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Abstract

Inhibiting cancer metabolism via glutaminase (GAC) is a promising strategy to disrupt tumor progression.
However, mechanism regarding GAC acetylation remains mostly unknown. In this study, we
demonstrate that lysine acetylation is a vital post-translational modification that inhibits GAC activity in
non-small cell lung cancer (NSCLC). We identify that Lys311 is the key acetylation site on GAC, which is
deacetylated by HDACH4, a class Il deacetylase. Lys311 acetylation stimulates the interaction between
GAC and TRIM21, an E3 ubiquitin ligase of the tripartite motif (TRIM) family, therefore promoting GAC
Ké3-linked ubiquitination and inhibiting GAC activity. Furthermore, GACK31Q mutation in A549 cells
decreases cell proliferation and alleviates tumor malignancy. Our findings reveal a novel mechanism of
GAC regulation by acetylation and ubiquitination that participates in non-small cell lung cancer

tumorigenesis.
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Introduction

Reprogramming of cellular metabolism is a hall
marker of tumorigenesis. Transformed cells often
converts the majority of their glucose to lactate
regardless of O, availability (Warburg effect), as well
as increases the use of glutamine as carbon and
nitrogen source [1, 2]. Glutamine is the amplest amino
acid in cells that is both non-essential and
conditionally essential in humans. When body is
under stressful conditions, cells may have a heavy
glutamine requirement that surpasses its synthetic
ability [3]. In tumor cells, glutamine is converted to
alpha-ketoglutarate to support bioenergetics through
the tricarboxylic acid cycle or join a biosynthesis
pathway via aminotransferase [4, 5]. Aberrant
glutamine metabolism has also been implicated in
regulating cell signaling and epigenetics [6, 7].

Glutaminase catalyzes the first step in
glutaminolysis that converts glutamine to glutamate
and nitrogen [8]. Kidney-type glutaminase and
liver-type glutaminase are the two main isoforms of

glutaminase in humans. KGA and GAC are the two
different splicing variants of GSL1 [9]. GAC is the
predominant GLS isoform in a variety of tumor cells
and is demonstrated to be correlated with tumor
growth [10-13]. This vital function of glutaminase in
glutaminolysis makes it a promising target for tumor
therapy.

The  regulatory  mechanisms  regarding
regulation of GAC expression and activity have been
deeply investigated. Several oncogenes (KRAS,
c-Myc) and Hypoxia-inducible factor (HIF) are
reported to drive the up-regulation of GAC at
transcriptional level [14-16]. Alternative splicing of
GLSI1 regulated by CCAT2, a long non-coding RNA
(IncRNA), results in the expression of GAC rather
than KGA [17]. High-throughput mass spectrometry
plattorm have screened out a number of
post-translational modifications (PTMs) on GAC.
Activation of NF-kB-PKCe signaling enhances GAC
activity by promoting its phosphorylation at residue
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Ser314 [18]. Sirt5, a NAD*-dependent deacylase,
stabilizes GAC through the desuccinylation of residue
Lys164 [13]. Several sites of acetylated lysine are
identified in GAC, some of which are located within
its catalytic domain, though the functions and
mechanisms of acetylation on GAC remain largely
unclear [19-22]. Here, we identified Lys311 as a key
acetylation site in regulating GAC activity and
HDAC4 as the deacylase responsible for its
deacetylation. We found that acetylation of Lys311
promoted GAC ubiquitination and inhibited its
activity. Furthermore, we demonstrated that as a E3
ligase, TRIM21 could ubiquitinate GAC in K63-
linkage following GAC acetylation. In conclusion, our
study revealed a novel regulatory mechanism of GAC
by acetylation and ubiquitination that participates in
tumorigenesis in NSCLC.

Materials and Methods

Cell culture

293T cells were cultured in DMEM (Genview,
GD3123) supplemented with 10% fetal bovine serum
(Gibco). NSCLC cell lines (A549, H1299, H292) were
cultured in RPMI 1640 (Gibco, C11875500BT)
supplemented with 10% fetal bovine serum (Gibco).
All cells were cultured at 37 °C containing 5% CO». All
cell lines are purchased from ATCC.

Reagents

Primary antibodies against Actin (66,009-1-1g),
HDAC4 (17449-1-AP), UB (10201-2-AP) and V5
(14440-1-AP) were purchased from Proteintech.
K63-linkage-specific polyubiquitin antibody
(920435621),  K48-linkage-specific =~ polyubiquitin
antibody (920438081) and anti-TRIM21 antibody
(92043) were ordered from Cell Signaling Technology.
Anti-acetyl-Lysine antibody (06-933) was purchased
from Millipore. Anti-GAC antibody (ab93434) were
ordered from Abcam. Anti-HA mouse monoclonal
antibody was purchased from Thermo Fisher
Scientific (26183). The HDAC4 siRNAs (OriGene,
SR306523) and TRIM21 siRNAs (OriGene, SR304594)
were purchased from OriGene. The polyclonal
antibody against anti-acetyl-lysine 311 GAC (GAC-
AcK311) was manufactured by Shanghai Genomics
Inc (antigen sequence: VHRYVGK(Ac)EPSGLR;
immunogen: Peptide-KLH conjugated). In summary,
antigen peptide (VHRYVGK(Ac)EPSGLR) was
synthetized and conjugated with KLH. Then
immunogen mixed with Freund's adjuvant was
subcutaneously injected to rabbit every week for 4
times. Rabbit was sacrificed and serum was collected.
Antibody against GAC-AcK311 was purified from
serum using unacetylated antigen peptide
(VHRYVGKEPSGLR).NAM (sigma, 72340) and TSA

(sigma, V900931) were purchased from sigma.

Gene knockdown and overexpression

Cells were seeded 12 h prior to transfection. The
siRNAs transfection was performed with SuperFectin
siRNA Transfection Reagent (Pufei, 2103-100).
Plasmid transfection was performed with SuperFectin
DNA Transfection Reagent kit (Pufei, 2102-100). All
transfection experiments were performed according
to instruction manual.

