly enhance nSMase2 expression
over vehicle in both MCF7 and MDA-MB-231 cells. This
suggests that histones associated with the nSMase2 gene
may be hypoacetylated in these cells, and consequently,
direct modulation of histone acetylation might be an alter-
native mechanism to increase nSMase2 expression.

ATRA regulates nSMase2 through effects on histone
acetylation

On binding to RAR receptors, ATRA induces confor-
mational changes, releasing corepressors and allowing
recruitment of coactivators that enable remodeling of
chromatin (33, 34). The marked effects of TSA on nSMase?2
expression led us to speculate that ATRA is primarily
inducing nSMase2 epigenetically. If this were the case, we
reasoned that TSA and ATRA would have comparable ef-
fects on nSMase2 expression and, more importantly, that
combined treatment would not be additive. Accordingly,
MCF7 cells were treated for 24 h with TSA (400 nM),
ATRA (1 wM), or both, and the effects on nSMase2 ex-
pression were determined (Fig. 5C). As seen above, both
ATRA and TSA increased nSMase2 expression to a very
comparable level. Furthermore, combined treatment of
the two did not increase nSMase2 mRNA further, sug-
gesting that ATRA and TSA are acting within the same
pathway. In contrast to this, combined treatment with
doxorubicin and TSA led to synergistic induction of
nSMase2 (Fig. 5D), consistent with doxorubicin and TSA
acting in distinct pathways [i.e., doxorubicin increasing
nSMase2 promoter activity as seen above (Fig. 2B), and
TSA inducing histone acetylation].

To further confirm that effects of ATRA on nSMase2
are through histone acetylation, we performed ChIP anal-
ysis to determine enrichment of acetyl-histone H3 (K9) at
the proximal nSMase2 promoter region and whether
ATRA affected this (Fig. 5E). As a control for the effects of
ATRA, we designed primers for the proximal region of
nSMase3 (Smpd4), which we had previously observed to
be unresponsive to ATRA stimulation (7). In the absence
of ATRA stimulation, we observed that Ac-H3 was basally
enriched at the nSMase2 proximal promoter region (62- +
22-fold over IgG). This was also true for the nSMase3 prox-
imal promoter region (1,248- + 662-fold over IgG) with the
higher enrichment of Ac-H3 observed here consistent
with the considerably higher expression of nSMase3 com-
pared with nSMase2 in MCF7 cells (7). Importantly, ATRA
stimulation for 24 h significantly increased Ac-H3 levels at
the nSMase2 gene (3.80- + 0.70-fold increase over vehicle)
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but not at the nSMase3 gene (1.15- + 0.16-fold increase
over vehicle). Thus, ATRA significantly increases acetyl-
histone H3 at the nSMase2 gene.

ATRA induction of nSMase2 requires CBP/p300

If ATRA primarily induces nSMase2 through effects on
histone acetylation, it was reasoned that blocking the trans-
fer of acetyl groups onto histones should prevent this. MCF7
cells were preincubated with an inhibitor of HATs (HAT+;
10 uM) for 15 min prior to ATRA stimulation for 24 h
(Fig. 6A). Interestingly, the results showed that HATH treat-
ment alone was able to induce nSMase2 mRNA over vehicle
control. However, more importantly, pretreatment with
HAT- completely inhibited ATRA induction of nSMase2.
Taken together, these results suggest that ATRA effects on
nSMase2 are through regulating acetylation of histones.

Notably, the HAT inhibitor utilized above is reported to
have somewhat preferential activity for CBP/p300, two
proteins with known HAT activity that have previously
been implicated in some ATRA responses (35-37). Thus,
it became important to determine whether they were re-
quired for ATRA induction of nSMase2, and for this
an RNAi approach was utilized (Fig. 6B, C). Knockdown of
CBP and p300 with siRNA induced a marked downregula-
tion of each protein with minimal effects on the other
(Fig. 6B). Importantly, the effects of ATRA on nSMase2
protein were significantly blunted following loss of either
CBP or p300 (Fig. 6C). This was also true at the mRNA
level, although observed effects were somewhat stronger
with p300 knockdown than seen with CBP knockdown
(supplementary Fig. 1). Nonetheless, taken together with
the inhibitor data above, this confirms that both CBP and
p300 are necessary for ATRA induction of nSMase2.

