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orchestrating aspartate metabolic reprogramming
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Amino acids metabolism, especially aspartate metabolism, is
often altered in human cancers including hepatocellular carci-
noma (HCC) and this metabolic remodeling is required for
supporting cancer cell malignant activities. Argininosuccinate
synthase 1 (ASS1), as a crucial rate-limiting enzyme in aspar-
tate metabolism, participates in repressing tumor progression.
However, the roles of long noncoding RNAs (IncRNAs)
in aspartate metabolism remodeling and the underlying
mechanisms remain unclear. Here, we screen LINC01234 as
an aspartate metabolism-related IncRNA in HCC. Clinically,
LINCO01234 was highly expressed in HCC, and a high
LINC01234 expression level was correlated with a poor prog-
nosis of patients with HCC. LINC01234 promoted cell prolifer-
ation, migration, and drug resistance by orchestrating aspar-
tate metabolic reprogramming in HCC cells. Mechanistically,
LINC01234 downregulated the expression of ASS1, leading to
am increased aspartate level and activation of the mammalian
target of rapamycin pathway. LINC01234 bound to the pro-
moter of ASS1 and inhibited transcriptional activation of
ASS1 by transcriptional factors, including p53. Finally, inhib-
iting LINC01234 dramatically impaired tumor growth in
nude mice and sensitized HCC cells to sorafenib. These find-
ings demonstrate that LINC01234 promotes HCC progression
by modulating aspartate metabolic reprogramming and might
be a prognostic or therapeutic target for HCC.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common primary liver
cancer. Although various management strategies have shown consid-
erable effects, the overall prognosis of HCC is still poor owing to high
rates of metastasis and drug resistance."” Metabolic remodeling and
malignant activities are hallmarks of cancers including HCC.
Recently, the roles of amino acid metabolism are emerging as an
attractive topic in cancer therapeutics. Cancer cells reprogram their
amino acid metabolism to support the biosynthetic pathways that
are upregulated in cancer cells and provide specific adaptive traits
to the anti-cancer drugs the cells are exposed to.” Because arginine,
asparagine, serine, and leucine are essential for cancer cells growth,
deprivation of these amino acids has emerged as a potential strategy
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for cancer treatment.” ® Characterizing the cooperative mechanisms
underlying amino acid metabolism and tumor malignancy will give
us a better understanding of human cancer progression.

Cellular aspartate is crucial for cell growth because it is essential for
both protein synthesis and nucleotide biosynthesis.” Since the circu-
lating levels of aspartate are lower compared with other amino acids,
cancer cells largely reprogram their intracellular aspartate meta-
bolism to support cellular growth.” The conversion of nitrogen
from aspartate to urea decreases cellular aspartate through the urea
cycle.'” Argininosuccinate synthase 1 (ASS1) is essential for cata-
lyzing argininosuccinate formation from citrulline and aspartate,
the rate-limiting step of de novo arginine synthesis in the urea cycle.
Notably, ASS1 is downregulated in many cancers, and this low
expression of ASSI1 is associated with a poor prognosis for pa-

. 11,12
tients.

ASS1 deficiency in cancer increases cytosolic aspartate
level, which further enhances mammalian target of rapamycin
(mTOR) pathway to support biomass synthesis and tumor malig-
nancies.'” The ASS1 enzymatic activators, spinosyn A and its deriva-
tive, display the capabilities for inhibiting breast cancer.'* Neverthe-
less, the mechanism underlying how ASS1 is downregulated in cancer
remains elusive. The tumor suppressor p53 directly promotes ASS1

. . . . e 15
expression, causing an increase in ASS1 activity. ”

Long noncoding RNAs (IncRNAs) are a class of noncoding RNA tran-
scripts with a length of more than 200 nucleotides. Numerous studies
have demonstrated that IncRNAs play pivotal roles in cancer develop-
ment and progression such as tumor cell proliferation, growth, migra-
tion, invasion and chemoresistance.'®”'® Targeting IncRNAs using
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Figure 1. Identification of LINC01234 as a metabolism-related IncRNA

(A) The expression level of ASS1 in cancerous tissues and non-cancerous tissues derived from patients with HCC by UALCAN (http://ualcan.path.uab.eduy/).
(B) Overall survival analysis based on ASS1 levels by Kaplan-Meier Plotter (http://kmplot.com/analysis/) (n = 364, log rank test, two-sided).

(C) Venn diagrams of overlapped IncRNA between ASS1-associated INcRNAs and top30 differentially expressed IncRNAs in TCGA LIHC.

(D) The correlation analysis between LINC0O1234 expression level and ASS1 expression level according to TCGA dataset.

(legend continued on next page)
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small interfering RNAs (siRNAs), antisense oligonucleotides, and the
CRISPR/Cas9 system is a potential cancer treatment.'” In recent years,
some IncRNAs have been shown to regulate cancer metabolism, but the
roles of IncRNAs in aspartate metabolism remodeling are unknown.
Thus, this topic attracts our interest. Here, we identified that
LINCO01234 is associated with aspartate metabolism in human HCC.
Recent studies have reported that LINC01234 is upregulated in cancers,
such as non-small-cell lung cancer, colorectal cancer, and breast can-
cer.”>™*” Moreover, LINC01234 is involved in the progression of these
cancers. LINC01234 mainly regulates the biological activity of miRNAs
as a competing endogenous RNA (ceRNA) and regulates the expres-
sion of messenger RNAs (mRNAs) targeted by these miRNAs, such
as miR-340-5p, miR-31-5p. and miR-124-3p.”>** ! LINC01234 also
regulates miR-106b biogenesis by interacting with HNRNPA2BI to in-
crease c-Myc activity.”” However, the roles of LINC01234 in cancer
metabolism and the underlying mechanisms are unknown.