Cell proliferation and migration assay

For cell growth assays of A549-GACWT and
AB49-GACKNQ gstable cell lines, 5000 cells were
seeded in 24-well plates in RPMI 1640 containing 10%
fetal bovine serum. For cell growth assays following
knockdown or overexpression of HDAC4, cells were
transfected with indicated siRNAs or plasmids. 5000
cells were seeded in 24-well plates in RPMI 1640
containing 10% fetal bovine serum. Cells were fixed
with 4% formaldehyde and stained in 0.1% crystal
violet at the indicated time. Crystal violet was
extracted using 10% acetic acid and cell growth rate
was assayed by the absorbance at 595 nm.

For colony formation assay, 500 cells were
seeded in 6-well plates in RPMI 1640 containing 10%
fetal bovine serum. Cells were fixed with 4%
formaldehyde after 10-15 days and stained in 0.1%
crystal violet, then photographed.

For soft agar assay, cells were suspended in
RPMI 1640 containing 10% fetal bovine serum and
0.3% agarose and then plated on a solidified layer of
RPMI 1640 containing 10% fetal bovine serum and
0.5% agarose. Fresh medium with 10% fetal bovine
serum and 0.5% agarose were added to the plates after
7 Days. Cell colonies were photographed after 14 days
of growth.

For cell migration assay, cells were seeded in
6-well plate and transfected with indicated plasmids
or siRNAs. When cells were up to 90% confluence,
draw a straight line across the monolayer with 200 pl
pipet tip and wash the wells with PBS for three times.
Then cells were cultured in RPMI 1640 (Gibco,
C11875500BT) supplemented with 1% fetal bovine
serum (Gibco) and photographed at indicated time.

For pseudopodia formation assays, cells were
seed in 24-well plate and transfected with indicated
siRNAs for 48 h. Cells were fixed with 4%
formaldehyde and incubated with PBS containing
0.25% Triton X-100 for an hour at room temperature.
Then cells were incubated with TRITC-phalloidin
(Sigma) for an hour at room temperature and washed
with PBS. Finally, cells were mounted with DAPI
Fluoromount-G mounting medium (SouthernBiotech,
0100-20) and photographed.
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Mitochondrial protein isolation and
glutaminase activity assay

Mitochondria isolation kit from QIAGEN (37612)
was used to isolate mitochondrial proteins according
to instruction manual. Briefly, cells were centrifuged
and suspended in 2 ml of lysis buffer and incubated
on ice for 10 min. The cell lysates were centrifuged at
1000 x g for 10 min at 4 °C and the resulting pellets
were resuspended in 1.5 ml disruption buffer using a
blunt-ended syringe. The suspension was centrifuged
at 6000 g for 20 min at 4 °C. The pellets were
resuspended in 100 pL of storage buffer and stored at
-80 °C for latter analysis.

The detailed procedures for endogenous
glutaminase activity assay have been previously
reported [18]. For the glutaminase activity assay of
ectopic expressed Vb5-tagged GAC, the indicated
plasmids were transfected into H1299 cells. Cells were
then lysed and immunoprecipitated with anti-V5
antibody. GAC activity assay were the same as above.

Immunoprecipitation and western blot assay

Cells were lysed in NP40 lysis buffer and then
cell lysates were centrifuged at 12,000 g, 4 °C for 20
min. 20 pL protein G agarose beads (Roche,
11243233001) were added to the supernatants for
preclear. The supernatants were incubated with
protein G agarose beads and indicated antibodies at 4
°C for 8 h. Then immunocomplexes were centrifuged
at 4 °C for 3 min and NP-40 lysis buffer were used to
wash the precipitates three times before subjected to
western blot assay.

For western blot assay, proteins were separated
on 10% or 12% SDS-PAGE gel where appropriate.
Proteins were then transferred to PVDF membranes
(Millipore, IPVH00010), which were blocked with 5%
BSA (Genview, FA016). Next PVDF membranes were
incubated with the indicated antibodies and washed 3
times with TBST (0.05% Tween-20, 150 mM NaCl and
20 mM Tris-HCI). Lastly, PVDF membranes were
incubated with horseradish peroxidase-conjugated
anti-rabbit (Thermo Fisher Scientific, 31460) or horse-
radish peroxidase-conjugated anti-mouse (Thermo
Fisher Scientific, 31430) secondary antibodies.
Western blot results were obtained by digital gel
image analysis system (TANON 5500) and Pro-Light
chemiluminescence  detection kit (TIANGEN,
PA112-01).

In vivo xenograft assay

Three weeks old male BALB/C nude mice
(Nanjing) were subcutaneously injected with a total
number of 1 x 107 cells. After a month, mice were
sacrificed and tumors were dissected out. Tumor
volume was calculated as previously reported [18].

All mice were fed in the Specific Pathogen Free animal
facility in the Institute of Life Science at Nanchang
University.

Stable cell line construction

A549 cells were seeded in 100 mm cell culture
dish and transfected with either pcDNA3.1-V5-
GACWT or pcDNA3.1-V5-GACK311Q plasmid. After
48 h of transfection, required amount of G418 was
added to the media. The media was changed every 48
h with G418 until colonies started forming. Pick up
the colonies and transfer it to a 96-well plate. When
cells start growing in number, gradually move them
to bigger wells. Upon having sufficient cells, screen
colonies for positivity by western blotting.

Hematoxylin-eosin staining and
immunohistochemistry

Tumors formed by the parental A549-GACWT
and A549-GACKIQ stable cells were subjected to
Immunohistochemical staining and Hematoxylin-
eosin (H&E) staining conducted by Wuhan Servicebio
Technology Co., Ltd. Antibodies against Ki67
(ab15580) and TTF1 (ab76013) were acquired from
Abcam. Photos were obtained with Olympus IX71
microscope.