nSMase2 expression is regulated by class II HDACs

The levels of histone acetylation are a reflection of the
balance of activities of both HAT and HDAC enzymes (38,
39). Identification of CBP and p300 as positive regulators
of nSMase2 through histone acetylation led us to specu-
late if specific HDACs could negatively regulate nSMase2
expression. Having already observed the effects of TSA, a
broad-specificity HDAC inhibitor, on nSMase2 expression
(Fig. 5), the availability of more class-specific HDAC in-
hibitors was utilized. Accordingly, the inhibitors vorino-
stat (class I/1I), LMK (HDAC4 and 5), and mocestinostat
(class I) were utilized with TSA as a positive control. Analy-
sis of acetyl-H3 (K9) levels demonstrated that all inhibi-
tors were effective at the concentrations used and increased
acetyl-H3(K9) levels to a somewhat comparable level
(Fig. 7A). Strikingly, both vorinostat (10 wM) and LMK
(5 wM) were effective at increasing nSMase?2 to levels com-
parable to TSA, both at the protein (Fig. 7A) and mRNA
(Fig. 7B) level. In contrast, mocestinostat (5 uM) had no
effect on nSMase2 expression, despite its effects on H3
acetylation. Collectively, this suggests that class II HDAGs,
most likely HDAC4 and/or HDAC), suppress nSMase2
expression and that regulation of histone acetylation
is a primary mechanism by which nSMase2 levels are
determined.
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DISCUSSION

In this study, we have explored the regulation of nSMase2
by ATRA in MCF7 cells. We report that ATRA regulation
of nSMase2 occurs transcriptionally through RAR-a and is
independent of both previously reported transcriptional
regulators of nSMase2 (Runx2, Spl and Sp3, and RNS)
and other candidate transcription factors induced by ATRA.
Instead, ATRA was found to induce nSMase2 epigeneti-
cally, increasing histone acetylation at the nSMase2 gene,
most likely through CBP/p300. Additionally, a class Il HDAC,
most likely HDAC4 and/or HDAC), negatively regulates
nSMase2 expression. This identifies a novel pathway that
regulates nSMase2 expression, placing nSMase2 in the

subset of ATRA-induced genes regulated by CBP and p300.
Moreover, these data also suggest that physiological or
pharmacological modulation of histone acetylation can
directly affect nSMase?2 levels.

To date, multiple studies have identified posttranslational
regulators of nSMase2 in acute responses including p38
MAPK (7, 12), EEA1 (15), calcineurin (14), matrix metal-
loproteinases and integrins (9), as well as suggesting a role
for phosphorylation in nSMase2 regulation (14, 16). How-
ever, recent emerging evidence has pointed to a more pro-
tracted regulation of nSMase2 occurring at the level
of expression. Indeed, increased expression of nSMase?2
has been reported in response to chemotherapies (19,
21), BMP2 (17, 18), confluence (6), and ATRA (5, 22, 23).
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Previously, we characterized nSMase2 as an early ATRA re-
sponse gene (<6 h of ATRA treatment) that was important
for ATRA-induced growth arrest of breast epithelial cells
(5). Here, we have extended this work to define the mech-
anism by which ATRA regulates nSMase2 expression.
Cellular effects of ATRA are primarily mediated by
transcriptional upregulation of genes through binding to
nuclear RAR and retinoid X receptor. Results here dem-
onstrate that nSMase?2 is transcriptionally upregulated
by ATRA, as shown by increased hnRNA, and place the
Smpd3 gene downstream of RAR-a, as shown by the use of
specific agonists, antagonists, and the lack of response of
MDA-MB-231 cells to ATRA. In ChIP experiments, we also
observed enrichment of RAR-a at the nSMase2 gene (data
not shown), as was seen before (22). Collectively, these
data agree with previous studies in MCF7 and T47D cells
(9, 22, 23); moreover, the role that nSMase2 plays in
ATRA-induced growth arrest (5) is consistent with the
well-established antiproliferative role of RAR-a (23, 29, 40,
41). Additionally, as numerous studies have found that
loss of RAR-a signaling leads to alterations in mammary
acini formation both in vivo and in vitro (27, 42-44), this
suggests that the role of nSMase2 in ATRA-induced growth
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arrest may be of particular relevance in mammary physiol-
ogy. However, it should also be noted that the ATRA doses
of 1 uM used in the current study are more relevant phar-
macologically. Thus, further study utilizing physiological
doses of ATRA (<100 nM) would be required to determine
whether nSMase2 is of importance in these contexts.
Nonetheless, we had previously observed upregulation of
nSMase?2 at physiological doses, albeit not to the same ex-
tent as the pharmacological concentrations used here (7).