In our study, we found that LINC01234 promotes HCC progression.
We further uncovered that LINC01234 bound to the promoter of
ASS1 and impaired the activation of ASS1 by transcriptional factor
(TFs), including p53. By downregulating the expression of ASSI,
LINCO01234 elevates cellular aspartate, resulting in enhanced
mTORCI activity to support tumor malignancies. Finally, the inhibi-
tion of LINCO01234 is helpful for attenuating tumor growth and sensi-
tizing HCC cells to sorafenib, suggesting that LINC01234 may be a
biomarker and therapeutic target for HCC treatment.

RESULTS

LINCO01234 is identified as a potential metabolism-related
IncRNA

It is often observed that ASSI is severely reduced or absent in some
types of aggressive cancers.'>*>*> We first investigated the expression
of ASS1 in HCC. Using TCGA HCC cohort, we also found that
ASS1 was significantly downregulated in HCC tissues compared with
adjacent non-cancerous tissues (Figure 1A). Moreover, ASS1 was
significantly decreased at clinical stage IV related to stage I and stage
III. Importantly, Kaplan-Meier plots showed that a low expression of
ASS1 was associated with a poor prognosis, indicating that the loss of
ASS1 promotes HCC progression (Figure 1B). However, the mecha-
nism of ASS1 downregulation in tumors has not been fully elucidated.
It is unknown whether IncRNAs are involved in regulating ASS1-medi-
ated tumor suppression. Thus, we identified upregulated IncRNAs in
HCC and analyzed the IncRNAs associated with ASS1 expression level
from TCGA database. Among these IncRNAs, LINC01234 was more
highly expressed in HCC tissues than in normal tissues from the
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TCGA HCC database (Figure 1C). The correlation analysis revealed
that the ASS1 mRNA level was negatively associated with
LINC01234 level in the TCGA HCC database (Figure 1D). Further-
more, we verified the relationship between ASS1 and LINC01234 in pa-
tients with HCC in an independent cohort (Peking University Cancer
Hospital, PKUCancer). As shown in Figure 1E, the expression of ASS1
was negatively correlated with the LINC01234 level. These results sug-
gest that LINC01234 relates to the expression of ASS1.

LINC01234 expression is associated with a poor prognosis for
patients with HCC

We further examined the expression of LINC01234 in HCC tissues.
LINC01234 was more highly expressed in HCC tissues than in paired
adjacent normal tissues from TCGA database (Figure 1F) (n =50, p =
0.0001). Consistently, we also found that LINC01234 was significantly
overexpressed in HCC tissues from PKUCancer cohort (Figure 1G)
(n=52,p <0.0001). Meanwhile, ASS1 was downregulated in HCC tis-
sues from PKUCancer cohort (Figure 1G) (n =52, p <0.0001). We next
determined the relationship between the LINC01234 expression and
prognosis of the patients with HCC. A high LINC01234 level was corre-
lated with a shorter overall survival and disease-free survival in patients
with HCC in our cohort (Figure 1H). The TCGA dataset also showed
that high LINC01234 expression predicted a shorter overall survival
and disease-free survival in 345 cases of patients with HCC (Figure 11).
These findings indicated that LINC01234 is upregulated in HCC tissues
and predicts a poor prognosis for patients with HCC.

Similar to many other IncRNAs, LINC01234 has tissue-specific
expression patterns in different cancers. To determine the subcellular
localization of LINC01234 in HCC cells, we detected LINC01234
expression in cytoplasmic and nuclear fractions by real-time quanti-
tative PCR (RT-qPCR) analysis. The results revealed that LINC01234
was localized predominantly in the nucleus, with some localization in
the cytoplasm (Figure 1]). This result was confirmed by RNA fluores-
cence in situ hybridization (FISH) assays in HepG2 and Huh?7 cells
(Figure 1K). Next, the expression levels of LINC01234 and ASSI
were evaluated in multiple HCC cell lines. As shown in Figure 1L,
we observed a negative correlation between LINC01234 and ASS1
expression in HCC cell lines.

LINC01234 promotes HCC cell malignant behaviors and
aspartate metabolic reprogramming

Since LINCO01234 is potentially involved in HCC progression
and aspartate metabolism, we further investigated the functional roles
of LINCO01234 in cellular behaviors. The overexpression of
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(K) The subcellular localization of LINCO1234 was determined by FISH.
(
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E) The LINC01234 expression and ASS1 expression were evaluated by RT-gPCR in a cohort of patients with HCC (PKUCancer cohort).
F) Expression level of LINCO1234 in HCC tissues and paired adjacent non-tumoral tissues based on the TCGA dataset.

G) The expression level of LINCO1234 and ASS1 in HCC tissues and paired adjacent non-tumoral tissues was detected by RT-gPCR.
H) Overall survival and disease-free survival analyses based on LINC01234 level were analyzed using data from PKUCancer cohort.

) Overall survival and disease-free survival analyses based on LINCO1234 levels were analyzed using data from TCGA-LIHC cohort.

J) RT-gPCR detection of LINC01234 expression in the cytoplasmic and nuclear fractions.

L) The expression of LINCO1234 was evaluated by RT-gPCR and the expression of ASS1 was detected by western blot in multiple HCC cells.
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Figure 2. Overexpression of LINC01234 promotes HCC cell malignant behaviors and aspartate metabolic reprogramming

A) RT-gPCR detection of LINC0O1234 overexpression in HepG2 and Huh7 cells.
(B) Cell proliferation was assessed by MTT assay in the indicated cells.
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LINCO01234 significantly promoted cell proliferation and increased
colony formation (Figures 2A-2D). Moreover, the overexpression
of LINC01234 enhanced cell mobility and increased their invasive ca-
pacity (Figures 2E and 2F). These results suggested that LINC01234
promotes HCC cell malignant behaviors, including proliferation,
migration, and invasion. To explore the role of LINC01234 in meta-
bolic reprogramming, we measured the aspartate in cells that overex-
pressed LINC01234. As shown in Figure 2G, the overexpression of
LINC01234 increased the aspartate level in HCC cells.