Metabolomic analysis

ATP determination kit (AZZ066) was obtained
from Thermo Fisher. The experiment was performed
according to instruction manual. Metabolites’
concentrations were determined by NMR analysis
performed by Wuhan Anachro Technologies INC.

Statistical analysis

All the data were showed as mean * S.D.
(standard deviation). Three independent replicates
were performed for each experiment. Differences
between groups were calculated by ANOVA or by
Student's t test where appropriate. P < 0.05 were
considered significant.

Results

Acetylation at K311 inhibits GAC activity

In order to prove the acetylation of GAC in
NSCLC cells, Vb5-tagged GAC was ectopically
expressed into H1299, H292 and A549 cells and
immunoprecipitated with indicated antibody.
Western blot results proved that GAC was strongly
acetylated and trichostatin A (TSA, an inhibitor of
HDAC family deacetylase) and nicotinamide (NAM,
an inhibitor of SIRT family deacetylases) treatment
enhanced its acetylation (Fig. 1A-C). To investigate
the function of acetylation on GAC activity and
stability, cells were treated with TSA and NAM and
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then GAC expression and activity were assayed. Our
results showed that the activity of GAC decreased
significantly followed with NAM and TSA treatment
while its protein expression remained unchanged
(Fig. 1D-F).

High-throughput mass spectrometry-based
screens have identified several acetylated lysine
residues on GAC. We focused on the acetylation sites
which were located within catalytic domain of GAC,
namely Lys311, Lys320, Lys328, Lys396, and mutated
each of these residues into acetyl-mimetic glutamine.
We transfected H1299 cells with wild-type GAC or
GAC mutants and GAC activity was measured. We
found that mutation of Lys311 significantly reduced
the activity of GAC while mutation of Lys320 showed
mild inhibition on GAC activity (Fig. 1G). Then
antibody specific to acetylated Lys311 were
manufactured to determine if Lys311 was acetylated
in vivo. Western blot result showed a strong

Lys311-acetylation signal of wild-type GAC, but not
GACKMQ mutant (Fig. S1). Furthermore, Lys311-
acetylated GAC was increased by TSA treatment but
not NAM (Fig. 1H and I), demonstrating endogenous
acetylation of GAC at Lys311 in cultured cells.

HDACA4 is responsible for the deacetylation of
GAC at K311

TSA treatment led to increased GAC-AcK311
level while NAM treatment caused negligible
GAC-AcK311 level change, suggesting that GAC K311
was deacetylated by a class I or II deacetylase.
Immunoprecipitation and western blot results
showed that GAC interacted strongly with HDAC4,
but not with HDAC6, HDAC7 or HDAC10 (Fig. 2A, B;
Fig. S2A-C). To explored the role of HDAC4 in GAC
deacetylation, HDAC4 was overexpressed in H1299
and A549 cells, and the level of K311 acetylated GAC
decreased significantly while GAC activity was
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Figure 1. Acetylation at K311 inhibits GAC activity. A-C NSCLC cells (H1299, A549, H292) were transfected with V5-tagged GAC and treated with NAM and/or TSA.
Western blot assay was performed. WCL: whole cell lysate. D-F NSCLC cells (H1299, A549, H292) were treated with NAM and/or TSA. The protein expression was
determined by western blot and glutaminase activity assay was performed. G V5-GACWT or V5-GACmuants (K311Q, K320Q, K328Q, K396Q) plasmids were transfected into
H1299 cells and glutaminase activity assay was performed. H, | H1299 (H) and A549 (1) cells were treated with NAM and TSA. GAC K31 I -acetylation was detected by western
blot assay using anti-GAC AcK311 antibody. Data are showed as mean + SD, n=3. *P < 0.05, **P < 0.01.
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increased (Fig. 2C; Fig. S2D). Knocking down HDAC4
increased K311 acetylation and reduced GAC activity
in H1299 and A549 cells (Fig. 2D; Fig. S2E). Together,
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Figure 2. HDACA4 is responsible for deacetylation of GAC at K311. A, B Indicated
plasmids were transfected into H1299 cells. Interaction between HDAC4 and GAC was
detected by immunoprecipitation and western blot. WCL: whole cell lysate. C Indicated
plasmids were transfected into H1299 cells. The protein expression was determined by
western blot and glutaminase activity assay was performed. D Indicated siRNAs were
transfected into H1299 cells. The protein expression was determined by western blot and
glutaminase activity assay was performed. E Indicated plasmids and siRNAs were transfected
into H1299 cells and glutaminase activity assay was performed. F The mitochondrial and
cytosolic proteins in H1299 cells were separated and the location of HDAC4 and GAC was
determined by western blot. VDAC was used as a marker of mitochondrial proteins and
GAPDH was used as a marker of cytosolic proteins. Data are showed as mean * SD, n=3. **P
<0.01, ns P >0.05.

these data showed that HDAC4 deacetylated and
activated GAC. Furthermore, HDAC4 knockdown in
H1299 and A549 cells had little effect on the activity of

GACKQ mutant, suggesting that HDAC4 activa-
ted GAC mostly via deacetylating K311 (Fig. 2E;
Fig. S2F). We then separated mitochondria from
cytoplasm using mitochondrial separation kit and
found that HDAC4 localized in both cytoplasm
and mitochondria while GAC localized in
mitochondria (Fig. 2F), suggesting that the
deacetylation of GAC by HDAC4 took place in
mitochondria.

