SCIENTIFIC REPLIRTS

LncRNA SRA promotes hepatic
steatosis through repressing the
~expression of adipose triglyceride
e lipase (ATGL)

Gang Chen'*, DongshengYu*", Xue Nian?, Junyi Liu?, Ronald J. Koenig*, Bin Xu* &
Liang Sheng?

Nonalcoholic fatty liver disease (NAFLD), the most common form of chronic liver disease, manifests as
an over-accumulation of hepatic fat. We have recently shown that mice with genetic knockout of a long
non-coding RNA (IncRNA) steroid receptor RNA activator (SRA) (SRAKO) are resistant to high fat diet-
induced obesity with a phenotype that includes improved glucose tolerance and attenuated hepatic
steatosis. The underlying mechanism was investigated in the present study. We found that hepatic

. levels of SRA and adipose triglyceride lipase (ATGL), a major hepatic triacylglycerol (TAG) hydrolase,

. were inversely regulated by fasting in mice, and the expression of liver ATGL was induced by SRAKO

© under normal and high fat diet (HFD) feeding. Loss of SRA in primary hepatocytes or a hepatocyte

. cellline upregulates, but forced expression of SRA inhibits ATGL expression and free fatty acids (FFA)

. [B-oxidation. SRA inhibits ATGL promoter activity, primarily by inhibiting the otherwise-inductive

. effects of the transcription factor, forkhead box protein O1 (FoxO1). Our data reveal a novel function of
SRA in promoting hepatic steatosis through repression of ATGL expression.

. Nonalcoholic fatty liver disease (NAFLD) occurs when fat is over-deposited in the liver in the absence of excess
alcohol intake, and is associated with obesity, insulin resistance, and metabolic syndrome"* NAFLD is usually
caused by an imbalance between hepatic synthesis and breakdown of fats, as well as free fatty acids (FFA) storage

: and disposal. Nonalcoholic steatohepatitis (NASH), the more virulent form of NAFLD, can lead to cirrhosis.

© NAFLD is the most common liver disorder in developed countries**. A recent study using the National Health

- and Nutrition Examination Survey found a 30% prevalence of NAFLD in the United States between 2011 and
2012°. Normal hepatic lipid metabolism relies on the functional coordination of multiple physiological processes,
including lipogenesis, FFA (3-oxidation, lipid uptake, very low density lipoprotein (VLDL) secretion and lipolysis.
These processes are tightly controlled by genes such as SrebpIc (lipogenesis), peroxisome proliferator-activated

. receptor o (Ppara) (FFA 3-oxidation), Cd36 (lipid uptake), apolipoprotein B (apoB), microsomal triglyceride trans-

. fer protein (MTTP) (VLDL secretion), and Pnpla2 (encoding adipose triglyceride lipase, ATGL) (lipolysis)®-.

. The functions of these genes are further modulated by different biological incidents, including ligand binding,

© transcription, posttranscriptional modification and protein degradation, which are controlled by metabolites and

. hormones. Among those genes, ATGL is particularly important since ATGL is a major hepatic triacylglycerol

. (TAG) hydrolase®’. Interestingly, ATGL knockout mice exhibit increased glucose tolerance and insulin sensitivity

. with enhanced insulin signaling in skeletal muscle and white adipose tissue, but attenuated insulin signaling in

. liver and brown adipose tissue!®!%.

: Recently, long non-coding RNAs (IncRNAs) have emerged as important regulators of diverse biological pro-
cesses including stem cell pluripotency, embryogenesis, cellular differentiation!>!?, and hepatic lipid metabolism'.
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Steroid receptor RNA activator (SRA) was initially characterized as a IncRNA that functions as an RNA coactiva-
tor to enhance steroid nuclear receptor-dependent gene expression’®. Subsequently, SRA also was demonstrated
to function as an RNA coactivator for non-steroid nuclear receptors'®'”, and to play important roles in myogen-
esis'®!, steroidogenesis?, breast tumorigenesis*'~2* and cardiomyopathy?®*. The Sral gene also produces an alter-
native transcript that encodes a protein denoted as SRAP?>%, although the function of SRAP is largely unknown.

We have recently shown that SRA promotes adipocyte differentiation and insulin-stimulated glucose uptake in
adipocytes in vitro through multiple mechanisms, such as coactivating the transcriptional activity of peroxisome
proliferator-activated receptor v (PPAR~), inhibiting expression of adipocyte-related inflammatory genes or pro-
moting insulin receptor expression*”?. To assess SRA function in vivo, we generated global Sral gene knockout
mice (SRAKO)%. In addition to reduced fat mass, SRAKO mice have decreased hepatic TAG levels and resistance
to diet-induced obesity. These data, for the first time, indicate a role for SRA in hepatic lipid metabolism?. Here
we elucidate the mechanism by showing that SRA inhibits the transcriptional activity of forkhead box protein O1
(FoxO1) via an insulin-independent pathway in hepatocytes, thus reducing the expression of its downstream gene
ATGL, which is a key lipolytic enzyme, and subsequently decreasing hepatocyte FFA (3-oxidation.