To verify the functional roles of LINCO01234, we generated
LINCO01234-depleted cells (Figure 3A). Consistently, LINC01234

C-D) Colony formation assay (C) and statistical analysis (D) were performed in cells transduced with LINC01234 vector or control (mean + standard deviation).
E-F) Transwell migration and invasion assays were performed in the control and LINC01234-overexpressed HepG2 and Huh7 cells.
G) Cellular aspartate level was determined in cells transfected with the indicated vectors. Data are shown as mean + standard deviation.

depletion inhibited cell proliferation and colony formation (Figures
3B-3D). The inhibition of LINC01234 also attenuated the migration
and invasion of HCC cells (Figures 3E and 3F). Moreover, the deple-
tion of LINC01234 significantly decreased the aspartate level (Fig-
ure 3G), indicating that LINC01234 is required for maintaining the
aspartate level in HCC cells. Taken together, our data indicated that
LINC01234 is functionally important in regulating cancer metabolic
reprogramming and tumor cell malignant behavior.

LINC01234 inhibits the expression of ASS1
To dissect the molecular mechanisms underlying LINC01234-medi-
ated metabolic remodeling, we tried to identify LINC01234-involved

Molecular Therapy Vol. 30 No 6 June 2022 2357
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Figure 3. Depletion of LINC01234 attenuates HCC cell malignant behaviors and aspartate metabolic reprogramming

(A) RT-gPCR detection of LINC01234 depletion in HepG2 and Huh7 cells.

B) Cell proliferation was assessed by MTT assay in the indicated cells.

(C-D) Colony formation assay (C) and statistical analysis (D) were performed in cells transduced with LINC01234 siRNA1, siRNA2, or control siRNA.
(E-F) Transwell migration and invasion assays were performed in the control and LINC01234-depleted HepG2 or Huh7 cells.

(G) Cellular aspartate level was determined in cells transfected with the indicated shRNAs. Data are shown as mean + standard deviation.
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G) LINCO1234-overexpressed cells were harvested and lysed. The total proteins were extracted and subjected to western blot using the indicated antibodies. See also

Figure S1.

pathways through a bioinformatics analysis. Based on the LINC01234
expression level, TCGA HCC samples were divided into two groups,
including a LINC01234-low group and a LINC01234-high group. We
identified the differentially expressed genes (DEGs) between the two
groups. A KEGG pathway enrichment analysis revealed that the

DEGs were enriched in ribosome, carbon metabolism, biosynthesis
of amino acids, and aspartate metabolism (Figure 4A). These results
further indicated that LINC01234 is involved in amino acids meta-
bolism. To further explore the critical target of LINC01234, we exam-
ined the expression of six DEGs after LINC01234 was ablated,
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including GLUL, IDH3B, G6PD, ASNS, GOTI, and ASS1, all of
which play important roles in cancer cell amino acids meta-
bolism.”**® Notably, LINC01234 depletion only regulated the
expression of ASS1 (Figure 4B). Together, our results suggested that
LINCO01234 participates in cancer cell amino acids metabolism
through regulating ASS1 expression.

Next, we examined the effect of LINC01234 on ASS1 expression.
As shown in Figure 4C, ASS1 was significantly upregulated
in LINCO01234-depleted HepG2 and Huh7 cells. Consistently,
LINC01234 overexpression downregulated mRNA level of ASS1 (Fig-
ure 4D). As the rate-limiting enzyme in the urea cycle, ASS1 promotes
the conversion from aspartate to urea and ASS1 deficiency in cancer
cells leads to upregulated cellular aspartate level, which further acti-
vates the mTORCI1 pathway to support cancer progression. Indeed,
it has been observed that LINC01234 regulated the cellular aspartate
level in an ASS1-dependent manner (Figure 4E). We then evaluated
mTOR activity after LINC01234 interfered. The protein level of
ASS1 was increased in LINC01234-depleted cells (Figure 4F). Impor-
tantly, decreased mTORCI activity was detected by evaluating the
phosphorylation of the mTORC1 downstream substrate p70 S6K1
(ribosomal S6 protein kinase 1) (Figure 4F). Similarly, the overexpres-
sion of LINC01234 decreased the ASS1 protein level and increased
mTORC1 activity (Figure 4G). Moreover, we found that
LINCO01234 failed to activate mTORCI activity in ASS1-overex-
pressed cells (Figure S1). Together, these results uncovered that
LINCO01234 inhibits the expression of ASS1, leading to accumulated
cellular aspartate levels and increased mTORCI activity in cancer
cells.

LINC01234 impairs the transcriptional activation of ASS1

We further determined how LINC01234 affects the expression of
ASS1. Luciferase assays revealed that LINC01234 overexpression in-
hibited ASSI transactivation (Figure 5A). Similarly, LINC01234
depletion upregulated ASS1 transactivation (Figure S2A). Through
in silico analysis, we found that LINC01234 interacted with tumor
suppressor p53 (Figure S2B). Previous studies have demonstrated
that ASS1 is transcriptionally activated by p53."” Therefore, we hy-
pothesized that LINC01234 impairs p53-mediated transcriptional
activation of ASS1. RNA immunoprecipitation (RIP) assays suggested
that LINC01234 interacted with p53 (Figure 5B). To further charac-
terize the interaction between LINC01234 and p53 in cells, we per-
formed MS2-tagged RNA affinity purification and western blotting.
Compared with the expression of the negative control, the co-expres-
sion of the MS2-LINC01234 and MS2-GFP plasmids led to a signif-
icant enrichment of p53, demonstrating that p53 binds to
LINCO01234 in cells (Figure 5C). An immunofluorescence colocaliza-
tion analysis showed that LINC01234 and p53 colocalized mainly in
the nucleus (Figure 5D), suggesting that the LINC01234 binds to p53
in the nucleus. Similar results were obtained by RIP assay (Figure 5E).