HDAC4 promoted cell proliferation and
migration in NSCLC cells

Our results above showed HDAC4 activated
GAC, an oncogene involved in tumorigenesis and
progression in various human cancers. Therefore,
we investigated the effects of HDAC4 on cells
proliferation and migration in NSCLC cells.
HDAC4 overexpression promoted cell growth in
H1299 and A549 cells (Fig. 3A, B). HDAC4 knock-
down dramatically inhibited the proliferation of
H1299 and A549 cells (Fig. 3C, D). Colony
formation assay showed similar results. HDAC4
overexpression promoted colony formation while
HDAC4 knockdown significantly decreased
colony formation ability of NSCLC cells (Fig.
S3A-D). To investigate if HDAC4 promoted cell
growth through the regulation of GAC, we
overexpressed Vb5-tagged GAC in HDAC4
knockdown cells. Interestingly, overexpression of
GAC partially rescued the proliferative defect
caused by HDAC4 knockdown in H1299 and
A549 cells (Fig. 3E, F), suggesting that the
biological function of HDACH4 is not restricted to
the regulation of GAC.

Next, we evaluated the effect of HDAC4 on
cell migration. Our results showed that cell
migration was remarkedly inhibited in both
H1299 and H292 cells when HDAC4 was knocked
down by siRNAs (Fig. 3G, H). Statistical analysis
indicated that the “wound” was healed in
untreated H1299 and H292 cells after 24 h. On the
contrary, the healing of “wound” was markedly
reduced when HDAC4 was knocked down by
siRNAs, and the migration rate was decreased to
40.6% in H1299 cells and 65.9% in H292 cells.
Phalloidin  staining assay showed that
pseudopodia formation was greatly inhibited
following HDAC4 knockdown in H1299 cells
(Fig. 31). The data above suggested HDAC4
played a vital role in NSCLC proliferation and
migration.
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Figure 3. HDAC4 promoted cell proliferation and migration in NSCLC cells. A, B Indicated plasmids were transfected into H1299 (A) and A549 (B) cells and cell
growth assay was performed. C, D Indicated siRNAs were transfected into H1299 (C) and A549 (D) cells and cell growth assay was performed. E, F Indicated siRNAs and
plasmids were transfected into H1299 (E) and A549 (F) cells and cell growth assay was performed. Western blot assay was performed to confirm the transfection efficiency. G,
H Indicated siRNAs were transfected into H1299 cells (G) and H292 cells (H) and cell wound healing assay was performed (scale bar: 500 ym, magnification: 100x). | F-actin
staining assay. Indicated siRNAs were transfected into H1299 cells. 48 h later, cells were stained with phalloidin and DAPI. Scale bar=20 uym. Data are showed as mean = SD, n=3.
**P<0.01, ***P<0.001.
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TRIM21 is the E3 ligase for GAC

Cross-talk between lysine ubiquitination and
acetylation is an important regulatory mechanism in
regulating protein functions. Interestingly, we
observed that ubiquitination level of GAC markedly
increased following NAM and TSA treatment (Fig.
S4A), indicating a cross-talk between GAC acetylation
and ubiquitination. Through co-overexpression of
GAC and ubiquitin in H1299 cells, we found that
GAC bound more to wild-type and Ké63-only
ubiquitin than to K48-only ubiquitin (Fig. S4B). In
order to elucidate the regulatory mechanism of GAC
ubiquitination, we performed immunoprecipitation
followed with mass spectrometry analysis, which
identified proteins that interacted with GAC. There
were two E3 ligase among the identified proteins in
mass spectrometry analysis, TRIM21 (Tripartite motif
containing-21) and XIAP (X-linked inhibitor of
apoptosis) (Table S1). Immunoprecipitation and
western blot results showed that TRIM21 indeed
interacted with GAC in NSCLC cells but not XIAP
(Fig. 4A, B; Fig. S5A, B). TRIM21 overexpression
increased  wild-type and  K63-linked GAC
ubiquitination in H1299 and A549 cells, while
K48-linked GAC ubiquitination remained unchanged
(Fig. 4C-E; Fig. S5C-E), suggesting that TRIM21 was
the E3 ligase responsible for GAC ubiquitination. To
further confirm our hypothesis, TRIM21was knocked
down in H1299 and A549 cells. Our results showed
that wild-type and Ké3-linked GAC ubiquitination
were significantly decreased with no change in the
K48-linked GAC ubiquitination (Fig. 4F-H and Fig.
S5F-H). Next, we tested the effects of TRIM21 on GAC
expression and activity, and found that TRIM21
knockdown in H1299 and A549 cells increased GAC
activity (Fig. 41; Fig. S5I). However, overexpression of
TRIM21 in H1299 and A549 cells decreased GAC
activity with no change in GAC expression (Fig. 4J;
Fig. S5]). Taken together, we concluded that the
interaction between TRIM21 and GAC led to
Ké63-linked ubiquitination and inhibited GAC activity.

Acetylation at Lys311 promotes GAC-TRIM21
interaction and GAC ubiquitination

The interaction between E3 ligase and its
substrates is crucial in regulation of protein
ubiquitination. We investigated the role of Lys311
acetylation in TRIM21-dependent GAC
ubiquitination. Our results showed that NAM and
TSA treatment also increased GAC ubiquitination
(Fig. S4A). This phenomenon was similar to that
caused by acetylation-mimetic mutant K311Q (Fig.
5A; Fig. S6A). This crosstalk between GAC acetylation
and ubiquitination prompted us to investigate the role

of K311 acetylation in GAC ubiquitination. We then
investigated the binding of GAC with TRIM21 in
response to deacetylases inhibition. The binding of
GAC to TRIM21 was readily detectable and was
increased upon deacetylase inhibitor treatment in
H1299 and A549 cells (Fig. 5B; Fig. S6B). Moreover,
immunoprecipitation results showed that acetylation
mimetic GAC-K311Q mutant bond to TRIM21 more
than wild-type GAC (Fig. 5C; Fig. S6C). Since
acetylation enhanced the interaction between GAC
and TRIMZ21, we investigated the influence of HDAC4
overexpression on the association between GAC and
TRIM21. Indeed, overexpression of HDAC4 in H1299
and A549 cells decreased interaction between GAC
and TRIM?21 (Fig. 5D; Fig. S6D), this result was further
confirmed by the result that HDAC4 overexpression
significantly decreased GAC ubiquitination in H1299
and A549 cells (Fig. 5E; Fig. S6E). All these results
proved that Lys311 acetylation of GAC facilitated its
binding to TRIM21.