Results

SRA deficiency upregulates the hepatic expression of ATGL. We have previously shown that SRAKO
mice are resistant to diet-induced obesity with reduced fat mass, and have a phenotype of mild lipodystrophy?.
Unlike the usual lipodystrophy with hepatic steatosis, insulin resistance and inflammation due to poor storage
of TAGs in adipocytes®’, SRAKO mice have reduced inflammation, improved insulin sensitivity and decreased
hepatic TAG contents?. One potential explanation is that SRAKO may prevent hepatic steatosis by increasing
FFA (3-oxidation in liver®!. To identify key regulator(s) that may lower hepatic TAG content, we examined the
expression of hepatic genes that regulate FFA 3-oxidation, lipogenesis and VLDL secretion in SRAKO mice fed
with normal chow. As shown in Fig. 1a, liver mRNA levels of most of the genes responsible for FFA (3-oxidation
were unchanged, but the expression of ATGL was upregulated. No downregulation of genes responsible for lipo-
genesis or VLDL metabolism was seen, and in fact, Srebplc, Acly and Fasn were upregulated by SRA deficiency.
However, we found that the mRNA levels of Srebp1c, Acly and Fasn were unchanged in cultured primary hepat-
ocytes of SRAKO mice and were uninfluenced by overexpression of SRA or SRAP in the mouse hepatocyte cell
line, Hepal-6 (Supplementary Figure S1), suggesting that the changes in Srebplc, Acly and Fasn expression seen
in Fig. 1a are likely secondary effects of the in vivo situation. This contrasts with the direct regulation of ATGL by
SRA described below.

We studied ATGL further and found that SRAKO increased liver ATGL mRNA (Fig. 1b) and protein (Fig. 1c)
levels both under normal chow and high fat diet (HFD) feeding. ATGL is a major hepatic TAG lipase that plays
an integral role in FFA partitioning and signaling to control energy metabolism®. Liver ATGL deficiency in mice
causes progressive hepatic steatosis®, while hepatic overexpression of ATGL promotes FFA 3-oxidation and amelio-
rates steatosis’. Therefore, ATGL expression induced by SRA deficiency may attenuate the hepatic steatosis due to
HEFD feeding. To confirm the regulation of ATGL by SRA, in vitro studies were performed in primary hepatocytes
and Hepal-6 cells. Figure 2a shows that, compared to wild type (WT), SRAKO hepatocytes have increased mRNA
and protein levels of ATGL, which consequently induced higher ATGL enzyme activity (Supplementary Figure S2)
and ATGL-mediated FFA (3-oxidation assessed as ketone body production (Fig. 2b). Consistent with these data
and the report that SRAKO mice have attenuated hepatic steatosis compared to WT littermates under the HFD
feeding®®, SRAKO hepatocytes are resistant to oleic acid-induced TAG accumulation (Supplementary Figure S3).
In addition to the data in primary hepatocytes, similar results were found in the hepatocyte cell line Hapal-6 fol-
lowing SRA knockdown (Fig. 2¢,d). Conversely, overexpression of SRA RNA, but not the protein SRAP, inhibited
ATGL mRNA and protein expression (Fig. 2e) and ketone body production in Hepal-6 cells (Fig. 2f).

Hepatic ATGL and SRA levels are inversely regulated in mice under fasting conditions. 1In
murine adipose tissue, ATGL mRNA expression transiently increases during fasting®?. Next, we studied the effects
of dietary manipulations on hepatic SRA and ATGL expression. We found that, under fasting conditions, liver
SRA expression was increased to ~4 fold in WT-HFD mice and ~2 fold in leptin-deficient mice (ob/ob), com-
pared to WT-Chow mice (Fig. 3a, left panel). In contrast, in the fed state, SRA levels were relatively higher and
unaltered with HFD feeding or leptin deficiency.

In fasting conditions, hepatic ATGL mRNA levels were reduced in WT-HFD and ob/ob mice compared to
WT-Chow mice, but no differences were found in fed conditions (Fig. 3a, right panel). Thus, under fasting, there
is an inverse relationship between the mRNA levels of ATGL and SRA, consistent with the results in cultured
cells (Fig. 2), implying that SRA may negatively regulate the transcription of ATGL. Reduced liver ATGL protein
levels were also seen in WT-HFD and ob/ob mice compared to WT-Chow mice in fasting but not fed conditions
(Fig. 3b,c). However, neither in fasting nor in fed conditions, could we find any differences in hepatic nuclear
FoxO1 (Fig. 3b,c), the upstream transcription factor regulating ATGL expression previously shown in adipo-
cytes®®. Furthermore, SRA deficiency did not affect the nuclear FoxO1 protein content in liver (Fig. 3d). These
results suggest that SRA regulates the expression of ATGL by a mechanism not involving the level change of
nuclear FoxO1.

SRA inhibits the transactivation of ATGL promoter via FoxO1. It is well established that FoxO1 has
binding sites in the —3 kb promoter region of the ATGL gene and upregulates ATGL transcription in adipocytes®.
FoxO1 regulates both hepatic glucose production and lipid metabolism®**. Overexpression of FoxO1 upregu-
lates both the mRNA and protein levels of ATGL in hepal-6 cells (Fig. 4a), suggesting that ATGL transcription is
directly regulated by FoxO1 in hepatocytes. We utilized a 3kb ATGL promoter luciferase reporter vector to assess
this further, and found this vector showed 75 fold higher luciferase activity than the pGL3-Basic control (Fig. 4b).
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Figure 1. Loss of SRA increases the hepatic ATGL expression. (a) RT-qPCR analysis of mRNA expression of
FFA oxidation, lipogenesis and VLDL metabolism-related genes in livers of male SRAKO (KO, n=8) or WT
(n=28) littermates (20 weeks of age) fed with normal chow. (b) Hepatic mRNA level of ATGL in SRAKO (KO,
n=238) or WT (n=38) littermates (20 weeks of age) fed with normal chow or HFD. The mRNA levels of genes
were normalized to 36B4 expression. The data are presented as the mean + SE and expressed as fold-change
relative to the level of WT-Chow. *p < 0.05. (c) Liver lysates from male SRAKO (KO) or WT littermates (20
weeks of age) under different diet conditions were immunoblotted with anti-ATGL and anti-3-actin antibodies.