We next analyzed the effect of LINC01234 on p53 activity.
LINC01234 had no effect on the p53 protein level (Figure 5F), indi-
cating that LINC01234 may regulate p53-mediated transcriptional

2360 Molecular Therapy Vol. 30 No 6 June 2022
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activity. The enrichment of p53 on ASSI promoter was evaluated
by chromatin immunoprecipitation experiments. As shown in Fig-
ure 5G, LINC01234 decreased the enrichment of p53 on the ASSI
promoter. However, LINC01234 had little effect on the enrichment
of p53 on p21 or Puma promoters, the two typical downstream genes
of p533 7 (Figure 5G). Moreover, LINC01234 depletion increased the
enrichment of p53 on ASSI promoter, but had no effect on the enrich-
ment of p53 on p21 or Puma promoter (Figure S2C). Consistently, the
overexpression or knockdown of LINC01234 had no influence on
mRNA levels of p21 and puma (Figure 5H). Reintroducing p53
impaired the effect of LINC01234 overexpression on ASS1 expression
(Figure 5I). Furthermore, depletion of p53 ablated the effect of
LINCO01234 knockdown on the expression of ASS1 in HepG2 cells
(Figure S2D). These results suggest that LINC01234 inhibits the
expression of ASS1 induced by p53, which is an important transcrip-
tional activator for ASS1 expression.

It is of interest to note why LINCO01234 specifically modulates the
expression of ASSI other than p21 or puma. Recent studies have
shown that IncRNAs modulate the transcription of target genes by
directly forming DNA-RNA complexes with the promoter of down-
stream targets and subsequently affecting the activities of TFs.”**" It is
possible that LINC01234 interacts with the promoter of ASS1 and im-
pairs the activity of p53. Therefore, we used sequence alignment to
identify a sequence that potentially binds to ASS1 promoter as previ-
ously described.”® The results revealed that LINC01234 has three po-
tential binding sites on the ASS1 promoter (Figure S2E). To further
verify the results, the primers were designed according to the pre-
dicted binding sites and chromatin isolation by RNA purification as-
says were conducted to explore whether LINC01234 has the ability to
bind to these sites. Among the three promoter fragments, the results
showed that LINC01234 capture ASS1-promoter 1 (—807/-797) and
promoter 2 (—614/-603) (Figure S2F). To clarify whether LINC01234
impairs the transcriptional activation of ASS1 by binding to these two
sites, we generated the ASS1 reporter lacking binding sites (Fig-
ure S2G). The results revealed that the mutants significantly increased
luciferase expression compared to the wild-type ASS1-pGL3 reporter
vector after co-transfection with the LINC01234 expression plasmid
(Figure S2H). Thus, these data revealed that LINCO01234 directly
forms RNA-DNA complex with the promoter of ASSI1 and impairs
transcriptional activation of ASSI.

HepG2 cells carry wild-type p53 while Huh7 cells have mutant p53. It
is important to note that mutant p53 often loses the functions as tu-
mor suppressor and fails to activate of ASS1."” Thus, we explored
whether LINC01234 regulates the expression of ASSI after depleting
mutant p53 in Huh7 cells. As shown in Figure S2I, LINC01234 still
regulated the expression level of ASS1 in p53-depleted Huh7 cells.
Moreover, the luciferase assay revealed that the binding sites are crit-
ical for the LINC01234-mediated activation of ASS1 in Huh7 cells
(Figure S2J). These data suggested that LINC01234 regulates ASS1
expression by directly forming an RNA-DNA complex with the pro-
moter of ASS1 and impairing transcriptional modulation of ASS1 by
TFs, such as p53.
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Figure 5. LINC01234 suppresses the transcriptional activation of ASS1

(A) Luciferase activity in HEK293T cells transfected with indicated vectors was evaluated. Data are presented as the relative ratio luciferase activity to renilla activity.
(B) An RIP analysis was performed to detect p53-bound LINC01234 using anti-p53 antibody.

(C) HCC cells were transfected with the indicated vectors. Then, the whole cell lysates were subjected to co-immunoprecipitation using anti-p53 antibody.

(D) The colocalization of LINC01234 and p53 was determined. The nuclei were stained with DAPI. Scale bar, 10 um.

(E) The subcellular colocalization of LINCO1234 and p53 was determined by RIP assay.

(F) HepG2 and Huh7 cells were transfected as indicated. Western blot was performed to determine the protein level of p53.

(G) Chromatin immunoprecipitation (ChlP)-gPCR analyses were employed to analyze the occupancy on the promoter of ASS7, P21, and Puma in HepG2 cells.

(H) An RT-gPCR analysis was used to detect the p21 and puma levels in HepG2 cells.

(I) Cells transfected with the indicated vectors were harvested. The cell lysates were subjected to western blot using the indicated antibodies. Data are shown as mean +
standard deviation. See also Figure S2.
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Figure 6. ASS1 restoration attenuates the effects of LINC01234 in HCC cells

(A) ASS1 was silenced in LINCO1234-knockdown HepG2 and Huh7 cell lines. Western blot was used to analyze the indicated proteins.
(B) HepG2 and Huh7 cells were transfected as indicated and proliferation was assessed by MTT assays.

(C) A colony formation assay was performed as indicated.

(D) The number of colony formation in (C) was summarized from three independent experiments (mean + standard deviation).