GAC acetylation inhibits tumorigenesis in vivo

To investigate the influence of GAC acetylation
on tumor proliferation in vivo, we screened out stable
cell lines overexpressing GACWT or GACK311Q, namely
A549-GACWT and Ab549-GACK1Q, We found that
compared to A549 cells stably expressing wild-type
GAC, A549 cells stably expressing GACK311Q showed
slower cell proliferation rate (Fig. 6A), colony
formation (Fig. 6B), and formed smaller colonies in
soft agar assay (Fig. 6C). Then, we used xenograft
assay to evaluate the tumorigenetic ability of A549-
GACKMQ stable cells. Results showed that compared
with A549-GACWT stable cells, tumors formed by
AB49-GACKQ stable cells displayed reduced weight
and size (Fig. 6D, E; Fig. S7). Hematoxylin-Eosin
(H&E) staining results revealed that the tumors arose
from the A549-GACWT stable cells had many larger
cells and cell size was heterogeneous, indicating a
very poor differentiation grade. However, tumors
arose from A549-GACKSQ stable cells were
homogeneous in cell size, suggesting a high
differentiation grade (Fig. 6F). Next, we evaluated the
expression of Ki67 and TTF-1 in tumors. Ki67 is a
protein marker that is used in cell proliferation
assessments [23]. Our results showed that Ki67
expression was lower in tumors derived from A549-
GACKQ stable cells than in tumors formed by A549-
GACWT stable cells (Fig. 6G). Thyroid transcription
factor-1 (TTF-1) is a protein marker that is used in cell
differentiation assessments [24]. TTF-1 expression was
higher in tumors derived from A549-GACK31Q stable
cells than in tumors formed by parental A549-GACWT
stable cells (Fig. 6H). These results indicated that GAC
acetylation inhibited tumor progression in NSCLC.
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The overall effects of GAC acetylation on cell
metabolism

To figure out the metabolic changes associated
with the different tumorigenetic ability, metabolomics
analysis was performed to assay the concentrations of
various metabolites in A549-GACWT cells and
A549-GACKNQ cells. Compared with A549-GACWT
stable cells, level of glutamate decreased significantly
in A549-GACKMQ stable cells (Fig. 7A), indicating that
high GAC acetylation decreased its activity and
resulted in slow down glutaminolysis. The
production of lactate and ATP were lower in A549-
GACKQ gtable cells than in A549-GACWT stable cells,
indicative of decreased glycolysis (Fig. 7B, C). Our
results also showed that production of succinate in
TCA cycle was lower in A549-GACK31Q stable cells
than in A549-GACWT stable cells (Fig. 7D). Since TCA
cycle is the center of cell metabolism, our finding
indicated that the TCA cycle was also impaired when
GAC activity was inhibited in A549-GACK3!1Q stable

cells. Furthermore, the production of various amino
acids decreased significantly in A549-GACK311Q stable
cells comparing with A549-GACWT stable cells,
indicating that the biosynthesis of amino acids was
suppressed when the activity of GAC was inhibited
(Fig. 7E-K). Pathway enrichment analysis of the
decreased metabolites in the A549-GACK31Q stable
cells included TCA cycle, amino acid metabolism and
glycolysis (Fig. 7L). Taken together, these results
indicated that GACK31Q mutation inhibited overall
metabolism in lung cancer cells and explained the
decreased tumorigenesis ability of A549-GACK311Q
stable cells.

Discussion

Metabolic reprogramming is a hall marker of
tumorigenesis, in which amino acids play a crucial
role in redox balance, homeostatic maintenance,
biosynthetic support and energetic regulation [25]. It
has been reported that many amino acid metabolic
enzymes, including glutaminase, were overexpressed
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or exhibited higher activity in tumor samples and cancers and contributes to tumorigenesis including in
cancer cells derived from patients [26, 27]. The non-small cell lung cancer [10-13]. Hence, it is
expression and activity of GAC, a major form of important to illuminate the mechanism regarding
glutaminase in tumors, is upregulated in multiple = GAC activity regulation in cancer cells.
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Figure 6. GAC acetylation inhibits NSCLC progression in vivo. A A549-GACWT and A549-GACK3!IQ stable cells were cultured for indicated times, then cell
proliferation assay was performed. The expression of indicated proteins was determined by western blot with the indicated antibodies. B A549-GACWT and A549-GACK3!IQ
stable cells were seeded in 6-well plates and colony formation assay was performed. C A549-GACWT and A549-GACK3!1Q stable cells were cultured in RPMI 1640 and soft agar
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tumorigenesis. Nude mice were subcutaneously injected with parental A549-GACWT and A549-GACK3!1Q stable cells (1%107). Tumors were dissected out and photographed (D)
after four weeks, and then tumor weights and volumes were measured (E). F Tumors formed by parental A549-GACWT or A549-GACK3!1Q stable cells were subjected to
hematoxylin-eosin (H&E) staining. Scale bars of top figures is 50 um. Scale bars of bottom figures is 10 pm. G, H Immunohistochemical staining of tumors formed by
A549-GACWT or A549-GACK3!1Q stable cells for Ki67 and TTF1. Scale bars of figures are 50 um. Data are showed as mean # SD, n=3. *P < 0.05, **P < 0.01, ***P < 0.001.
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Presently, we found that acetylation of GAC at
Lys311 inhibited its activity and could be directly
regulated by HDAC4. As a class II deacetylase,
HDAC4 has been demonstrated to be implicated in
various tumors. High HDAC4 expression promotes
tumor progression in esophageal carcinoma and
glioma and is associated with poor survival [28, 29].
HDAC4 inhibition decreased cell proliferation,
migration and metastasis in breast cancer, colorectal
cancer as well as myeloma [30-32]. Additionally,
inhibition of HDAC4 sensitizes lung cancer to

