Oncogene (2019) 38:4915-4931
https://doi.org/10.1038/541388-019-0764-z

ARTICLE
®

Check for

Sirtuin-mediated deacetylation of hnRNP A1 suppresses glycolysis
and growth in hepatocellular carcinoma

Hao Yang'? - Rongxuan Zhu? - Xiaoping Zhao? - Liu Liu® - Zhaoli Zhou' - Li Zhao? - Beibei Liang' - Wenjing Ma' -
Jian Zhao”® - Jianjun Liu? - Gang Huang'?

Received: 14 August 2018 / Revised: 25 January 2019 / Accepted: 16 February 2019 / Published online: 11 March 2019
© Springer Nature Limited 2019

Abstract

Tumor cells undergo a metabolic shift in order to adapt to the altered microenvironment, although the underlying
mechanisms have not been fully explored. HnRNP Al is involved in the alternative splicing of the pyruvate kinase (PK)
mRNA, allowing tumor cells to specifically produce the PKM2 isoform. We found that the acetylation status of hnRNP A1
in hepatocellular carcinoma (HCC) cells was dependent on glucose availability, which affected the PKM2-dependent
glycolytic pathway. In the glucose-starved HCC cells, SIRT1 and SIRT6, members of deacetylase sirtuin family, were
highly expressed and deacetylated hnRNP A1 after direct binding. We identified four lysine residues in hnRNP A1 that were
deacetylated by SIRT1 and SIRT6, resulting in significant inhibition of glycolysis in HCC cells. Deacetylated hnRNP Al
reduced PKM2 and increased PKM1 alternative splicing in HCC cells under normal glucose conditions, thereby reducing the
metabolic activity of PK and the non-metabolic PKM2—-catenin signaling pathway. However, under glucose starvation, the
low levels of acetylated hnRNP A1 reduced HCC cell metabolism to adapt to the nutrient deficiency. Taken together, sirtuin-
mediated hnRNP A1 deacetylation inhibits HCC cell proliferation and tumorigenesis in a PKM2-dependent manner. These
findings point to the metabolic reprogramming induced by hnRNP A1 acetylation in order to adapt to the nutritional status of
the tumor microenvironment.

Introduction

These authors contributed equally: Hao Yang, Rongxuan Zhu

Tumor cells are characterized by a high glucose uptake and
glycolysis under aerobic and hypoxic conditions, a phe-
nomenon known as the Warburg effect [1]. This aberrant
glucose metabolism in tumor cells is largely attributed to the
abnormal activity and function of glycolytic enzymes,
including hexokinase 2 (HK2), phosphofructokinase (PFK),
pyruvate kinase (PK), and lactate dehydrogenase (LDH) [2].
PK plays an important role in tumor metabolism, and
PKM1 and PKM2 are its two isozymes that respectively
promote oxidative phosphorylation and aerobic glycolysis.
The heterogeneous nuclear ribonucleoprotein (hnRNP) Al,
hnRNP A2/B1, and PTB are known to regulate the
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expression of PKM2, but not PKM1, in tumor cells [3, 4].
HnRNP Al mediates DNA repair, RNA splicing, telomere
elongation, and cell signal transduction in tumorigenesis [5,
6], and is expressed at high levels in different tumor cells
[7-9]. HnRNP A1 binds to the 5’ splice site (EI9) of PKM
pre-mRNA exon 9, which leads to the excision of exon 9
and formation of PKM2 mRNA, which is expressed at high
levels in tumor cells. PKM1 is the main PK isoform in
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normal differentiated cells, which is the result of alternative
splicing by hnRNP Al that excludes exon 10 [10, 11].
PKM2 not only enhances the accumulation of glycolysis-
related metabolites in the tumor cells, but also acts as a
coactivator of transcription factors such as HIF-la and f-
catenin to promote signal transduction and tumorigenesis
[12-15].

Sirtuins belong to a family of protein deacetylases that
includes seven homologs in mammals (SIRT1 to SIRT7).
Studies show that sirtuins regulate mitochondrial bio-
synthesis, fatty acid oxidation, and gene transcription in
hepatocellular carcinoma (HCC) and other cancers [16,
17]. For example, SIRT1 deacetylated p53 and decreased
glucose uptake in cancer cells, resulting in increased
mitochondrial respiration [18]. SIRT6-mediated deacety-
lation of H3K9 regulated the expression of various gly-
colytic genes and suppressed HIF-la transcriptional
activity [19]. Furthermore, SIRT2 and SIRT6 deacetylated
PKM2 at the K305 and K433 residues, and reduced
PKM2-mediated tumor metabolism in tumor cells [20,
21]. However, the exact role of sirtuin-dependent deace-
tylation of hnRNP A1, hnRNP A2/B1, or PTB in tumor
metabolism is largely unknown. We hypothesized that the
highly expressed hnRNP Al in HCC cells was deacety-
lated by sirtuins, which inhibited the alternative splicing
of PKM2, and therefore altered the cellular metabolism.
Our results show that increased sirtuin expression under
stress conditions such as glucose starvation promoted the
deacetylation of hnRNP Al and reduced glycolysis and
proliferation of HCC cells to help them adapt to the
nutrient deficiency.

Results

High expression of hnRNP A1 is predictive of HCC
progression and poor prognosis

The in situ expression of hnRNP A1l in HCC and adjacent
non-cancerous tissues was analyzed in 78 HCC patients and
was found to be significantly higher in the tumor tissues
(Fig. 1a, b). Based on the expression levels of hnRNP Al,
the patients were classified into the high (n = 52)- and low
(n = 26)-expressing groups, and high levels of hnRNP Al
were associated with higher tumor stages (p =0.021) and
larger tumors (p =0.037; Table 1), as well as poor prog-
nosis (p =0.0057; Fig. 1c). In addition, we also found a
positive correlation between high hnRNP Al expression
and the expression of B-catenin (p = 0.025) and glypican-3
(p =0.038), the main biopsy markers in HCC (Table 2).
Analyses of the expression levels in randomly selected
tissues revealed significantly higher expression of both
hnRNP Al and its effector PKM2 in HCC than in normal
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tissues (Supplementary Fig. la). Meanwhile, the gene-
expression level in several tumor types was detected by
GEPIA network tool. The results showed that the mRNA
expression of inRNP Al and PKM in liver hepatocellular
cancer was higher than that in normal tissues (Fig. 1d,
Supplementary Fig. 1b). Taken together, high hnRNP Al
expression in HCC is likely correlated to more aggressive
tumor characteristics.