(E) LINCO1234-overexpressed cells were transfected as indicated. Western blot was used to detect the indicated proteins.

(F) Colony formation assay was performed as indicated.

(G) The number of colony formation in (F) was summarized from three independent experiments (mean + standard deviation).

ASS1 restoration diminishes LINC01234-associated oncogenic
properties in HCC cells

To determine whether ASS1 is critical for the LINC01234-mediated
oncogenic effect, we depleted LINC01234 in ASS1-ablated cells and
performed cell proliferation assays. As shown in Figures 6A and 6B,
the knockdown of ASS1 abrogated LINC01234-related cell prolifera-
tion. LINC01234 had slight effect on colony formation rate when
ASS1 was silenced (Figures 6C and 6D). Moreover, reintroduced
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ASS1 abolished the cell colony formation ability induced by
LINCO01234 (Figures 6E-6G). Thus, these results demonstrated that
LINC01234 induced HCC cells proliferation owing to ASS1
inhibition.

Depletion of LINC01234 attenuates HCC progression
Then, we investigated the role of LINC01234 in tumorigenesis in vivo.
LINCO01234 knockdown significantly repressed cell-based xenograft



www.moleculartherapy.org

A G1: shNC B C E
G2: ShLINCO1234-1 — — ShNC
G3: shLINC01234-2 «;E‘ZOOO i 209 ™ 45 kDa 3 - ASS1
. B £ .
1 E 1500 g’I.S 45 KDA e B-actin
-
=)
| 21000 810 ShLINC01234
-g 500 -g- 05 45 kDa .. (Y 'i. ASS1
€ g s & 2 = 45 kDa B-actin
— & A . 3 0 0.0
- — G1 G2 G3 G1 G2 G3
D F
=15 rxn HepG2 Huh7
o '% I 1 — shNC+DMSO — shNC+DMSO
s o ,L"l — shNC+sorafenib — shNC+sorafenib
@ 2104 — shLINC01234+DMSO — shLINC01234+DMSO
o — shLINC01234+sorafenib — shLINC01234+sorafenib
5 1.2+ 0.8+
<05 S 08- E]
3 e” g T 04
o = S 04 = 5008 S
8 o] & 0.361 U p—”____ o =
< <
£ & 0.0- g N Q Q
= PN 2 (@] (¢]
G S Na 0.00 . . ; 0.00 . . .
S 0 2 4 6 0 2 6
‘\\ﬁ \>v\ Days Days
XN
HepG2
Sorafenib - DMSO
Q - i
G DMSO 1M 3 uM 5 uM 312 sorafenib 1uM
" o — sorafenib 3uM
8 —— sorafenib 5pM
s 08
Q
g ns
£ 04 ]
° o
shLINC01234 8
w 0.0 T T
o shNC shLINC01234
H sorafenib Huh7 —
3um g -=- sorafenib 1pM
g’ 12 — sorafenib 3uM
ShNC 8 —— sorafenib 5pM
08
[=}
Z04
[
L
shLINC01234 S
s 0.0 T T
14 shNC shLINC01234

Figure 7. Depletion of LINC01234 suppresses HCC growth in vivo and enhances the antitumor efficacy of sorafenib
(A) Tumor formation was performed in nude mice injected with LINCO1234 shRNA1, LINC0O1234 shRNA2, or control cells (n = 6).
(B) The volume of xenograft obtained in (A) was measured and summarized.

(C) The weight of xenograft obtained in (A) was measured and summarized.

(D) The Ki67 expression was evaluated and summarized by immunohistochemistry in the mouse xenografts. Scale bar, 20 pm.
(E) The ASS1 level of xenografts were detected by western blot.

(F) The HCC cells were treated with sorafenib as indicated. Then, the cell number was evaluated by MTT assay.

(G) Colony number quantification of the HepG2 cells was determined after treatment with sorafenib.

(H) Colony number quantification of the Huh7 cells was determined after treatment with sorafenib. See also Figure S3.

tumor growth (Figures 7A-7C). As indicated by the hematoxylin and  examined the expression of ASS1 in mice xenografts. Elevated ASS1
eosin and immunohistochemistry results, LINC01234 decrease the  level was observed in the LINC01234-depleted group (Figure 7E).
levels of the cell proliferation marker Ki67 (Figure 7D). We also  Consistently, LINC01234 overexpression significantly promoted
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xenograft tumor growth (Figures S3A-S3C). These results are consis-
tent with in vitro experimental results.

Increased activation of mTORCI activities is associated with resis-
tance of sorafenib treatment in HCC.*" Since LINC01234 enhances
mTORC1 activities in HCC cells, we asked if depletion of
LINCO01234 sensitized HCC cells to sorafenib treatment. Indeed, we
found that LINC01234 depletion increased the sensitivity of HCC
cells to the drug treatment (Figures 7F-7H). Together, our data sug-
gested that the depletion of LINC01234 attenuates HCC progression
and increases chemosensitivity of HCC cells to sorafenib.