Cotransfection of a plasmid coding SRA RNA but not the protein SRAP inhibited ATGL promoter driven lucif-
erase by ~25% (Fig. 4c). To confirm whether SRA exerts its inhibitory effect via FoxO1, FoxO1 and SRA were
cotransfected with the luciferase system (Fig. 4d). As expected, FoxOl itself increased ATGL promoter driven
luciferase to ~5 fold, but cotransfection of SRA repressed this FoxO1 mediated effect (Fig. 4d). Furthermore, the
ability of SRA to inhibit FoxO1 mediated luciferase activity was dose-dependent (Fig. 4e). In addition, the FoxO1
inhibitor AS1842856 (1 M) induced the constant suppression of FoxO1 activity (Supplementary Figure S4a), and
diminished the inhibitory effect of SRA on ATGL promoter activity (Fig. 4f). In contrast to the overexpression
of SRA, SRA knockdown increased ATGL promoter activity (Fig. 4g,h), which was prevented by AS1842856
(Fig. 4h). Taken together, these data indicate that SRA regulates ATGL expression by inhibiting the ability of
FoxO1 to promote ATGL transcription.

The inhibitory effect of SRA on ATGL transcription is insulin independent. In adipocytes, insulin
induces shuttling of FoxO1 from the nucleus to the cytoplasm and thereby inhibits FoxO1’s binding to the
ATGL promoter and ATGL transcription®. This inhibitory effect of insulin is likely through PI3K/Akt- and
MEK/ERK-mediated phosphorylation of FoxO1%. In addition, insulin signaling via Akt-PI3K also promotes
proteasome-dependent degradation of FoxO1*73. Given our previous studies indicating that SRA enhances
phosphorylation of Akt and its downstream target FoxO1 in response to insulin in differentiated adipocytes®”2,
we examined whether SRA affects phosphorylation events in the downstream insulin pathway of hepatocytes.
As shown in Fig. 5a (left panel), overexpression of SRA enhanced insulin-stimulated phosphorylation of Akt,
Erk1/2 and FoxO1 in Hepal-6 cells, similar to our previous findings in adipocytes. In contrast, loss of endogenous
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Figure 2. SRA inhibits FFA oxidation by repressing ATGL expression in hepatocytes. (a) SRA and ATGL
mRNA levels in primary hepatocytes isolated from SRAKO (KO, n=8) or WT (n = 8) littermates (7-8 weeks

of age, chow diet) were analyzed by RT-qPCR. Protein expression of ATGL and SRAP was assessed by
immunoblotting. (b) ATGL mediated ketone body production was measured in hepatocytes indicated in (a).

(c) Endogenous SRA in Hepal-6 cells was knocked down by lentiviral infection with shRNA against SRA
(shSRA) or scrambled shRNA as control (shControl). Subsequent assays of mRNA and protein expression were
performed 72 h after infection. (d) ATGL mediated ketone body production was measured in Hepal-6 cells with
shControl and shSRA knocked down at the same condition as (c). (e) Hepal-6 cells were transfected with pSCT
(Control), pSCT-SRA (SRA) or pSCT-SRAP-SDM1/7 (SRAP) expression vectors, and subsequent assays of RNA
and protein expressions were performed 60 h after transfection. (f) ATGL-mediated ketone body production
was measured in Hepal-6 cells described in (e). The mRNA levels of genes were normalized to 36B4 expression.
The data are presented as the mean =+ SE, *p < 0.05.

SRA by shRNA against SRA in Hepal-6 cells (Fig. 5a middle panel) or in isolated hepatocytes from SRAKO
mice (Fig. 5a right panel) decreased the phosphoryaltion of Akt, FoxO1, and Erk1/2. Interestingly, insulin also
decreased the total FoxOl protein content (Fig. 5a), which is likely due to protein degradation®”*. To assess
whether SRA affects FoxO1 nuclear export in response to insulin, we pretreated Hepal-6 cells with the pro-
teasome inhibitor MG132, followed by treatment with or without insulin in combination with or without the
PI3K/Akt inhibitor wortmannin or the MEK/ERK inhibitor trametinib (Fig. 5b). Unexpectedly, we found that
SRA overexpression increased FoxO1 nuclear retention by 60% in the absence of insulin, but insulin elimi-
nated this effect and decreased nuclear FoxO1 to low levels. The PI3K/Akt inhibitor wortmannin blocked the
insulin-stimulated nuclear export of FoxO1, while the MEK/ERK inhibitor trametinib had no effect. Overall,