Sirtuins deacetylate and interact with hnRNP A1

In addition to its own expression level, we also found that
the expression of acetylated hnRNP Al in human HCC
tissues was higher than that in adjacent tissues (Supple-
mentary Fig. la). HepG2 cells overexpressing FLAG-
tagged hnRNP Al were treated with either the HDAC
inhibitor trichostatin A (TSA, 5 uM) or the sirtuin inhibitor
nicotinamide (NAM, 10nM). Treatment with NAM sig-
nificantly increased the acetylation of hnRNP Al (Fig. 2a),
thus confirming that the latter was deacetylated by sirtuins.
To determine which sirtuins deacetylated hnRNP Al, we
co-transfected HepG2, 293T, HCT116, and A549 cells with
FLAG-hnRNP Al and different HA-tagged sirtuins (except
SIRT3 and SIRT4 since they are only expressed in the
mitochondria [22]). Both HA-SIRT1 and HA-SIRT6 sig-
nificantly deacetylated FLAG-hnRNP A1, as reflected in the
decreased levels of lysine-acetylated hnRNP A1l (Fig. 2b,
Supplementary Fig. 2a). The expression of SIRT1 and
SIRT6 in tumor and normal tissues differed little in the
GEPIA database (Supplementary Fig. 2b and 2c); so, we
hypothesized that sirtuins regulate the deacetylation of
hnRNP A1l conditionally.

Since previous studies have shown that glucose starva-
tion leads to the activation and increased expression of
SIRT1 and SIRT6 [21, 23], we examined the acetylation
level of hnRNP A1 under glucose starvation. HepG2, 293T,
HCT116, and A549 cells were cultured in 5 mM glucose for
0, 12, and 24 h, which significantly increased SIRT1 and
SIRT6 protein levels, and subsequently led to a decrease in
hnRNP Al acetylation (Fig. 2c, Supplementary Fig. 2d).
HepG2 cells were treated with selective inhibitors of SIRT1
(EX527) or SIRT6 (Compound 9 [24]), and each resulted in
increased hnRNP Al acetylation (Fig. 2d). The co-
immunoprecipitation (co-IP) of the endogenous hnRNP
Al protein and SIRT1 or SIRT6 in the HCC cells indicated
their direct physical interaction (Fig. 2e) and was further
validated by silver-staining assay and mass spectrometry
(Fig. 2f, Supplementary Table 1), which showed FLAG-
hnRNP Al binding to SIRT1 (located at 82 kD) and SIRT6
(located at 39kD). Moreover, glucose starvation further
amplified the interaction between hnRNP A1l and SIRT1 or
SIRT6 (Fig. 2g), implying that glucose starvation inhibited
hnRNP A1l acetylation. Immunofluorescence assay showed



Sirtuin-mediated deacetylation of hnRNP A1 suppresses glycolysis and growth in hepatocellular carcinoma 4917

A C
*xx — A1 high expression
E— .
< 104 — A1 low expression
% 100+
HCC o 89 —
5 2 p=0.0057
< 6 =
< 7]
o -
£ 4 g %0
€ ©
5 2
2 2
©
&
Adjacent 0 t 0 ‘ ‘ : . ‘
tissue Y R 0 500 1000 1500 2000 2500
NS \;@" days
.@oe"\
\?Q\
D
&4 —* hnRNP A1
— - T - ‘ .
= = - : : —4
— : k e N - - Ry £ SEE L
© A - o : ) o .
<« 4
~
o 4
T T T T T T
LIHC COAD LUAD BRCA ESCA

(num(T)=369; num(N)=160) (num(T)=275; num(N)=349)

Fig. 1 HnRNP Al was highly expressed in HCC and predicted poor
prognosis. a Representative IHC images of tumors (upper) and adja-
cent normal tissues (lower) showing hnRNP Al expression (scale bar,
50 um). b Statistical analysis of IHC scores for 78 HCC tumors and
adjacent normal tissues. ***p <0.001. ¢ Survival curves of 52 hnRNP
A1l high-expressing (red) and 26 low-expressing (blue) patients. d The
expression of hinRNP Al mRNA in different types of cancer was

significantly increased co-localization of hnRNP Al and
SIRT1 or SIRT6 under glucose starvation compared to
normal culture conditions (25 mM glucose) in HepG2 cells
(Fig. 2h). However, the suppression of SIRT1 and SIRT6
deacetylase activity with the selective inhibitors reduced the
interaction between hnRNP Al and the sirtuins (Fig. 21i).
Therefore, glucose starvation upregulates SIRT1 and SIRT6
in HCC cells, enhances their interaction with hnRNP Al,
and promotes the latter’s deacetylation.