DISCUSSION

In cancer cells, the expression of some enzymes in metabolism is often
dysregulated, which is beneficial to reprogram cancer cells meta-
bolism pathways to increase their biomass and sustain their malig-
nancies.*"*? Many tumors, including HCC, malignant melanoma,
malignant pleural mesothelioma, and renal cancer, lack ASS1 to
remodel their amino acid metabolism.'"'>**** The overexpression
of ASSI or activation of ASS1 by small molecule inhibits cancer pro-
gression.'* Here, we also observed a loss of ASS1 in HCC through bio-
informatics analyses, further identifying ASS1 as a tumor suppressor
in HCC. Some cancers lose ASS1 expression because of epigenetic
silencing of the ASSI promoter.””"” The mechanisms by which
ASS1 is downregulated in HCC remain unclear. Here, we identified
that the IncRNA LINC01234 inhibits the expression of ASSI1. We
also demonstrated that LINC01234 interacts with the promoter of
ASS1 and impairs the transcriptional activation of ASS1. Importantly,
LINCO01234 level is negatively correlated with the ASS1 mRNA level
using the TCGA HCC cohort and our cohort. We also explored the
relationship of LINC01234 and ASS1 expression in other cancers us-
ing the TCGA database. LINC01234 is also negatively associated with
ASS1 expression in some cancers including colon adenocarcinoma
and testicular germ cell tumors (Figure S4). These findings suggest
that LINCO01234 is one of critical regulators in ASS1 expression and
amino acid metabolism. Recent studies have reported other mecha-
nisms for ASS1 downregulation in human cancers. It has been
observed that aberrant CpG methylation is associated with the
decreased ASS1 expression.’® The histone acetyltransferase p300
and TFs, including p53 and HIFla, also participate in regulating
ASS1 expression.*”*® Together with our results, these studies suggest
that the expression of ASS1 is controlled by multiple factors. It is
important to further explore the relationships among these factors,
especially in tumorigenesis.

As the rate-limiting enzyme in ureagenesis, ASS1 is responsible for
catalyzing argininosuccinate formation from citrulline and aspartate.
Elevated ASSI activities accelerate the conversion of nitrogen from
aspartate to urea.'> Consistently, we found that LINC01234 increases
cellular aspartate in HCC cells. Aspartate is indispensable for cell sur-
vival and growth owing to its critical role in protein synthesis and
nucleotide biosynthesis.*” Cells rely on their intracellular aspartate
biosynthesis because circulating levels of aspartate are low compared
with other amino acids. For cancer cells, they must program aspartate
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metabolism to increase aspartate production and decrease aspartate
degradation for maintaining their malignancies.”® LINC01234 regu-
lates cellular aspartate in an ASS1-dependent manner, suggesting
that LINC01234 is mainly involved in remodeling aspartate catabo-
lism in cancer cells. We also observed that LINC01234 had no effect
on the expression of glutamic-oxaloacetic transaminase 1, the critical
enzyme for aspartate synthesis.

Increased cellular aspartate also promotes activation of mTORC1
pathway, which is the crucial sensor of nutrients.”’ Dysregulated
mTOR signaling promotes tumor cell proliferation, metastasis and
chemoresistance.”” Inhibitors of mMTORCI have been applied clinical
trials for treating cancers, including HCC.>> Our results suggest that
LINCO01234 increases mTORCI activity through inhibiting ASS1
expression. Moreover, LINC01234 facilitates cancer cell proliferation
and migration. Thus, mTOR signaling is involved in LINC01234-
associated cancer progression. Recently, it has been observed that
endoplasmic reticulum (ER) stress induces the translocation of
ASS1 from the cytoplasm to the ER and translocated ASS1 enhances
ER stress-related cell death via the induction of CHOP expression,
revealing that ASS1 induces cancer cell apoptosis in an amino acid
metabolism-independent way.'” It needs to be investigated whether
LINCO01234 regulates ASS1-induced apoptosis.

At present, the list of IncRNAs involved in tumor progression is
rapidly expanding. Many IncRNAs have been implicated in cancer
metabolism regulation, but the underlying mechanisms remain
poorly understood. We found that LINC01234 promotes HCC pro-
gression and uncovered the mechanism by which LINC01234 regu-
lates aspartate metabolism. Recent studies have reported that
LINCO01234 exerts oncogenic effects in human cancers, including
colorectal cancer, clear cell renal cancer, gastric cancer, non-small-cell
lung cancer and esophageal cancer.*>>**>*:*%1:3453 [ INC01234 was
mainly identified as a ceRNA to competitively bind miRNAs, such as
miR-642a-5p, miR-124-3p, miR-1284, and miR-433.”"**° Here, we
uncovered that LINC01234 decreases ASSI expression by inhibiting
transcription of ASS1. Instead of working as a ceRNA, LINC01234
serves to affect activities of TFs by directly forming DNA-RNA com-
plexes with an ASS1 promoter. In cells carrying wild-type p53,
LINCO01234 regulates p53-mediated ASSI1 transcription. More-
over, LINC01234 still modulates the transcription of ASSI in cells
harboring mutant p53 although mutant p53 fails to activate transcrip-
tion of ASS1,"” suggesting that LINC01234 may affect activities of
other TFs in these cells. These findings expand our understanding
about the roles of LINC01234 in cancer progression. Our study
showed that LINC01234 is highly expressed in HCC and that high
expression of LINC01234 is closely linked to unfavorable out-
comes. Together with previous studies, these findings suggest that
LINCO01234 is highly expressed in multiple types of cancer and
LINCO01234 might be a promising pan-cancer therapeutic target.

Despite high-profile failures of multiple vascular endothelial growth
factor receptor (VEGFR)-targeting agents against HCC, substantial
efforts continue in this area of the endoplasmic reticulum.””
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Sorafenib, a multi-kinase inhibitor, is commonly used in HCC ther-
apy after being approved for treating advanced HCC in 2007.°® Mech-
anistically, sorafenib shows the ability to repress the Raf/MEK/ERK
pathway, as well as regulating (platelet-derived growth factor receptor
B, Fms-like tyrosine kinase, and VEGFR.”’ However, patients are
vulnerable to develop resistance to sorafenib during treatment.*’
The mechanisms of sorafenib resistance are complicated.”® As an
important downstream target of PI3K/AKT, the mTORCI1 pathway
is reported to be associated with sorafenib resistance. Activated
mTORCI phosphorylates its two downstream targets p70 S6K1 and
eukaryotic initiation factor 4E binding protein 1 to support protein
synthesis and drive cancer cell growth.** Recent studies have reported
that aspirin, an inhibitor of the mTOR pathway, promotes the anti-
cancer activities of sorafenib.’’ Results from clinical trials also showed
that mTORCI1 inhibitors, such as rapamycin and everolimus, seem to
be an effective approach to increase sensitivity of sorafenib.*> In our
study, LINC01234 upregulated mTORCI activity by inhibiting ASS1
expression, indicating that LINC01234 may relate to sorafenib sensi-
tivity. Indeed, our further results support the notion that downregu-
lation of LINC01234 promotes sensitivity of HCC cells to sorafenib.
In a future study, it will be more meaningful to validate the roles of
LINCO01234 in vivo. Since sorafenib is a multi-kinase inhibitor, it
also needs to be further analyzed the latent alternative pathway by
which LINC01234 relates to sorafenib sensitivity.