SCIENTIFICREPORTS | 6:35531 | DOI: 10.1038/srep35531 4



www.nature.com/scientificreports/

a
59 SRA 15, ATGL o wrchow
s, | s W WT-HFD
2 [@ ob/ob
< 1
Z 3
z .
221 05 4| kg
= !
T 1 -
o
0 - 0 -
Fast Fed Fast Fed
b
Lver [ ————— 5 ATCL 5 o Wi,
lysates[ - =3 E . D W WT-HFD
MIB.B-acﬂn - 1 & ob/ob
T
Liver [M'B:Fm‘m 8 "
. [
WT-Chow  WT-HFD ob/ob 2
Fast 0- ATGL Foxo1
C
1.5 H O WT-Chow
— — . o)
o (EESESETEFere 3 W WTHFD
1VSAES | | s s s s s s | | B3N % 1 [ ob/ob
S
iver [LAMMMSSI S S gy | BP0 S
Lrver‘[ — -— g
nucleci . IB:laminB1 g el
- [0]
14
WT-Chow WT-HFD  oblob g o
Fed ATGL Foxo1
d g 2 1 OowT
_ =15 4 KO
Liver [lsm-d'f’-“xm i
e e 2: amingt &
()]
S Y > 0.5 A
&c}‘o ® ,((0 032(‘(0 S 0
& & N 5 © ° Chow HFD

Figure 3. Hepaticlevels of ATGL and SRA are inversely regulated in mice under fasting conditions. (a) SRA
and ATGL mRNA levels in livers from WT-chow (n=5) or WT-HFD (n=6) and ob/ob (n = 8) mice (20 weeks
of age) in either fasting or fed conditions were determined by RT-qPCR. The mRNA levels were normalized to
36B4 expression. Data are presented as mean =+ SE and expressed as fold-change relative to WT-chow mice.

(b,c) Liver or liver nuclear extracts from WT-chow, WT-HFD and ob/ob mice were immunoblotted with
anti-FoxOl, anti-ATGL, anti-laminB1 and anti-3-actin antibodies. (b) Mice in fasting condition. (c) Mice

in fed condition. (d) Liver nuclear extracts from WT or SRAKO (KO) mice fed with chow or HFD were
immunoblotted with anti-FoxO1 and anti-laminB1 antibodies. (b-d) Right panels, quantification of bands in
the immunoblots are shown. *p < 0.05.

these data indicate that the mechanism by which SRA suppresses FoxO1 activity does not involve enhanced
nuclear export of FoxOl.

Reporter gene assays demonstrated that insulin reduced ATGL promoter driven luciferase activity, and wort-
mannin or trametinib did not completely reverse this inhibition (Fig. 5¢). Overexpression of SRA induced similar
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Figure 4. FoxO1 regulates ATGL expression and SRA inhibits FoxO1-mediated ATGL promoter driven
luciferase activity. (a) Hepal-6 cells were transfected with FoxO1 or control expression vector (pcDNA3.0).

60 h after transfection, ATGL mRNA expression (normalized to 36B4 expression) was measured by RT-qPCR
(left panel) and cell extracts were immunoblotted with anti-FoxO1, anti-ATGL and anti-3-actin antibodies
(right panel). (b) HepG2 cells were transfected with either pGL3-Basic empty vector (200 ng) or —3000/+
1-LUC ATGL construct (200 ng) plus pRL-TK-Renilla (10ng). (c) pSCT (Control, 200 ng), pSCT-SRA (SRA,
200ng) or pSCT-SRAP-SDM1/7 (SRAP, 200 ng) were transfected with —3000/4 1 LUC ATGL (200 ng) plus
pRL-TK-Renilla (10 ng) into HepG2 cells. (d) —3000/+ 1 LUC ATGL (200 ng) plus pRL-TK-Renilla (10 ng) was
transfected into HepG2 cells without or with FoxO1 (50 ng) and pSCT-SRA (SRA, 200 ng). (e) FoxO1 (50 ng)
expression vector and increasing dose of pSCT-SRA as indicated were transfected with —3000/+ 1 LUC ATGL
(200 ng) plus pRL-TK-Renilla (10 ng) into HepG2 cells. (f) Increasing doses of pSCT-SRA as indicated were
transfected with —3000/+ 1 LUC ATGL (200 ng) plus pRL-TK-Renilla (10 ng) into HepG2 cells. Cells were
treated with AS1842856 (1 M) for 60h after transfection. (g,h) Endogenous SRA in Hepal-6 cells was knocked
down by lentiviral infection with shRNA against SRA (shSRA) or scrambled shRNA as control (shControl).
Subsequent transfection and luciferase assays were performed 12 h and 72 h after infection, respectively.
(g) Hepal-6 cells were transfected with —3000/4 1 LUC construct (200 ng) plus pRL-TK-Renilla (10 ng)
without or with FoxO1 (50 ng). (h) Hepal-6 cells were cotransfected with —3000/+ 1 LUC ATGL (200 ng)