Currently, only a handful of studies have investigated
transcriptional regulation of nSMase2 in response to
BMP2 (17, 18), ATRA (22), daunorubicin (19), and cyclo-
pamine (21) demonstrating both increased nSMase2
mRNA and promoter activity. This research placed Runx 2
(17, 18), Spl and Sp3 (19, 22), and RNS (21) upstream of
nSMase?2 transcription. Here, although we confirmed that
ATRA induced nSMase2 transcriptionally, this did not
translate to increased activity of the Smpd3 promoter. The
lack of effect of ATRA on an exogenous promoter is con-
sistent with its regulation being epigenetic, as transfected
plasmids do not have the same chromatin structure as
endogenous genomic DNA, although why this would re-
sult in a decrease of promoter activity by ATRA is unclear.



Indeed, this was not due to the promoter constructs used
as the chemotherapeutic agent doxorobucin increased
promoter activity, similar to its analog daunorubicin as
reported previously (19). However, while we cannot com-
pletely rule out effects of ATRA on the nSMase2 promoter,
we contend that the significant epigenetic effects of
ATRA on nSMase2 would outweigh any such contribu-
tion. That being said, the identity of the newly synthesized
intermediate factor revealed by CHX treatment (Fig. 1)
and its relation to the epigenetic regulation of nSMase?2
remain unclear. Our data do not reveal a specific tran-
scription factor; thus, it is possible that recruitment or ac-
tivation of CBP or p300 at the RAR-a receptor (as discussed
below) requires a newly synthesized intermediary protein.
Beyond this, importantly, our results indicated that Spl
and Sp3 are not required for ATRA effects on nSMase2
expression; indeed, nSMase2 was clearly induced despite
>90% knockdown of either Spl or Sp3. Moreover, the in-
duction of nSMase? in the presence of a double Spl/Sp3
knockdown ruled out possible compensatory effects (data
not shown). Notably, this contrasts with previous work on
ATRA regulation of nSMase2 (22), which reported that
ATRA enhances Smpd3 promoter activity and placed Spl
and Sp3 upstream of nSMase2 induction. The reasons for
these discrepancies are not wholly clear as both studies uti-
lize MCF7 cells. One possible explanation relates to dose
of ATRA used; here we have used a pharmacological 1 uM
dose compared with 10 uM used previously. Thus, Spl and
Sp3 may become more relevant for nSMase2 induction as
dose increases. However, it should also be noted that our
study utilized specific siRNA for Sp1 and Sp3, whereas pre-
vious work used the pharmacological inhibitor mithramy-
cin A. Thus, the possibility of off-target effects cannot be
ruled out. Beyond Spl and Sp3, none of the reported
regulators of nSMase2 were required for the ATRA re-
sponse in our hands as demonstrated by siRNA (Runx2)
and inhibitors (NAC). Taken together, this points to a dis-
tinct pathway of nSMase2 regulation in ATRA-stimulated
MCF7 cells.