CONCLUSION

Our study uncovered that LINC01234 has a pivotal role in reprog-
ramming aspartate metabolism in HCC. LINCO01234 inhibits the
transcription of ASS1 and decreases ASS1 activity, resulting in
enhanced mTORCI activation to promote HCC progression (Fig-
ure 8). Moreover, the depletion of LINC01234 attenuates the growth,
migration, and drug resistance of HCC cells. Our findings provide a
potential basis for RNA interference-based strategies that target
IncRNAs and cancer metabolism for cancer treatment. It is unknown
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Figure 8. A working model explaining how
LINC01234 promotes HCC progression
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whether targeting LINC01234-mediated meta-
bolic reprogramming based on RNA interfer-
ence can be used to treat human cancers,
including HCC. This needs to be further

explored in future study.

MATERIALS AND METHODS

Patient samples

Frozen human HCC tissues and adjacent non-
tumoral tissues were randomly obtained from
the patients who underwent resections in the
Peking University Cancer Hospital from 2009
to 2012. The clinical pathologic characteristics
of patients including gender, age, maximum tu-
mor diameter, number of tumor nodules, hepa-
titis B virus, hepatitis C virus, alpha fetoprotein level, total bilirubin
level, cirrhosis, Edmondson-Steiner grading, TNM grading, venous
infiltration, and lymph node infiltration are summarized in Table
S1. This study was reviewed and approved by the Ethics Committee
of Peking University Cancer Hospital & Institute, and written
informed consent was obtained from all patients.

Animal study

Female athymic BALB/c nude mice (4-6 weeks old, Beijing Vital River
Laboratory Animal Technology Co., Ltd) were randomly divided into
five groups. The indicated Huh?7 cells in 200 uL PBS with 10% Matrigel
were subcutaneously injected in right axilla of mice. One month later,
the mice were euthanized and tumors were dissected. The tumor vol-
ume is the length x width®/2. The animal study was reviewed and
approved by the Ethics Review Committee of Peking University
Health Science Center. The approval number of present investigation
assigned by review ethics committee is LA2021208.

Cell culture

HepG2, Huh7, SMMC-7721, MHCC-97H, PLC, or HEK293T cell
lines were purchased from Cell Resource Center, IBMS, CAMS/
PUMC. HepG2, PLC, and HEK293T cells were cultured in the
DMEM medium supplemented with 10% fetal bovine serum. Huh7
and SMMC-7721 cells were cultured in the RPMI1640 medium con-
taining 10% fetal bovine serum. Cells were maintained in 5% CO, at
37°C in incubators with 100% humidity.

RNA extraction and RT-gPCR

Total RNA was extracted from the HCC tissues or cultured cells using
Trizol reagent (Invitrogen) according to the manufacturer’s instruc-
tions. cDNA was synthesized from 5 p1g of RNA using the superscript
first-strand synthesis system (Roche). Then, the RT-qPCR was per-
formed using the 7500 Real-Time PCR System. The sequences of
the qPCR primers are shown in Table S2.
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Transfection

Cells were transfected with plasmid DNA using Polyethylenimine
(Polyplus, France) according to the manufacturer’ protocol. Cells
were transfected with siRNA duplexes using lipofectamine 2000
(Invitrogen) according to the manufacturer’ protocol. In transient
transfection experiments, plasmid DNA concentrations were kept
at a constant level with an empty vector. The sequences of short
hairpin RNAs (shRNAs) and siRNAs are listed in the Table S3.

Antibodies and plasmids

Anti-ASS1 antibody (A9084) was purchased from Abclonal Technol-
ogy. Anti-p53 antibody (DO-1) and anti-B-actin antibody were pur-
chased from Santa Cruz Biotechnology. Anti-p70 S6 Kinase (49D7)
and anti-phospho-p70 S6 Kinase (Thr389) (108D2) antibodies were
purchased from Cell Signaling Technology. LINC01234 was cloned
into the pcDNA3.1 or PCDH-CMV-MCS-EF1-GFP vector. Flag-
tagged p53 was cloned into pCI-neo vector. LINC01234 shRNA1
and shRNA2 were cloned into pLKO.1 vector. All plasmids cloned
with PCR inserts were confirmed by DNA sequencing (RioBiotech).
pLKO.1-shRNA-lentivirus was packaged using a three-plasmids sys-
tem, including pMD2.G, psPAX2 as helper plasmids, and pLKO.1
shRNA plasmid. PCDH-lentivirus was packaged using a four-plas-
mids system, including pMDLg/pRRE, pRSV-Rev, pMD2.G as helper
plasmids, and PCDH plasmid.

Cell proliferation assay

Cell proliferation assay was performed using MTT (3-(4,5)-dime-
thylthiahiazo (-z-y1)-2,5-di- phenytetrazoliumromide) kit (Prom-
ega). Cells treated as indicated were seeded into 96-well plate
(500 cells/well). Cell number was evaluated by MTT assay according
to the manufacturer’ protocol for each day.