plus pRL-TK-Renilla (10 ng) without or with AS1842856 (1 M) treatment for 60 h after transfection. ATGL
promoter driven luciferase activity were normalized to Renilla luciferase activity, presented as mean & SE. Data
are expressed as fold-change relative to the level of control. *p < 0.05.
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Figure 5. SRA promotes insulin-simulated phosphorylation of Akt, ERK1/2 and FoxO1, and inhibits
ATGL transcription in an insulin-independent manner. (a) Left panel: Hepal-6 cells were transfected with
pSCT (Control) or pSCT-SRA (SRA) expression vectors and then cultured for 60 h; middle panel: Hepal-6
cells were infected with lentivirus of scrambled shRNA (ShContronl) or shRNA against SRA (ShSRA) and then
cultured for 72 h; right panel: Primary hepatocytes were isolated from SRAKO mice (KO) or WT littermates
and cultured for 16 h. Cells were serum-starved for 5h followed by treatment with or without insulin (10 nM)
for 5min. Afterwards, cell extracts were immunoblotted with the indicated antibodies. (b) Hepal-6 cells were
transfected with SRA or Control plasmids and then cultured for 60 h. After 5h serum-starvation, cells were
pretreated by MG132 (50 uM) with or without wortmannin (1 pM) or trametinib (1 pM) for 30 min, and finally
treated with or without insulin (10 nM) for 5min before harvesting. Then, proteins extracted from the nucleus,
cytoplasm or cell lysates were immunoblotted with indicated antibodies. (c,d) HepG2 cells were cotransfected
by —3000/4 1 LUC ATGL (200 ng) plus pRL-TK-Renilla (10 ng) with either pSCT-SRA or control expression
vectors (200 ng). Cells were treated without (c) or with (d) AS1842856 (1 M) immediately after transfection.
36h later, cells were serum starved and treated with wortmannin (1 M) or trametinib (1 M) plus insulin
(10nM) for further 24 h-culture. ATGL promoter driven luciferase activity were normalized to Renilla luciferase
activity and presented as mean =+ SE. Data are expressed as fold-change relative to the level of control. *p < 0.05.
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proportional decreases in ATGL transcription under the different treatments above. However, the FoxO1 inhibi-
tor AS1842856 eliminated the suppressive effects of SRA and insulin on ATGL promoter activity (Fig. 5d). These
data suggest that the inhibitory effects of insulin and SRA on ATGL transcription are based on FoxO1, but SRA
functions independent of insulin signaling.

SRA inhibits transactivation of the ATGL promoter via PPAR~. In addition to FoxO1, PPAR~
also has binding sites in the —3kb ATGL promoter and induces ATGL transcription in adipocytes®. Despite
its lower level in liver than that in adipose tissue, PPAR~ significantly affects hepatic lipid metabolism*. Thus,
it was important to investigate the effects of PPAR~ on ATGL expression in hepatocytes, as well as the influence
of SRA in the action of PPAR~. We found that, in the absence of PPAR~ ligand rosiglitazone, overexpression
of PPAR~ has no effect on ATGL promoter driven luciferase activity in the HepG2 cells (Fig. 6a). However, in
the presence of rosiglitazone, PPAR~ increased ATGL promoter activity to ~3 fold. Next, we found that forced
expression of SRA blocked the ability of PPAR~/rosiglitazone to induce ATGL promoter activity (Fig. 6b, con-
ditions 3). To eliminate the potential influence of FoxOl, its inhibitor AS1842856 was used (Fig. 6¢,d). Thus, the
inhibitory effect of SRA in the absence of rosiglitazone was lost (Fig. 6¢, conditions 1-2, compare with Fig. 6b
conditions 1-2), but SRA still reduced ATGL promoter activity induced by rosiglitazone-bound PPAR~ (Fig. 6c,
condition 3). Conversely, SRA knockdown slightly enhanced ATGL promoter activity mediated by PPAR~/rosigl-
itazone (Fig. 6d, condition 3), but had no effect without rosiglitazone treatment when AS1842856 was present
(Fig. 6d, conditions 1-2). These data indicate that SRA inhibits the inductive activity of PPAR~ on the ATGL
promoter when a PPAR~ agonist is present, and this inhibition is independent of FoxO1. In preliminary studies
we found that the PPAR~ antagonist T0070907 exerts its maximal inhibitory effect on ATGL promoter activity
at 0.4 uM (Supplementary Figure S4b), but its inhibitory potency was somewhat weaker than that of AS1842856
(Supplementary Figure S4a). We found that 0.4 pM T0070907 showed no effect on the ability of exogenous SRA to
inhibit ATGL promoter activity (Fig. 6e), and only marginally impaired the ability of SRA knockdown to increase
the ATGL promoter activity (Fig. 6f). This contrasts with AS1842856, which eliminated the effects of overex-
pressed SRA and SRA knockdown (Fig. 4f,h). Together, these data indicate that FoxO1, rather than PPAR~, is the
dominant regulator of ATGL transcription in the absence of an exogenous PPAR~ agonist. In the livers of mice
with dietary obesity (HFD) or genetic obesity (ob/ob), PPAR~ protein levels are dramatically increased (Fig. 7a),
but this increment did not elevate the expression of ATGL (Fig. 3a,b). We reason that the potential stimulative
effect of increased PPAR~ expression may be counteracted by the inhibitory effect of increased SRA expression.
Interestingly, the elevated mRNA and protein levels of hepatic PPAR~ by HED are substantially decreased in SRA
deficiency (Fig. 7b,c). Further study will be needed to determine whether this reduction of PPAR~ is due to the
loss of SRA itself or is a consequence of reduced hepatic steatosis via SRA deficiency.

Discussion

The mammalian genome encodes a large number of IncRNAs, which are defined as transcripts longer than 200 nt
that lack any coding potential*"*2. The physiological function of the vast majority of IncRNAs remains elusive*"*.
SRA was originally characterized as non-coding RNA with a 680 nt core sequence'®. Most experiments using
transiently transfected reporter gene assays indicate that SRA coactivates multiple nuclear receptors (NRs) and
the non-NR transcription factor by forming complexes with coactivator proteins such as SRC-1 and DEAD-box
proteins p68/p72!1>18204445_ Qur recent findings indicate that SRA plays multiple roles in the regulation of adi-
pogenesis and insulin sensitivity in adipocytes?”*®. Importantly, we have generated global SRA knockout mice,
which are resistant to HFD-induced obesity with decreased fat mass and attenuated hepatic steatosis?, suggesting
that SRA plays an important role not only in adipose tissue but also in liver.