Four lysine sites of hnRNP A1 are deacetylated by
SIRT1 and SIRT6

The PhosphoSitePlus database predicted 10 lysine (K) sites
in hnRNP A1 that can be putatively acetylated (Fig. 3a). We
mutated each of these sites to arginine (R) and tested the
acetylation level of hnRNP Al in the resulting KR mutants.
Mutations in four sites (K3R, K52R, K87R, and K350R)

(num(T)=483; num(N)=347)

(num(T)=486; num(N)=338) (num(T)=1085; num(N)=291) (num(T)=182; num(N)=286)

analyzed by the GEPIA network tool. T: tumor (red); N: normal
tissue (blue). LIHC, liver hepatocellular carcinoma; COAD, colon
adenocarcinoma; LUAD, lung adenocarcinoma; LUSC, lung
squamous cell carcinoma; BRCA, breast invasive carcinoma; ESCA,
esophageal carcinoma; HCC, hepatocellular carcinoma; IHC,
immunohistochemistry

significantly decreased the levels of acetylated hnRNP Al
(Fig. 3b). All the four sites were simultaneously mutated to
form a deacetylated mimetic (4KR) of hnRNP A1, which
had predictably lower acetylation levels than wild-type
hnRNP A1, and did not respond any further to deacetylation
even after the overexpression of SIRT1 and SIRT6, further
indicating that the deacetylation of hnRNP A1l is dependent
on these sirtuins (Fig. 3c). Inhibitors of SIRT1 and SIRT6
increased the acetylation level of hnRNP Al but not of
hnRNP A1l 4KR (Fig. 3d). However, glucose starvation
resulted in a similar reduction in acetylation levels of both
hnRNP Al and 4KR (Fig. 3e). co-IP assay showed a sig-
nificant reduction in the interaction between hnRNP Al
4KR and SIRT1 (Fig. 3f) or SIRT6 (Fig. 3g). Taken toge-
ther, the deacetylation of K3, K52, K87, and K350 is
reduced during glucose starvation, and these residues are
necessary for SIRT1- and SIRT6-mediated deacetylation of
hnRNP Al.
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;zggg El"";if‘ri‘;;‘ioze‘;f;e“ All cases eI:-IXigh hnRNP Al Low hnRNP Al p Value
clinical data of HCC patients pression cxpression
Participants 78 52 26
Sex Male 66 44 22 1.000
Female 12 8 4
Age <60 years 64 44 20 0.404
260 years 14 8 6
Tumor stage I 4 1 3 0.021%*
II 24 12 12
I 47 36 11
v 3 3 0
Tumor metastasis Y 8 5 3 0.792
N 70 47 23
Lymph node Y 3 2 1 1.000
metastasis
N 75 50 25
Tumor size <8cm 54 32 22 0.037*
>8 cm 24 20 4

HCC hepatocellular carcinoma
*p <0.05

Deacetylated hnRNP A1 inhibits glycolysis in HCC
cells

Since hnRNP Al is known to promote glycolysis by
modulating the alternative splicing of PKM?2 [25-28], we
determined whether the acetylation or deacetylation of
hnRNP Al also affected glucose metabolism in HCC cells.
Under normal high-glucose conditions, hnRNP Al over-
expression promoted glucose uptake in HepG2 and HuH-7
cells, while the deacetylated hnRNP Al 4KR mimetic
reduced glucose uptake relative to hnRNP Al. However,
there was no significant difference in the glucose uptake
levels in HepG2 or HuH-7 cells overexpressing either
hnRNP Al or 4KR under glucose-starvation conditions
(Fig. 4a). In addition, '®F-fluorodeoxyglucose (‘*F-FDG)
uptake was enhanced in hnRNP Al-overexpressing and
decreased in 4KR-expressing HCC cells at normal glucose
levels, while it was unaffected by the hnRNP Al status
following glucose starvation (Fig. 4b). To reduce the
interference of endogenous hnRNP Al on the experimental
results, we knocked down AinRNP Al with siRNA in HepG2
cells and then overexpressed hnRNP Al or 4KR. The
results showed that glucose uptake in 4KR-expressing cells
was lower than that in hnRNP Al-expressing cells only
under normal glucose culture conditions (Supplementary
Fig. 3a and 3b). Similar kinetics of lactate (Fig. 4c, Sup-
plementary Fig. 3c) and cytoplasmic pyruvate (Fig. 4d,
Supplementary Fig. 3d) production were seen in the hnRNP
A1/4KR cells vis-a-vis glucose concentration. Finally, the
deacetylated 4KR mimetic resulted in a higher oxygen-

SPRINGER NATURE

consumption rate, an indicator of mitochondrial oxidative
metabolism, compared to hnRNP A1 (Fig. 4e), but no sig-
nificant difference was seen after glucose starvation (Fig.
4f). Taken together, our findings demonstrate that deace-
tylation of hnRNP Al inhibits glycolysis and promotes
mitochondrial metabolism in HCC cells.

Deacetylated hnRNP A1 blocks the alternative
splicing of PKM mRNA to PKM2

HnRNP A1l enhances glucose metabolism by promoting the
alternative splicing of the PKM mRNA to PKM?2. In con-
trast, the deacetylation mimetic of hnRNP Al increased the
relative proportion of PKMI mRNA, which indicates that
deacetylation of hnRNP Al inhibited the generation of the
PKM?2 isoform (Fig. 5a, Supplementary Fig. 4a). HnRNP
A1 mediated the excision of exon 9 of the PKM pre-mRNA,
which retained exon 10 and thus generated PKM2 mRNA
(Fig. 5b). Polymerase chain reaction (PCR) amplification of
the fragment between exons 8 and 11 indicated that 4KR
promoted the PKM1 isoform as compared to the wild-type
hnRNP Al under high-glucose conditions (Fig. Sc, Sup-
plementary Fig. 4b), but had no effect under glucose star-
vation (Fig. 5d). Compared with hnRNP Al, the 4KR
mimetic also increased PKM1 protein levels under normal
glucose conditions (Fig. Se, Supplementary Fig. 4c). Pre-
vious studies have shown that hnRNP A1 binds to the intron
sequence next to exon 9 (EI9) to facilitate the exclusion of
PKM exon 9 [29]. We, therefore, established a 5’-biotin-
labeled EI9 sequence (19bp), and RNA-affinity
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Table 2 Correlation between the immunohistochemical staining
intensity of several HCC biopsy markers and hnRNP Al expression
in HCC