Upon binding to its receptors, ATRA induces conforma-
tional changes allowing release of corepressors and re-
cruitment of coactivators such as CBP and p300 (33, 34).
Furthermore, a loss of ATRA signaling can result in re-
pressive methylation of downstream target genes (29, 30).
This, together with the lack of effect of ATRA on promoter
activity, led us to explore epigenetic mechanisms of regu-
lation, and our data clearly indicate that ATRA primarily
regulates nSMase2 through directly modulating histone
acetylation, which is most likely through CBP/p300. This
is supported by multiple lines of evidence: I) the nSMase2
gene is not repressively hypermethylated in MCF7 cells
suggesting alterations in methylation are not relevant for
the ATRA response; 2) HDAC inhibition (TSA) induces
nSMase2 comparably to ATRA and does not have additive
responses when combined; 3) ATRA stimulation increased
enrichment of Ac-H3 at the nSMase2 gene but not at the
ATRA-unresponsive nSMase3 gene; and 4) inhibition of
HAT pharmacologically or with CBP/p300 siRNA blunted
ATRA induction of nSMase2 both at the protein and

mRNA levels. Collectively, these results identify two novel
regulators of nSMase2 and place nSMase2 as part of the
CBP and p300 responses. Functionally, the role of CBP
and p300 in the cellular effects of ATRA in F9 cells was
previously investigated (35), and interestingly, it was found
that although both were important for ATRA induction of
genes, each protein controlled different biologies through
regulating distinct sets of genes. Thus, CBP was important
for ATRA-induced growth arrest and apoptosis, while p300
seemed to also be important for ATRA-induced differ-
entiation. Notably, as both CBP and p300 seem to be up-
stream of nSMase2, this would imply that nSMase2 might
have roles within all of these outcomes. Thus, we speculate
that nSMase2 may be a “core” gene of ATRA responses,
which would be consistent with its early induction time in
MCF?7 cells (5). According to this hypothesis, additional
targets of CBP and p300 would then determine specific
cellular responses. This scenario is also consistent with the
various functions of nSMase2 that depend on specific cell
types even with the same stimulus. It will be particularly
important in future studies to determine whether the re-
lationships between CBP, p300, and nSMase2 hold in vivo
and if these relationships are also relevant for physiologi-
cal roles of ATRA such as in mammary gland develop-
ment as discussed above.

Finally, in addition to identifying CBP and p300 as posi-
tive regulators of nSMase2 expression, we also explored
the regulation of nSMase2 by HDACs. Using class-specific
inhibitors, data suggest that class II HDACGs, specifically
HDAC4 and/or HDACbH, are primary candidates for in-
hibiting nSMase2 expression. While this suggests that
physiological and pharmacological modulation of histone
acetylation can induce nSMase2, it should be noted that
mocestinostat increased overall Ac-H3 to comparable lev-
els as TSA, vorinostat, and LMK, yet was unable to induce
nSMase2. One possible explanation is that while mocesti-
nostat increases Ac-H3 in general, this increase occurs at
genes other than nSMase2, dependent on genomic local-
ization of the specific HDACs targeted. Alternatively, it is
equally plausible that this single acetylation event alone is
insufficient for nSMase2 induction and that additional
acetylation events that are unaffected by mocestinostat are
required for full nSMase2 induction to occur. Future stud-
ies probing the significance of the epigenetic regulation
of nSMase2 will be able to explore this further. Notably,
HDAC activities are often dysregulated in cancer. For ex-
ample, HDAC4 is important for maintenance of colon
cancer cell proliferation (45). Similarly, HDAC5 is upreg-
ulated in HCC and can promote cell proliferation (46).
Strikingly, this is consistent with the reported decrease in
nSMase2 reported in HCC (31). Indeed, it would be of
particular interest to determine whether a loss of nSMase2
expression is relevant in these or other pathologies where
HDAC activities are increased.

In summary, this study has found that ATRA induces
nSMase2 through epigenetic modulation of histones and
independently of promoter activity in MCF7 cells. More-
over, we have identified CBP and p300 as novel upstream
regulators of nSMase2, find that HDAC inhibition alone
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is sufficient to increase nSMase2 expression, and iden-
tify HDAC4/5 as candidates for negative regulators of
nSMase2. Collectively, these results suggest that modula-
tion of histone acetylation is a primary mechanism by
which nSMase2 expression is regulated. Indeed, we have
observed comparable effects of TSA across multiple cell
lines (data not shown). Furthermore, given the increasing
development of HDAC inhibitors such as vorinostat as
therapeutic agents in a variety of cancers, it would be par-
ticularly interesting to investigate whether nSMase2 plays a
functional or biomarker role in the therapeutic response
to such agents. Bl
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