ATGL is the major hepatic TAG hydrolase driving hepatic FFA oxidation®’. It has a higher substrate specificity
for TAG than hormone sensitive lipase (HSL), which previously was thought to be the predominant TAG hydro-
lase®. In the present study, we found that SRAKO upregulated the mRNA and protein levels of hepatic ATGL
under both HFD and normal chow feeding (Fig. 1). Furthermore, ATGL expression was induced in SRAKO
hepatocytes (Fig. 2a), resulting in increased ATGL enzyme activity in liver (Supplementary Figure S2) and acti-
vated hepatocyte ketone body production (Fig. 2b), a product and indicator of FFA 3-oxidation. Similar results
also were found in the hepatocyte cell line, Hepal-6, with knockdown of endogenous SRA (Fig. 2¢,d). In contrast,
forced expression of SRA inhibited the expression of ATGL and reduced FFA (3-oxidation (Fig. 2e,f). Importantly,
we demonstrate that SRA is induced in the livers of obesity after fasting (Fig. 3a), and that the hepatic levels of
SRA and ATGL are inversely correlated in WT-Chow, WT-HFD and ob/ob mice (Fig. 3a,b). Thus, SRA levels
fluctuate in response to energy levels and metabolic states, which lead to the inverse expression of liver ATGL.

The transcription factor FoxO1 induces ATGL expression in adipocytes® and hepatocytes (Fig. 4a). A combi-
nation of approaches including genetic knockout in vivo, and overexpression, knockdown, and inhibitor studies
in cultured cells indicate that SRA inhibits ATGL transcription by interfering with the transcriptional activity of
FoxO1 (Figs 1, 3 and 4).

In adipocytes, insulin induces the shuttling of FoxO1 from the nucleus to the cytoplasm and thereby inhibits
the transcription of the ATGL*. Previous studies in adipocytes?”?® and the present study in hepatocytes (Fig. 5a)
show that SRA stimulates insulin-induced phosphorylation of Akt, Erk1/2 and their downstream target FoxOl,
which seems contradictory to our previous data that SRAKO attenuated the insulin resistance induced by HFD?.
However, the improved insulin sensitivity in SRAKO mice is likely secondary to the attenuation of hepatic
steatosis and obesity. Insulin and SRA both inhibit FoxO1-mediated transcription of ATGL, but the mecha-
nisms differ since only insulin induces nuclear export of FoxO1 (Fig. 5b), and the repressive effect of SRA is
insulin-independent. Perhaps, the effect of SRA on promoting insulin signaling is too little to modulate FoxO1
nuclear localization, at least under the conditions of present study.
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Figure 6. SRA inhibits PPAR~-mediated ATGL promotor driven luciferase activity. Cells were transfected
with —3000/+ 1-LUC ATGL construct (200 ng) and pRL-TK-Renilla (10 ng). (a—d) PPAR~ expression vector
was cotransfected. 36 h after transfection, cells were treated with rosiglitazone (1 uM) for 24 h before harvesting.
(a) HepG2 cells were transfected by PPAR~ expression vector with the dose indicated. (b) pSCT-SRA or control
expression vector (200 ng) plus PPAR~ expression vector (3 ng) were transfected into HepG2 cells. (c) Similar
to (b), except with AS1842856 (1 M) treatment immediately after transfection. (d) Hepal-6 cells were infected
with shRNA against SRA (shSRA) or scrambled shRNA as control (shControl). 12 h later, PPAR~ expression
vector (3 ng) was transfected into Hepal-6 cells. AS1842856 (1 M) treatment was started immediately after
transfection. Subsequent luciferase assays were performed 72 h after infection. (e) HepG2 cells were transfected
by pSCT-SRA or control expression vector (200 ng), followed by T0070907 (0.4 pM) treatment immediately
after transfection. 60 h later, cells were harvested for luciferase assay. (f) Hepal-6 cells were infected with sShRNA
against SRA (shSRA) or scrambled shRNA as control (shControl). 12h later, cells were treated with T0070907
(0.4 pM) for 60 h before harvesting. ATGL promoter driven luciferase activity were normalized to Renilla
luciferase activity and presented as mean =+ SE. Data are expressed as fold-change relative to the level of control.
*p < 0.05.

SCIENTIFICREPORTS | 6:35531| DOI: 10.1038/srep35531 9



www.nature.com/scientificreports/

>
m ~
a < 215 1 O WT-Chow
p—p—— a E B WT-HFD
: w ©
, et et AR 5210 4 I oblob
S — { et W B: laminB1 2 5
o N 51
WT-Chow  WT-HFD ob/ob Zg
TS 0 A
@ <
>
X m -
b g2 6 EWT
RS S £ KO
R
| --—-—--——..-| IB: laminB1 € 5
29 )
) K\ Q Q o=
8 $)
< & ,Q?{‘ X 5E
\é\' o Q \l_o oo 0"
+ @ € Chow HFD
C
4 -
5 4 7 PPARy owTt
3 MW KO
<31
P *
1
€2 4
(]
2
T ] -
0]
o

Chow HFD

Figure 7. SRA promotes the expression of PPAR~. Animals were fasted for 16 h before sacrifice. (a) Liver
nuclear extracts from male WT mice fed with chow diet or HFD, and ob/ob mice fed with chow diet (20 weeks
of age), were immunoblotted with anti-PPAR~ or anti-laminB1 antibodies. (b) Liver nuclear extracts from
male WT or SRAKO (KO) mice fed with chow diet or HED (20 weeks of age), were immunoblotted with anti-
PPAR~ and anti-laminB1 antibodies. (¢) mRNA levels of PPAR~ in livers of male SRAKO (KO, n=8) or WT
(n=38) littermates (20 weeks of age) fed with normal chow or HFD. Quantification of bands and their relative
intensities are shown in the right panel. Data are presented as mean =+ SE and expressed as fold-change relative
to the level of chow-fed WT mice. *p < 0.05.