hnRNP Al R
expression (p Value)
Score Low High
Hep-1 0 4 12 0.056
(0.352)
1+ 11 12
2+ 6 12
3+ 5 15
HBsAg 0 7 12 0.175
(0.254)
1+ 14 20
2+ 1 5
3+ 3 15
CK18 0 4 9 0.056
(0.352)
1+ 1 5
2+ 10 15
3+ 10 23
CK19 0 25 45 0.000
(0.701)
1+ 1 5
2+ 0 2
3+ 0 0
CD34 0 4 2 0.140
(0.206)
1+ 2 7
2+ 6 8
3+ 14 35
B-Catenin 0 7 4 0.361
(0.025%)
1+ 1 10
2+ 2 5
3+ 0 0
MUC-1 0 20 49 -0.227
(0.129)
1+ 2 1
2+ 0 0
3+ 1 0
Glypican-3 0 14 19 0.232
(0.038%)
1+ 4 12
2+ 4 3
3+ 1 14
P65 0 1 1 0.000
(0.919)
1+ 5 8
2+ 1 1
3+ 0 0

HCC hepatocellular carcinoma
*p <0.05

chromatography [11] showed that the biotinylated E/9 RNA
bound weakly to 4KR relative to hnRNP A1 under normal
glucose conditions, while neither bound to EI9 under glu-
cose starvation (Fig. 5f). In addition, the activity of PK was
significantly lower in 4KR HepG2 cells compared to the
cells expressing hnRNP Al (Fig. 5g), but only under

normal and not low-glucose conditions (Fig. 5h). Taken
together, deacetylation of hnRNP Al promotes the alter-
native splicing of PKM mRNA to PKMI under normal
glucose conditions, thereby inhibiting PK function in HCC
cells.

Deacetylated hnRNP A1 suppresses PKM2-mediated
B-catenin activation following glucose induction

Since PKM2 acts as a f-catenin coactivator to promote f3-
catenin-associated transcriptional activation [13], we next
investigated the effect of hnRNP Al deacetylation on this
process. Under normal glucose conditions, the high
expression of hnRNP A1 promoted the interaction between
PKM2 and f-catenin, which was inhibited by the 4KR
mimetic in HepG2 cells. However, no significant difference
was seen during glucose starvation (Fig. 6a, b). PKM2
binding with B-catenin in the hnRNP Al cells upregulated
the downstream genes, including Glutl, LDHA, PDKI,
CCND1, and Myc, while 4KR downregulated these genes in
comparison with hnRNP A1 under normal conditions. The
PKM2—-catenin pathway was unaffected in the glucose-
starved state (Fig. 6¢c, Supplementary Fig. 4d-h). Therefore,
deacetylation of hnRNP Al inhibits the binding between
PKM2 and B-catenin, and inhibits the transcription of the
downstream genes.

Deacetylated hnRNP A1 suppresses HCC growth
in vitro and in vivo

We established HepG2 cell lines stably expressing either
FLAG-hnRNP Al or the 4KR mimetic. Deacetylation of
hnRNP A1 inhibited HepG2 cell proliferation, as read by
CCK-8 and colony-forming assays, under normal glucose
but not low-glucose conditions (Fig. 7a, b). In addition,
4KR significantly inhibited in vivo HCC tumorigenesis
(Fig. 7¢) and significantly reduced the tumor volume (Fig.
7d) and weight (Supplementary Fig. 5a) compared to the
hnRNP Al-overexpressing HCC cells. The '®F-FDG posi-
tron emission tomography—computed tomography (PET/
CT) results showed significantly reduced 'F-FDG uptake
in tumors expressing 4KR relative to hnRNP A1 (Fig. 7c).
Compared to hnRNP A1, 4KR-expressing xenograft tumors
showed higher levels of PKM1 and lower expression of
PKM2 (Fig. 7e). Furthermore, the anti-proliferative effect of
hnRNP A1 deacetylation was attributed to the regulation of
SIRT1 and SIRT6. After the overexpression of SIRT1 and
SIRT6 in HepG2 cells, the difference between hnRNP Al
and 4KR levels on cell proliferation was reduced (Fig. 7f).
Xenograft tumor assays in vivo also confirmed that there
was no significant difference in tumor growth between
hnRNP Al and 4KR after using the SIRT1 activator
SRT1720 (Fig. 7g, h, Supplementary Fig. 5b). A PKM2-
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<« Fig. 2 HnRNP Al was deacetylated by sirtuins and interacted with

SIRT1 and SIRT6 in glucose-starved HCC cells. a FLAG-hnRNP Al-
transfected HepG2 cells were treated with DMSO, 5 uM TSA, 10 mM
NAM, or 5uM TSA + 10mM NAM for 24 h, followed by FLAG-
hnRNP Al immunoprecipitation and lysine-acetylation detection.
b HepG2 cells overexpressing hnRNP A1 and HA-SIRT1, HA-SIRT2,
HA-SIRTS, HA-SIRT6, HA-SIRT7 or the empty vector were lysed,
followed by FLAG-hnRNP A1 immunoprecipitation and-lysine acet-
ylation detection. ¢ HepG2 cells were glucose starved for 0, 12, and
24 h, and the acetylated hnRNP Al levels were detected. d HepG2
cells cultured under normal glucose conditions were treated with
DMSO, 20 uM EX527, 100 uM SIRT6 inhibitor or 20 uM EX527 +
100 uM SIRT6 inhibitor for 24 h, and acetylated hnRNP Al levels
were detected. e HepG2 cell lysates were immunoprecipitated with
anti-SIRT1 and anti-SIRT6 antibody or rabbit IgG, and immunoblotted
with anti-hnRNP A1l antibody. f Lysates of HepG2 cells over-
expressing FLAG-hnRNP Al were immunoprecipitated with anti-
FLAG antibody. Immunoprecipitated bands of FLAG-hnRNP Al,
SIRT1, and SIRT6 were visualized by silver staining and western
blotting. g HepG2 cells cultured in 5 mM glucose for 0, 12, and 24 h
were lysed, and following hnRNP Al immunoprecipitation, SIRT1
and SIRT6 were detected by western blotting. h In situ expression of
hnRNP Al (green), SIRT1 (red), and SIRT6 (red) in HepG2 cells was
detected by immunofluorescence (scale bar, 10 um). i HepG2 cells
were treated with DMSO, 20 uM EX527, 100 uM SIRT®6 inhibitor, or
20uM EX527 + 100puM  SIRT6 inhibitor, and after hnRNP Al
immunoprecipitation, SIRT1 and SIRT6 were detected. DMSO,
dimethyl sulfoxide; NAM, nicotinamide; TSA, trichostatin A