doxorubicin resistance and ionizing radiation [33, 34].
However, the molecular mechanism regarding
HDAC4 regulated tumor metabolism and tumori-
genesis remains unclear until our current work. Our
results showed that HDAC4 promotes the growth and
migration of NSCLC cells, which is consistent with
the findings in other cancers. We showed that HDAC4
directly interacted with GAC and deacetylated GAC
at Lys311 in non-small cell lung cancer cells, which
reduced GAC ubiquitination and increased GAC
activity. Taken together, our findings revealed that

https://www.ijbs.com



Int. J. Biol. Sci. 2022, Vol. 18

4463

HDAC4 promoted tumorigenesis by activating GAC
and thus induced metabolic reprogramming to meet
the biosynthetic and bioenergetic demands of cell
growth and metastasis. On the other hand, GAC
pan-acetylation increased following NAM treatment
while NAM treatment had no effect on GAC Lys311
acetylation, suggesting that some acetylation sites
other than Lys311 could be deacetylated by Sirtuin
protein family, which might require further investi-
gation. The supportive role of HDAC4 in cancer cell
metabolic reprogramming, inhibition of HDAC4
sensitizing lung cancer to chemotherapy and
radiotherapy [33, 34], all these phenomena support
further investigation of HDAC4 as a potential
therapeutic target.

Our study also showed that acetylation at Lys311
promoted the association between GAC and TRIM21
and increased Ké63-linked GAC ubiquitination.
TRIM21 is an E3 ligase via its RING domain and is a
member of the tripartite motif family [35]. TRIM21 is
related to innate immune response whose substrates
include DDX41, IRF3, IRF5 and other interferon
response factors [36-38]. Recent studies showed that
TRIM21 played a controversial role in tumor
development. High expression level of TRIM21
indicated good prognosis in breast cancer, diffuse
large B-cell lymphoma and hepatocellular carcinoma
[39-41]. However, TRIM21 overexpression promoted
tumor progression by destabilizing p53 in glioma and
increased cisplatin resistance in colon cancer cells by
down-regulating Par-4 levels [42, 43]. Our study
identified GAC as a novel substrate of TRIM21 which
regulated GAC activity in a Lys311-acetylation-
dependent manner. Deacetylation of GAC at Lys311
reduced the interaction between GAC and TRIM21,
resulting in GAC activation. Interestingly, by
down-regulating TRIM21 and sequestering residual
TRIM21 stress-fiber subset, NSCLC cells retained PFK
expression and high glycolytic rates despite of
environmental mechanics change [44]. These results
shed new light on TRIM21-targeted treatment in lung
cancers.

The expression of Ki67 is strongly correlated to
tumorigenesis and is widely used in routine
pathological investigation as a reliable marker of
proliferation and aggressiveness [45]. The high
expression level of Ki67 indicated a higher
proliferation rate in tumors formed by a parental
AB549-GACWT stable cell line. On the contrary, tumors
derived from parental A549-GACK3Q stable cells
showed lower expression level of Ki67, indicating a
low proliferation rate. TTF-1 expression is a
diagnostic marker of cell differentiation [46]. Tumors
formed by A549-GACWT stable cells showed lower
TTF-1 expression. In contrast, tumors derived from

A549-GACKMQ stable cells showed higher expression
level of TTE-1. Our findings indicated that inhibiting
glutamine metabolism by GAC acetylation led
low-differentiated  lung  adenocarcinomas  to
high-differentiated tumors.

In order to further elucidate the mechanism
regarding different differentiation rate of tumors
formed by A549-GACWT and A549-GACKS!Q stable
cells, we performed metabolomic analysis. Our results
showed impaired glutamine metabolism in
A549-GACKMQ  cells, as indicated by reduced
production of glutamate. Production of lactate and
succinate also decreased in A549-GACK31Q stable
cells, suggesting that glycolysis and citric acid cycle
were downregulated. Pathway enrichment analysis
also showed that several amino acid metabolism
pathways were downregulated following GACK11Q
mutation. These results demonstrated that inhibiting
glutamine metabolism led to metabolic reprogram-
ming which contributed to reduced proliferation rate
and high differentiation level in NSCLC cells.

In summary, our work unveiled a novel
mechanism of GAC regulation by acetylation and
ubiquitination ~which participated in NSCLC
tumorigenesis (Fig. 8). Our study further supported
the notion that GAC could be a valuable therapeutic
target for NSCLC.

8

TCA cycle I

Cell proliferation
and tumor growth

Activity inhibition

Figure 8. A working model of GAC acetylation in NSCLC. A working model
depicting the molecular mechanism of HDAC4 mediated GAC deacetylation and
TRIM21 mediated GAC ubiquitination to regulation tumorigenesis in NSCLC.

Abbreviations

HIF: Hypoxia-inducible factor; IncRNA: long
non-coding RNA; NAM: nicotinamide; NSCLC:
non-small cell lung cancer; PTM: post-translational
modifications; TRIM21: Tripartite motif

https://www.ijbs.com



Int. J. Biol. Sci. 2022, Vol. 18

4464

containing-21; TSA: trichostatin A; TTF-1: Thyroid
transcription factor-1; XIAP: X-linked inhibitor of
apoptosis.

Supplementary Material

Supplementary figures and table.
https:/ /www.ijbs.com/v18p4452s1.pdf

Acknowledgements

This work is supported by grants to Jian-Bin
Wang and Tianyu Han from the National Natural
Science Foundation of China (81902346, 82030086,
81874043), the Training Plan for Academic and
Technical Leaders of Major Disciplines in Jiangxi
Province (20204BCJ23023) and Natural Science
Foundation of Jiangxi Province (20192BAB215038,
20192ACB20024, 20212ACB216007).

Ethics approval

Animal experiments were performed in
accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the
Nanchang University in China (N0.2015-0001).