PPAR~, another transcription factor upregulating ATGL transcription in adipocytes®#’, is confirmed to have
a similar effect in hepatocytes when activated by a PPAR~ ligand (Fig. 6a). However, the elevated ATGL tran-
scription by ligand-activated PPAR~ was reduced to basal levels by SRA (Fig. 6b), an effect that is independent of
FoxO1 (Fig. 6¢). Despite the potential importance of the SRA-PPAR~-ATGL pathway, studies using FoxO1 and
PPAR~ inhibitors indicate that, in the absence of a PPAR~ ligand, SRA mediates its repressive effects on ATGL
transcription via FoxO1, not PPAR~ (Figs 4 and 6).

The molecular mechanism underlying SRA functioning as a repressor in FoxO1 and PPAR~-mediated ATGL
transcription remains to be fully elucidated. Previous studies indicate that SRA can function as an RNA coacti-
vator by forming a complex with protein coactivators such as SRC-1'%, and that it may function as a scaffolding
molecule in these complexes!*?%4%, However, SRA also has a repressive function and interacts with NR corepres-
sors SHARP* and SLIRP*, and acts as scaffold of repressive complexes containing HP1, LSD1, HDAC1/2 and
CoREST to silence progesterone receptor regulated genes in the absence of hormones®. In addition, SRA can
form complexes with trithorax groups and polycomb repressive complex 2 complexes to deliver either activat-
ing or repressive histone modifications®. Therefore, SRA can exert both coactivating and repressing functions
dependent on its context. We hypothesize that, in liver, SRA functions as a scaffold to recruit a repressive complex
to suppress FoxO1 and PPAR~y-mediated ATGL transcription.

In summary, the present study shows that the hepatic expression of SRA and ATGL is inversely correlated, and
the loss of SRA in the mouse liver or hepatocytes upregulates the expression of ATGL primarily by promoting the
inductive effect of FoxO1, which may lead to increased FFA 3-oxidation and confer protection against hepatic
steatosis in diet-induced obesity.
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Methods

Animals and diets. SRAKO mice were generated as described previously?. Leptin-deficient mice (ob/ob)
were purchased from the Model Animal Research Center of Nanjing University, China. The mice were housed in
a pathogen-free barrier facility with a 12h light/dark cycle and were given free access to food and water. At the
age of 8 weeks, SRAKO mice (KO) and wild type littermates (WT) were fed either a standard laboratory rodent
chow diet (Chow) (Xietong Organism, Nanjing, China) or a high fat diet (HFD, 60% fat, 20% carbohydrate, 20%
protein; Research Diets, New Brunswick, USA) for 12 weeks. ob/ob mice were fed chow diet until 20 weeks old.
Mice were sacrificed during the light phase after food deprivation for 16h or without fasting. Tissues were isolated
immediately, weighed and stored in liquid nitrogen. All animal husbandry and animal experiments complied
with the guidelines of the Nanjing Medical University’s Regulations of Animal Experiments and were approved
by the Animal Experiment Committee of the Nanjing Medical University.

RNA extraction and quantitative real-time PCR. Total RNA was extracted from livers or cells using
RNAiso Plus (Takara Bio Inc., Dalian, China) and was reverse-transcribed using M-MMLV Reverse Transcriptase
with RNasin Ribonuclease Inhibitors (Promega Biotech Co., Ltd, Beijing, China) according to the manufacturer’s
protocols. qPCR was performed using SYBR Premix Master Mix (Thermo Scientific Inc., Shanghai, China).
Primer sequences for Ppara, Mcad, Lcad, Cptla, Cpt2, Cd36, Fatpl, L-fabp, Acsll,Acox1, Acaalb, Acaa2, Atgl,
Hsl, Acly, Fasn, Accl, Acc2, Scdl, Mtgpatl, Dgatl, Dgat2, Apob, Mttp, Apoc2, Apoc3, VIdlr, and Sra are summa-
rized in Supplementary Table S1. The expression levels of mMRNA were normalized to those of ribosomal protein,
large, PO (36B4) mRNA.

Immunoblotting. Proteins from liver lysates, cell lysates, cell nucleus and cell cytoplasm were extracted
by previous methods®® or kits (Beyotime Biotechnology, Shanghai, China). Primary antibodies were used at the
dilution of 1:1000. Anti-phospho-FoxO1 (#9461), FoxO1 (#2880), phospho-ERK1/2 (#4370), ERK1/2 (#4695),
phospho-Akt (Thr308) (#9275), phospho-Akt (Ser473) (#9271), Akt (#4685), ATGL (#2439), PPAR~ (#2435),
lamin B1 (#13435), 3-actin (#3700) and horseradish peroxidase-conjugated anti-mouse or rabbit IgG were
purchased from Cell Signaling Technology. Anti-SRAP antibody (#A300-743A) was purchased from Bethyl
Laboratory, Inc.