specific inhibitor (Compound 3K [30]) suppressed the
proliferation of HepG2 cells expressing hnRNP A1 but not
4KR (Fig. 71), which suggested that the promotion of pro-
liferation by hnRNP A1l acetylation was dependent on
PKM2. Taken together, under normal conditions, low levels
of sirtuins put hnRNP Al in an acetylated state, thereby
upregulating PKM2 levels and activating glycolysis in HCC
tumors. However, under glucose starvation, high levels of
sirtuins promoted deacetylation of hnRNP Al, which
inhibited PKM?2-dependent glycolysis (Fig. 7j). Our data
confirmed that the effect of deacetylated hnRNP Al on
tumor glycolysis was dependent on glucose levels.

Discussion

The alternative splicing of PKM pre-mRNA to PKM?2, and
the increase in its levels relative to PKM 1, enhances anae-
robic glycolysis and provides a selective advantage to the
tumor cells. The alternative splicing of PKM is regulated by
hnRNP Al, hnRNP A2/B1, and PTB [25, 31]. Post-
transcriptional modifications of acetylated hnRNPs have
been observed in tumors and other pathological conditions.
In KRAS-mutated colorectal cancer, for example, hnRNP
Al acetylation is regulated by the epidermal growth factor
[32]. Similarly, HnRNP A2/B1 is acetylated by acetyl-
transferase p300 and promotes the transcription of
cyclooxygenase-2 to promote the growth of lung cancer

cells [33]. Acetylation of the RNA-recognition motifs of
PTB regulates its nuclear translocation and pre-mRNA
splicing [34]. However, the role of post-transcriptional
modification of hnRNPs in tumor growth and metabolism is
not fully understood. We identified four lysine residues in
hnRNP A1 that were deacetylated by SIRT1 and SIRT6 in
HCC cells, resulting in the inhibition of PKM?2 alternative
splicing and of glycolysis.

Tumor cells have evolved various mechanisms that help
them adapt to hypoxia or nutrient-deficient microenviron-
ments. Excessive glucose uptake is one of the hallmarks of
tumor cells, which also causes hypoglycemia in cancer
patients [35]. Glucose starvation alters the metabolic and
cell-signaling pathways and modifies tumor cell proteins,
mainly via the acetylation of histones or non-histones.
During nutrient starvation, SIRT1 increases the activity of
PGCla and FOXO1 via deacetylation, and increases the
expression of gluconeogenesis-related enzymes in the liver
[36, 37]. Glucose starvation in AS549 cells inhibited
radiotherapy-induced histone acetylation, indicating that
glucose deficiency can induce deacetylase activity [38]. In
HCC cells, glucose starvation suppressed the activity of the
tumor suppressor and acetyltransferase TIP60, which
inhibited p53 acetylation thereby altering cell growth and
apoptosis [39]. In addition, metabolic enzymes also undergo
acetylation modifications following glucose induction.
Previous studies have confirmed that a high concentration
of glucose promoted the acetylation of PKM2, which sta-
bilized the protein in the tumor cells and increased glucose
metabolism and activated f-catenin-related signaling path-
ways [40, 41]. RNA alternative splicing is also a hallmark
of tumors, and the acetylation or deacetylation of splicing
factors, therefore, regulates tumor growth and metabolism.
For example, glucose starvation enhanced the deacetylation
of the RNA-splicing factor SRSF5 and inhibited lung can-
cer progression [42]. We found that acetylation of hnRNP
Al, another RNA-splicing factor, is also regulated by glu-
cose. Glucose starvation induced hnRNP A1 deacetylation
by increasing the expression of SIRT1 and SIRT6, inhi-
biting PKM2-dependent glycolysis and tumorigenesis of
HCC cells.

The inhibition of glycolysis by the deacetylated mimetic
hnRNP A1 4KR was more pronounced under normal than
under low-glucose conditions. Since deacetylase activity,
including that of SIRT1 and SIRT6, is usually low under
normal conditions (high glucose), a higher level of acety-
lated hnRNP Al is seen in this state. Mutations in the four
acetylation sites of hnRNP A1 markedly reduce its acet-
ylation level and push PKM mRNA splicing towards
PKM]1, thereby inhibiting glycolysis and proliferation of
HCC. As the levels of sirtuins increased with glucose
starvation, the acetylation of hnRNP A1l was reduced and
was close to that of the 4KR mutant. Therefore, hnRNP Al
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<« Fig. 3 Four lysine residues (K3, K52, K87, and K350) of hnRNP Al