Data availability

All datasets used and analyzed in the current
study are available on reasonable request from the
corresponding author.

Author contributions

Tao Wang: Conceptualization, investigation,
project administration, writing-original draft, writing-
review and editing. Zhuo Lu: Investigation, project
administration, methodology, formal analysis,
writing-review and editing. Tianyu Han: Investiga-
tion, funding acquisition. Yanan Wang: Formal
analysis, visualization. Mingxi Gan: Validation,
visualization. Jian-Bin Wang: Conceptualization,
supervision, funding acquisition, writing-review and
editing.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. DeBerardinis RJ, Mancuso A, Daikhin E, Nissim I, Yudkoff M, Wehrli S, et al.
Beyond aerobic glycolysis: transformed cells can engage in glutamine
metabolism that exceeds the requirement for protein and nucleotide synthesis.
Proceedings of the National Academy of Sciences of the United States of
America. 2007; 104: 19345-50.

2. Warburg O. On the origin of cancer cells. Science. 1956; 123: 309-14.

3. Lacey JM, Wilmore DW. Is glutamine a conditionally essential amino acid?
Nutrition reviews. 1990; 48: 297-309.

4. Lu W, Pelicano H, Huang P. Cancer metabolism: is glutamine sweeter than
glucose? Cancer cell. 2010; 18: 199-200.

5. Deberardinis RJ, Sayed N, Ditsworth D, Thompson CB. Brick by brick:
metabolism and tumor cell growth. Curr Opin Genet Dev. 2008; 18: 54-61.

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Nicklin P, Bergman P, Zhang B, Triantafellow E, Wang H, Nyfeler B, et al.
Bidirectional transport of amino acids regulates mTOR and autophagy. Cell.
2009; 136: 521-34.

Meng D, Yang Q, Wang H, Melick CH, Navlani R, Frank AR, et al. Glutamine
and asparagine activate mTORC1 independently of Rag GTPases. The Journal
of biological chemistry. 2020; 295: 2890-9.

Wang Z, Liu F, Fan N, Zhou C, Li D, Macvicar T, et al. Targeting
Glutaminolysis: New Perspectives to Understand Cancer Development and
Novel Strategies for Potential Target Therapies. Frontiers in oncology. 2020;
10: 589508.

Katt WP, Lukey M]J, Cerione RA. A tale of two glutaminases: homologous
enzymes with distinct roles in tumorigenesis. Future medicinal chemistry.
2017; 9: 223-43.

Mates JM, Campos-Sandoval JA, Marquez J. Glutaminase isoenzymes in the
metabolic therapy of cancer. Bba-Rev Cancer. 2018; 1870: 158-64.

Jacque N, Ronchetti AM, Larrue C, Meunier G, Birsen R, Willems L, et al.
Targeting glutaminolysis has antileukemic activity in acute myeloid leukemia
and synergizes with BCL-2 inhibition. Blood. 2015; 126: 1346-56.

Galan-Cobo A, Sitthideatphaiboon P, Qu X, Poteete A, Pisegna MA, Tong P, et
al. LKB1 and KEAP1/NRF2 Pathways Cooperatively Promote Metabolic
Reprogramming with Enhanced Glutamine Dependence in KRAS-Mutant
Lung Adenocarcinoma. Cancer research. 2019; 79: 3251-67.

Greene KS, Lukey MJ, Wang X, Blank B, Druso JE, Lin MJ, et al. SIRT5
stabilizes mitochondrial ~glutaminase and supports breast cancer
tumorigenesis. Proceedings of the National Academy of Sciences of the United
States of America. 2019.

Gao P, Tchernyshyov I, Chang TC, Lee YS, Kita K, Ochi T, et al. c-Myc
suppression of miR-23a/b enhances mitochondrial glutaminase expression
and glutamine metabolism. Nature. 2009; 458: 762-5.

Gaglio D, Metallo CM, Gameiro PA, Hiller K, Danna LS, Balestrieri C, et al.
Oncogenic K-Ras decouples glucose and glutamine metabolism to support
cancer cell growth. Molecular systems biology. 2011; 7: 523.

Xiang L, Mou ], Shao B, Wei Y, Liang H, Takano N, et al. Glutaminase 1
expression in colorectal cancer cells is induced by hypoxia and required for
tumor growth, invasion, and metastatic colonization. Cell death & disease.
2019; 10: 40.

Redis RS, Vela LE, Lu W, Ferreira de Oliveira J, Ivan C, Rodriguez-Aguayo C,
et al. Allele-Specific Reprogramming of Cancer Metabolism by the Long
Non-coding RNA CCAT2. Molecular cell. 2016; 61: 640.

Han T, Zhan W, Gan M, Liu F, Yu B, Chin YE, et al. Phosphorylation of
glutaminase by PKCepsilon is essential for its enzymatic activity and critically
contributes to tumorigenesis. Cell research. 2018; 28: 655-69.

Choudhary C, Kumar C, Gnad F, Nielsen ML, Rehman M, Walther TC, et al.
Lysine acetylation targets protein complexes and co-regulates major cellular
functions. Science. 2009; 325: 834-40.

Still AJ, Floyd BJ, Hebert AS, Bingman CA, Carson JJ, Gunderson DR, et al.
Quantification of mitochondrial acetylation dynamics highlights prominent
sites of metabolic regulation. The Journal of biological chemistry. 2013; 288:
26209-19.

Weinert BT, Scholz C, Wagner SA, Iesmantavicius V, Su D, Daniel JA, et al.
Lysine succinylation is a frequently occurring modification in prokaryotes and
eukaryotes and extensively overlaps with acetylation. Cell reports. 2013; 4:
842-51.

Wisniewski JR, Nagaraj N, Zougman A, Gnad F, Mann M. Brain
phosphoproteome obtained by a FASP-based method reveals plasma
membrane protein topology. Journal of proteome research. 2010; 9: 3280-9.