Cell culture and treatment. HepG2 human hepatocarcinoma cells and Hepal-6 mouse hepatocarcinoma
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen), supplemented with 100 mg/
ml streptomycin sulphate (Sigma-Aldrich), 100 U/ml penicillin G (Sigma-Aldrich) and 10% (v/v) fetal bovine
serum (FBS; Invitrogen), and maintained at 37 °C in an atmosphere of 5% CO, and 95% air. Primary hepatocytes
were isolated from wild type or SRAKO mice and grown in William’s medium E (Sigma-Aldrich) with FBS and
antibiotics as described previously>*. Cells were serum-starved for 5h followed by treatment with or without
insulin (10 nM) for 5min. Before insulin treatment, cells were pretreated with MG132 (Sigma-Aldrich, 50 pM),
wortmannin (Sigma-Aldrich, 1 M) or trametinib (MedChem Express, 1 uM) for 30 min.

Plasmids, transfection, retroviral infection and reporter gene assays. PPAR~ was expressed in
mammalian cells from the vector pFlag-CMV-7.1 (Sigma) as described previously?. The —3000 to +1 promoter
region of mouse gene Pnpla2 (ATGL) was amplified by PCR from mouse liver genomic DNA using
primers 5'-CACAACGCGTCCAGCCCTGTTCTTGGCACCAGCATC-3’ and 5'-CACACTCGA
GGGTGTTTTAGTGCGGGGTGAGGGCG-3’ with Mlu I and Xho I overhangs. The PCR inserts were then
ligated to Mlu I and Xho I sites in the pGL3-Basic vector to obtain the reporter construct pGL3-3000/+ 1LUC.
The human SRA expression vector pSCT-SRA was kindly provided by R. Lanz (Baylor College of Medicine,
Houston, TX)'®. The plasmid pSCT-SRA (denoted SRA only), contains the human SRA RNA core sequence and
hence expresses SRA but not SRAP. As described previously?”’, pSCT-SRAP-SDM1/7 (denoted as SRAP only),
with a series of silent mutations in SRA RNA stem loops 1 and 7 produces wild type SRAP and dysfunctional
SRA. The human pcDNA-V5-tagged FoxO1 expression vector was kindly provided by Robert Tjian®*. Transient
transfections and luciferase reporter gene assays were performed as described previously?. Hepal-6 cells were
transfected with expression vectors in 6-well plates for RT-qPCR or immunoblotting. HepG2 cells were trans-
fected with expression vectors or luciferase reporter plasmids plus the internal control vector pRL-TK-Renilla
for luciferase assays in 24-well plates. After overnight culture, cells were incubated for 4h in serum-free DMEM
containing DNA-polyethylenimine (Sigma, 1 mg/ml) complex and then grown in DMEM supplemented with
10% FBS for 60 h. Luciferase activity was measured using the Dual-Luciferase reporter assay system (Promega,
Madison, WI) and normalized to Renilla luciferase values.

Gene silencing by short hairpin RNA (shRNA).  According to previous methods?, endogenous mouse
SRA in Hepal-6 cells was knocked down by infection with a lentivirus expressing shRNA directed against SRA
generated in 293T cells, supplemented with 8 mg/ml Polybrene (Sigma) after overnight attachment. Infection was
repeated at intervals of 8 to 12 h. Cells were subjected to experiments 72 h after the second infection.

ATGL mediated FFA (3-oxidation assays. Hepatocytes or Hepal-6 cells were cultured in complete
medium with oleic acid (100 pM) for 16 h. Then, cells were incubated in serum free, phenol red free and glucose
free DMEM (Sigma) for 4h with or without (R)-Bromoenol lactone (25uM, Cayman Chemical company,
Ann Arbor, USA). Ketone bodies, the products of FFA 3-oxidation liberated into the media were assayed
by D-3-hydroxybutyrate assay kit (Megazyme Internatioanl Ireland, Bray, Ireland). ATGL-mediated FFA
B-oxidation was calculated as the difference of D-3-hydroxybutyrate production between cells treated with or
without the ATGL specific inhibitor, (R)-bromoenol lactone, normalized to cell protein level, i.e. the portion of
D-3-hydroxybutyrate production suppressible with (R)-bromoenol lactone.
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ATGL activity assays. TAG hydrolase activity in liver lysates was assayed with a TAG hydrolase assay kit
(Jiancheng Bioengineering Institute, Nanjing, China) and normalized to liver lysate protein levels. ATGL activity
was calculated as the difference of TAG hydrolase activity in the presence and absence of (R)-bromoenol lactone
(25pM), i.e. the portion of TAG hydrolase activity suppressible with (R)-bromoenol lactone.

TAG assay in hepatocytes. Hepatocytes were homogenized in 0.1 M HCl and extracted by chloroform-
methanol (2:1). The organic phase was evaporated to dry. Lipid residues were dissolved in isopropanol and meas-
ured using the TAG assay kit (GPO-PAP; Dongou Bioengineering Co. Ltd, Wenzhou, China). TAG levels were
normalized to protein levels of hepatocytes.

Statistical analysis. Results are expressed as mean = SE. Data between groups were analyzed by Student’s
t-test or one-way ANOVA followed by Bonferroni-Dunn multiple comparison. Differences were considered sig-
nificant at P < 0.05.
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