were deacetylated by SIRT1 and SIRT6. a PhosphoSitePlus database
showed 10 putative lysine-acetylation sites in hnRNP A1, which are
located in the RNA-recognition and nuclear-localization motifs. b The
FLAG-tagged hnRNP A1l or A1-KR was transfected into HepG2 cells,
and lysine acetylation levels were detected after immunoprecipitating
the FLAG-tagged proteins. The relative acetylation levels were cal-
culated by gray intensity analysis using Image J software. ¢ FLAG-
hnRNP A1l (or 4KR) and SIRTI1 (or SIRT6) were transfected into
HepG2 cells simultaneously, and the FLAG-hnRNP Al (or 4KR)
proteins were immunoprecipitated and probed for acetylation.
d FLAG-hnRNP A1l (or 4KR)-transfected HepG2 cells were treated
with DMSO, 20uM EXS527, 100 uM SIRT6 inhibitor, or 20 uM
EX527 + 100 uM SIRT6 inhibitor for 24 h, and the acetylation of
FLAG-hnRNP A1l (or 4KR) protein was detected. e FLAG-hnRNP Al
(or 4KR)-transfected HepG2 cells were glucose starved for 0, 12, and
24 h, and the acetylation of FLAG-hnRNP Al (or 4KR) was detected.
f, g HepG2 cells transfected with FLAG-hnRNP Al (or 4KR) and HA-
SIRT1 (or HA-SIRT6) were lysed, and the bound HA-SIRT1 (or HA-
SIRT6) protein levels were detected after FLAG-hnRNP Al (or 4KR)
immunoprecipitation. DMSO, dimethyl sulfoxide

had little effect on glycolysis under glucose starvation. In
fact, in glucose- and energy-deficient conditions, tumor
cells show enhanced deacetylase activity to reduce glyco-
lysis and increase mitochondrial oxidation [43]. On one
hand, energy-deficient tumor microenvironment promoted
the expression of deacetylase such as SIRT6 and directly
reduced the acetylation status of PKM2, thereby repro-
gramming metabolism [21]. On the other hand, the lack of
energy reduced the acetylation level of hnRNP A1, which in
turn reduced the production of PKM2, and thus, the
expression of PKM2 and its post-transcriptional modifica-
tions were also suppressed (Supplementary Fig. 5¢). Based
on our findings, we propose a metabolic adaptive mechan-
ism in HCC cells facing insufficient energy supply.

Materials and methods
Cell lines and culture conditions

HepG2, HuH-7, and 293T cell lines were purchased from
ATCC and cultured in high-glucose Dulbecco's modified
Eagle's medium (DMEM) (25mM D-glucose; Gibco,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (Gibco), 100 mg/ml penicillin, and 100 mg/ml
streptomycin sulfate (Gibco) at 37 °C under 5% CO,. For
glucose starvation, cells were cultured with the normal
medium for 24h, and then replaced with glucose-free
DMEM (Gibco) containing 5 mM D-glucose and 10% fetal
bovine serum. All cell lines were authenticated by short
tandem repeats (STR) profiling and mycoplasma was tested
every 2 weeks.

Plasmids and reagents

Human hnRNP Al, hnRNP Al 4KR, SIRTI, SIRT2,
SIRTS, SIRT6, and SIRT7 sequences were cloned into
pcDNA4TO-Flag/HA vectors. For lentiviral construction,
hnRNP Al and hnRNP A1l 4KR were cloned into pLenti-
CMV-EGFP-3FLAG-Puro vectors and stably expressed in
HepG2 cells. Lipofectamine 2000 was purchased from
Invitrogen (Waltham, MA, USA), TSA and NAM from
Sigma-Aldrich (St. Louis, MO, USA), and EX527, SIRT6
inhibitor, and PKM2 inhibitor from Selleck Chemicals
(Shanghai, China). The following primary antibodies
were used: anti-FLAG (Sigma), anti-HA (Abmart, Shang-
hai, China), anti-hnRNP Al (Abcam, Cambridge, UK),
anti-SIRT1 and anti-SIRT6 (Proteintech, Wuhan, China),
anti-acetylated lysine, anti-PKM?2, anti-PKM?2 pY105, anti-
PKM1, anti-f-catenin and anti-p-actin (all from Cell Sig-
naling Technology, Danvers, MA, US).

Immunohistochemistry

Tissue samples were surgically resected from consenting
patients at Ren Ji Hospital, Shanghai Jiao Tong University
School of Medicine. All experimental procedures were
approved by the Human Ethics Committee of Shanghai
University of Medicine and Health Sciences. Tissue sec-
tions were treated with 3% H,0O, to block endogenous
peroxidase activity and then incubated with anti-hnRNP Al
(1:500). Following incubation with HRP-conjugated sec-
ondary antibody, the positive signals were visualized by
diaminobenzidine chromogen. Two independent research-
ers scored hnRNP Al staining on the basis of distribution
and intensity. The percentage of stained cells was scored as
0 (0-5%), 1 (5-25%), 2 (25-50%), and 3 (50-100%), and
the staining intensities were scored as 0 (no staining), 1
(weak), 2 (medium), and 3 (strong). The expression of
hnRNP Al in each sample was calculated by multiplying
the percentage scores with the staining intensity scores.
Samples were then classified as high expressing (score > 6)
or low expressing (score < 6).

Co-immunoprecipitation and lysine-acetylation
assay

For exogenous co-IP, FLAG-hnRNP Al- and HA-SIRT1
(or SIRT6)-overexpressing cells were lysed with radio-
immunoprecipitation assay (RIPA) buffer. The cell extracts
were incubated overnight with anti-FLAG beads (Sigma) at
4 °C. After washing three times with immunoprecipitation
buffer, the samples were analyzed by western blotting using
antibodies against HA-SIRT1 (or SIRT6). For endogenous
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Fig. 4 Deacetylated hnRNP Al inhibited glycolysis and increased
aerobic metabolism in HCC cells. a HepG2 and HuH-7 cells trans-
fected with empty vector, FLAG-hnRNP A1 or 4KR were cultured for
24 h under normal (25 mM) or low-glucose (5 mM) conditions, and
then in a suitable medium for glucose-uptake assays. The expression of
FLAG-hnRNP Al and 4KR proteins in the corresponding cells was
analyzed by western blotting. b The above treated cells were incubated
in PBS containing 4uCi/ml '®F-FDG for 1 h, and '*F-FDG uptake was
measured by a gamma counter. ¢ The above treated cells were incu-
bated in a serum-free medium to detect lactate production. d The cells
were lysed and the cytoplasmic levels of pyruvate were detected. e, f
HepG2 cells expressing empty vector, FLAG-hnRNP Al, or 4KR
were cultured for 24 h under normal (e) or low-glucose (f) conditions,
and 10,000 cells of each were transferred to Seahorse XF24 cell-
culture microplates to detect O, consumption. *p <0.05, **p <0.01,
##%p <0.001; ns, no significance. 'SF-FDGF, fluorodeoxyglucose;
HCC, hepatocellular carcinoma; PBS, phosphate-buffered saline