Li LT, Jiang G, Chen Q, Zheng JN. Ki67 is a promising molecular target in the
diagnosis of cancer (review). Mol Med Rep. 2015; 11: 1566-72.

Winslow MM, Dayton TL, Verhaak RGW, Kim-Kiselak C, Snyder EL, Feldser
DM, et al. Suppression of lung adenocarcinoma progression by Nkx2-1.
Nature. 2011; 473: 101-U20.

Li Z, Zhang H. Reprogramming of glucose, fatty acid and amino acid
metabolism for cancer progression. Cellular and molecular life sciences :
CMLS. 2016; 73: 377-92.

Lieu EL, Nguyen T, Rhyne S, Kim J. Amino acids in cancer. Exp Mol Med.
2020; 52: 15-30.

Ananieva E. Targeting amino acid metabolism in cancer growth and
anti-tumor immune response. World journal of biological chemistry. 2015; 6:
281-9.

Zeng LS, Yang XZ, Wen YF, Mail S], Wang MH, Zhang MY, et al.
Overexpressed HDAC4 is associated with poor survival and promotes tumor
progression in esophageal carcinoma. Aging. 2016; 8: 1236-49.

Cai JY, Xu TT, Wang Y, Chang JJ, Li J, Chen XY, et al. Histone deacetylase
HDAC4 promotes the proliferation and invasion of glioma cells. Int ] Oncol.
2018; 53: 2758-68.

Hsieh TH, Hsu CY, Tsai CF, Long CY, Chai CY, Hou MF, et al. miR-125a-5p is
a prognostic biomarker that targets HDAC4 to suppress breast tumorigenesis.
Oncotarget. 2015; 6: 494-509.

Wei JY, Li WM, Zhou LL, Lu QN, He W. Melatonin induces apoptosis of
colorectal cancer cells through HDAC4 nuclear import mediated by CaMKII
inactivation. Journal of pineal research. 2015; 58: 429-38.

Amodio N, Stamato MA, Gulla AM, Morelli E, Romeo E, Raimondi L, et al.
Therapeutic Targeting of miR-29b/HDAC4 Epigenetic Loop in Multiple
Myeloma. Molecular cancer therapeutics. 2016; 15: 1364-75.

https://www.ijbs.com



Int. J. Biol. Sci. 2022, Vol. 18

4465

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Geng L, Cuneo KC, Fu A, Tu T, Atadja PW, Hallahan DE. Histone deacetylase
(HDAC) inhibitor LBH589 increases duration of gamma-H2AX foci and
confines HDAC4 to the cytoplasm in irradiated non-small cell lung cancer.
Cancer research. 2006; 66: 11298-304.

Kaowinn S, Jun SW, Kim CS, Shin DM, Hwang YH, Kim K, et al. Increased
EGFR expression induced by a novel oncogene, CUG2, confers resistance to
doxorubicin through Statl-HDAC4 signaling. Cellular oncology. 2017; 40:
549-61.

Wada K, Kamitani T. Autoantigen Ro52 is an E3 ubiquitin ligase. Biochemical
and biophysical research communications. 2006; 339: 415-21.

Zhang Z, Bao M, Lu N, Weng L, Yuan B, Liu YJ. The E3 ubiquitin ligase
TRIM21 negatively regulates the innate immune response to intracellular
double-stranded DNA. Nat Immunol. 2013; 14: 172-8.

Yang K, Shi HX, Liu XY, Shan YF, Wei B, Chen S, et al. TRIMZ21 is essential to
sustain IFN regulatory factor 3 activation during antiviral response. J
Immunol. 2009; 182: 3782-92.

Manocha GD, Mishra R, Sharma N, Kumawat KL, Basu A, Singh SK.
Regulatory role of TRIM21 in the type-I interferon pathway in Japanese
encephalitis ~ virus-infected ~ human  microglial ~ cells. Journal of
neuroinflammation. 2014; 11: 24.

Zhou W, Zhang Y, Zhong C, Hu J, Hu H, Zhou D, et al. Decreased expression
of TRIM21 indicates unfavorable outcome and promotes cell growth in breast
cancer. Cancer management and research. 2018; 10: 3687-96.

Ding Q, He D, He K, Zhang Q, Tang M, Dai J, et al. Downregulation of TRIM21
contributes to hepatocellular carcinoma carcinogenesis and indicates poor
prognosis of cancers. Tumour biology : the journal of the International Society
for Oncodevelopmental Biology and Medicine. 2015; 36: 8761-72.

Brauner S, Zhou W, Backlin C, Green TM, Folkersen L, Ivanchenko M, et al.
Reduced expression of TRIM21/Ro52 predicts poor prognosis in diffuse large
B-cell lymphoma patients with and without rheumatic disease. J Intern Med.
2015; 278: 323-32.

Zhao Z, Wang Y, Yun D, Huang Q, Meng D, Li Q, et al. TRIM21
overexpression promotes tumor progression by regulating cell proliferation,
cell migration and cell senescence in human glioma. Am J Cancer Res. 2020; 10:
114-30.

Nguyen JQ, Irby RB. TRIM21 is a novel regulator of Par-4 in colon and
pancreatic cancer cells. Cancer biology & therapy. 2017; 18: 16-25.

Park JS, Burckhardt CJ, Lazcano R, Solis LM, Isogai T, Li L, et al. Mechanical
regulation of glycolysis via cytoskeleton architecture. Nature. 2020; 578: 621-6.
Ciancio N, Galasso MG, Campisi R, Bivona L, Migliore M, Di Maria GU.
Prognostic value of p53 and Ki67 expression in fiberoptic bronchial biopsies of
patients with non small cell lung cancer. Multidiscip Respir Med. 2012; 7: 29.
Stenhouse G, Fyfe N, King G, Chapman A, Kerr KM. Thyroid transcription
factor 1 in pulmonary adenocarcinoma. Journal of clinical pathology. 2004; 57:
383-7.

https://www.ijbs.com