co-IP, cell extracts were incubated overnight with anti-
hnRNP A1l antibody (IgG as control), followed by 3 h with
protein A/G (Pierce; Thermo Fisher Scientific, Waltham,
MA, USA) at 4°C, and analyzed for SIRT1 or SIRT6
expression by western blotting. For lysine-acetylation assay,
immunoprecipitation with anti-FLAG or anti-hnRNP Al
antibodies was followed by western blotting against acety-
lated lysine-PKM2.

Immunofluorescence

HepG2 cells were cultured in 20 mm glass-bottomed culture
dishes (NEST, Wuxi, China) in normal or glucose-starved
conditions for 24 h. Attached cells were fixed with 4%
paraformaldehyde in phosphate-buffered saline and then
permeabilized with 0.25% Triton X-100. After treating the
cells with blocking buffer (Beyotime, Shanghai, China) for
30 min, they were incubated overnight with anti-hnRNP
Al, anti-SIRT1, and anti-SIRT6 at 4 °C, and then with the
suitable secondary antibodies (anti-mouse-GFP and anti-
rabbit-Cheery) for 1 h at room temperature. Following 4',6-
diamidino-2-phenylindole ~ counterstaining, an  anti-
fluorescence quencher was added dropwise and fixed with
a coverslip. Images were taken using a Nikon Al + con-
focal microscope.

Glucose/"®F-FDG uptake and lactate production

HepG2 and HuH-7 cells transfected with FLAG-hnRNP Al
or 4KR were seeded in 12-well plates and incubated for 24
h under normal or glucose-starved conditions. For glucose-
uptake and lactate-production assays, the culture medium
was replaced with 500 pl serum-free high-glucose DMEM
and collected after 6 h of incubation. The glucose and lac-
tate levels of the samples were measured using glucose
assay kit (Sigma) and lactate assay kit (Sigma) respectively.
For the '"*F-FDG-uptake assay, the culture medium was

replaced with 4 uCi/ml '®F-FDG in phosphate-buffered
saline, and the cells were incubated for 1 h at 37 °C. After
lysing the cells with 1 M NaOH, the amount of '®F-FDG
uptake by the cells was measured using a gamma counter.
All data were normalized by cell numbers.

Cytoplasmic pyruvate and pyruvate kinase assay

HepG2 and HuH-7 cells transfected with FLAG-hnRNP Al
or 4KR were seeded in 12-well plates and incubated for
24 h under normal or glucose-starved conditions. The cells
were lysed with RIPA buffer, and the pyruvate levels or PK
activity in the cell lysates was measured by the pyruvate assay
kit (Sigma, MAKO71) or PK assay kit (Sigma, MAK072),
respectively, according to the manufacturer’s instructions.
Data were normalized to the total protein content, as mea-
sured by the BCA kit (Yeasen, Shanghai, China).

Cellular oxygen consumption assay

The cellular oxygen consumption was measured using the
Seahorse XF24 Extracellular Flux Analyzer, which reflects
the levels of mitochondrial respiration in the cells. Suitably
treated HepG2 cells were seeded at the density of 1x 10*
cells/well in XF24 cell culture plates (Seahorse Bioscience,
Agilent, USA) and incubated for 24h under normal or
glucose-starved conditions. The cells were then equilibrated
in a CO, incubator at 37 °C for 60 min in low-buffer DMEM
(Gibco) without bicarbonate before XF24 analysis. The
respiratory chain inhibitors or activators (1 pM oligomycin,
1 uM carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP), 1 uM antimycin and rotenone, all from Sigma) were
automatically injected into the microplate from the reagent
port at the indicated times.

RNA-splicing assay

HepG2 and HuH-7 cells expressing hnRNP A1l or 4KR were
cultured under normal and low-glucose conditions. RNA was
extracted and then reverse transcribed into cDNA, and 28
cycles of semi-quantitative PCR were carried out using the
following primers: e8-F(CTGAAGGCAGTGATGTGGCC)
and ell-R(ACCCGGAGGTCCACGTCCTC). The PCR
products (20 ul) were digested with Pstl (New England Bio-
labs, USA) for 1h, and the relative levels of PKMI and
PKM?2 were analyzed by electrophoresis.

RNA-affinity purification
The RNA-affinity assay was performed as described in
previous studies [11, 44]. Briefly, 1 nM of the synthetic

single-stranded EI9 RNA (5’-biotin-AGGUAGGGCC-
CUAAGGGCA-3’) and 100pul Streptavidin—Agarose
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Fig. 5 Deacetylated hnRNP Al decreased PKM2 and increased
PKM1 levels in HCC cells by the alternate splicing of PKM mRNA.
a The PKMI and PKM2 mRNA levels in HepG2 expressing each Al
mutant under 25 or 5 mM glucose for 24 h were measured by RT-
PCR. b Alternative splicing of PKM mRNA into PKMI and PKM?2
was detected by Pstl digestion, which specifically targeted exon 10 of
PKM?2. ¢, d HepG2 and HuH-7 cells expressing the empty vector,
FLAG-hnRNP Al or 4KR, were grown under normal (c) or low-
glucose (d) conditions, and exon 8 to exon 11 region of PKM was
amplified by PCR, followed by the detection of the relative amount of
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PKM1 and Pstl-digested PKM2. e The levels of PKM1 and PKM2
proteins in HepG2 and HuH-7 cells were detected by respective
antibodies. f The lysates of the HepG2 cells above were affinity
purified using streptavidin—biotin-labeled EI9 RNA agarose, and the
bound proteins were detected using anti-FLAG antibody. g, h The
activity of pyruvate kinase in the lysates of HepG2 cells cultured
under normal (g) and low-glucose (h) conditions was suitably
detected. *p <0.05, **p <0.01, ***p<0.001; ns, no significance.
HCC, hepatocellular carcinoma; RT-PCR, real time-polymerase chain
reaction
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Fig. 6 Deacetylated hnRNP Al suppressed PKM2-mediated p-catenin
transcriptional activation under glucose induction in HCC cells. a, b
HEPG2 cells expressing the empty vector, Flag-hnRNP Al or 4KR,
were cultured under normal or low-glucose conditions, and after
immunoprecipitating PKM2 (a) or p-catenin (b) from the cell lysates,

(Sigma) were mixed with 500 ul RIPA buffer, and incu-
bated overnight at 4 °C. The unbound agarose was removed
by washing twice with RIPA buffer. HepG2 cells expres-
sing hnRNP Al or Al 4KR and cultured under normal or
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the bound p-catenin and PKM2 protein levels were detected. ¢ Glutl,
LDHA, PDKI1, CCNDI, and Myc mRNA levels were detected by RT-
PCR in the above HepG2 cells. *p <0.05, **p <0.01, ***p <0.001;
ns, no significance. HCC, hepatocellular carcinoma; RT-PCR, real
time-polymerase chain reaction

low-glucose conditions for 24 h were lysed, and the lysates
were incubated with the biotin—-RNA-agarose for 30 min at
30°C. The expression of the RNA-binding proteins was
then detected by western blotting.
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« Fig. 7 Deacetylated hnRNP Al suppressed PKM2-mediated glyco-

lysis and HCC growth through SIRT1 and SIRT6. a PLenti-Flag-
hnRNP Al and pLenti-Flag-4KR plasmids were stably infected into
HepG2 cells. The same number of cells were plated in 96-well plates
and cultured under normal or low-glucose conditions, and the number
and viability of cells were measured every day by CCK-8 assay.
b Colony-formation assay was performed with HepG2 cells treated as
described above. ¢ Representative PET/CT images of xenograft tumors
induced in nude mice by hnRNP A1- or 4KR-expressing HepG2 cells,
with the circled area representing the tumor site. d Changes in tumor
volume during the experimental period. e The expression of PKM1
and PKM2 in xenograft tumors expressing hnRNP Al or 4KR was
detected. f HepG2 cells stably expressing hnRNP Al and 4KR were
transfected with the empty vector, HA-SIRT1 or HA-SIRT6, and
CCK-8 proliferation assay was performed. g, h The cells expressing
hnRNP Al or 4KR were implanted subcutaneously in nude mice, and
the SIRT1 agonist SRT1720 or the control vehicle was injected from
the 18th day. After 2 weeks of treatment, the tumor was imaged (g)
and the tumor volume was measured (h). i HepG2 cells stably
expressing hnRNP Al and 4KR were treated with DMSO or PKM2
inhibitor, followed by CCK-8 assay. j Expression pattern of different
sirtuins and acetylation states of hnRNP Al under different extra-
cellular conditions. DMSO, dimethyl sulfoxide; HCC, hepatocellular
carcinoma; PET/CT, positron emission tomography—computed
tomography

Cell-proliferation assay

HepG2 cells stably expressing hnRNP Al or 4KR were
seeded in 96-well plates at a density of 1x 10* cells/well.
After 24h, 10ul CCK-8 solution (Dojindo, Kumamoto,
Japan) was added to the medium, and the proliferation was
quantified by measuring the absorbance at 450 nm. For the
colony-formation assay, 200 suitably treated HepG2 cells
were suspended in each well of a 12-well plate and cultured
in high- or low-glucose medium. After 3 weeks, the cells
were stained with 0.1% crystal violet, imaged, and the
number of colonies was counted.

Xenograft tumor model and imaging

All animal experiments were performed in accordance
with the guidelines provided by the Animal Ethics Com-
mittee of the Shanghai University of Medicine and Health
Sciences. Five randomly selected 4-week-old male
BALB/c SCID mice (Shanghai Laboratory Animal Cen-
ter) were each inoculated subcutaneously with 5 x 10°
HepG2 cells stably expressing hnRNP Al or 4KR; no
blinding of groups was done. Tumor sizes were measured
over 24 days, and the results were expressed as the mean
+ SD. Glucose uptake in the tumor xenografts was mon-
itored by 'F-FDG micro-PET/CT. The tumors were also
scanned using Super Nova Micro-PET/CT scanner
(Pingseng Healthcare, Suzhou, Shanghai) after injecting
them intravenously with 200 pl saline containing 200 uCi
E_FDG. The standardized uptake value of the region of
interest was then evaluated manually. In experiments in

which SIRT1 agonists affected tumorigenesis, SRT1720
(Selleck Chemicals, Shanghai, China) was first configured
with dimethyl sulfoxide to a stock solution of 30 mg/ml.
Three nude mice per group were intravenously injected
with 20 mg/kg SRT1720 (diluted in isotonic saline) three
times a week after tumor formation for 18 days. As a
control vehicle, 0.2% dimethyl sulfoxide in isotonic saline
was administered intravenously. At the end of the
experiment, the mice were sacrificed and tumors were
photographed and weighed.

Statistical analysis

All data were statistically analyzed using Graphpad Prism 6
or SPSS 20 software. One-way analysis of variance and ¢
test were used to analyze the variance between the two
groups, and Pearson’s test was used to determine the cor-
relation between the two variables. Kaplan—Meier test was
used for survival analysis. Data are presented as the mean +
SEM or SD of at least three independent experiments, and p
<0.05 was considered significant.
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