Cell migration and invasion assays

Cell migration and invasion assays were carried out in 24-well trans-
well chambers with 8-um-pore polycarbonate filter inserts (Corning
Inc.). Briefly, HepG2 and Huh?7 cells were seeded in uncoated or ma-
trigel-coated inserts (BD Biosciences). The lower chambers were
added with 10% fetal bovine serum-supplemented DMEM as chemo-
attractant. Then, cells on the upper side of the filter were removed and
those on the lower surface of the insert were fixed in 4% paraformal-
dehyde and stained with crystal violet (Beyotime Biotechnology).
Finally, the migrated cells were quantified and summarized.

Colony formation assay

Cells were treated as indicated and subsequently seeded into 6-well
plate (500 cells per well). After cultured for 14 days, the colonies
were fixed with 4% paraformaldehyde (VETEC) and stained with
0.1% crystal violet (Sigma-Aldrich). The visible colonies were counted
and summarized.

Western blotting

Cells were collected and total proteins were extracted. Protein con-
centration was determined using Coomassie brilliant blue method
(Beyotime, Shanghai). After denaturation, the total proteins were
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separated by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis. Then, the proteins were transferred onto nitrocellulose filter
membrane. The membrane was incubated with the indicated primary
antibodies after blocked with 5% milk. Next, the membrane was
treated with anti-rabbit or anti-mouse secondary antibodies for 1 h.
Finally, all bands were detected by an ECL western blot kit ( Gene-
Protein Link). A B-actin was used as the control.

Immunohistochemistry

The xenograft tumorous tissues were performed on paraffin-
embedded sections. The slices were treated for dewaxing and rehyd-
rating. After antigen retrieval, the endogenous peroxidase activity was
blocked with 3% hydrogen peroxide. Then, the sections were treated
with 10% goat serum for 30 min at room temperature. Sections were
incubated with the primary antibody at 4°C overnight and then with
HRP-conjugated goat anti-rabbit IgG (Zhongshan Golden Bridge
Biotechnology) at 37°C for 30 min. The slides were stained with
3,3-diaminobezidine (DAKO) for visualization. Finally, the slides
were counterstained with light hematoxylin.

Drug treatment

Sorafenib (SC0236, Beyotime Biotechnology) was resolved in DMSO
to 10 pM for storage. The drug was diluted in cell culture medium for
usage.

Fluorescence in situ hybridization

FISH experiment was performed using the Ribo Fluorescent In Situ
Hybridization Kit (RiboBio) according to the manufacturer’ protocol.
Briefly, cells were plated on the slides. After fixed with 4% PFA for
15 min in room temperature, the cells were permeabilized with
0.5% Triton X-100. Then, the Cy3-labeled probes were added for de-
tecting the indicated RNAs, following by DAPI staining to visualize
the nuclei.

RNA subcellular fraction

Cytoplasmic and nuclear RNA purification kit (Norgen Biotek) was
used for RNA subcellular fractionation. RNA was extracted from
the cytoplasmic and nuclear fractions according to the manufacturer’s
instructions. Then, RT-qPCR was employed to detect LINC01234
level. B-Actin was used as the cytoplasmic marker, and U6 was
used as the nuclear marker.

Luciferase activity assay

Reporter assays were performed using the Dual-Luciferase Assay Sys-
tem (Promega). Briefly, the cells were co-transfected with ASS1 pro-
moter luciferase reporter constructs or pGL3-basic reporter control
plasmid and a Renilla luciferase control reporter vector (Promega).
Forty-eight hours later, the luciferase assays were carried out accord-
ing to the manufacturer’s instruction.

RIP

A RIP assay was performed as previously described.®* In brief, cells
were irradiated with UV light and lysed in high salt lysis buffer
(25 mM Tris-Cl pH 7.5, 150 mM KCl, 2 mM EDTA, 0.5% NP-40,
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1 mM NaF, 1 mM DTT, 100 U/mL Rinonuclease inhibitors [RNasin),
an EDTA-free protease inhibitor). Then, magnetic beads coated with
5 pg of anti-p53 antibodies were incubated with the prepared cell ly-
sates overnight at 4°C. The RNA-protein complexes were washed six
times and incubated with proteinase K digestion buffer. RNA was ex-
tracted by Trizol-chloroform RNA extraction methods. The relative
expression of RNA was evaluated by RT-qPCR and normalized to
the input.

Chromatin immunoprecipitation

Briefly, HCC cells transfected as indicated were cross-linked with 1%
formaldehyde for 10 min, followed by glycine treatment to stop cross-
linking. Then, cells were lysed in nuclear lysis buffer and the lysate
was sonicated to shear DNA to approximately 200-1000 bp. Superna-
tant from 1 x 10° cells was used for each immunoprecipitation with
the indicated antibodies. After immunoprecipitation, the DNA frag-
ments were purified using TTANamp Genomic DNA Kit (TTANGEN
BIOTECH) and were quantified by RT-qPCR using the indicated
primers. Human ASS1 binding site was amplified by using the
following primers: (forward) 5-AGAGTCCACTCCCGAGCAG-3'
and (reverse) 5'-ATCAAAGCCCAAGTCCCCTA-3'.

Aspartate assay

An aspartate assay kit (MAKO095, Sigma) was used to detect intracel-
lular aspartate level. According to the manufacturer’ protocol, cells
were washed with PBS twice. Then, cells were homogenized in
200 pL of the aspartate assay buffer. The samples were centrifuged
at 13,000 x g for 10 min to remove insoluble material. The sample
was added with reaction buffer and the mixture was incubated for
30 min at room temperature. Finally, the absorbance was measured
at 570 nm.

The contents of aspartate were normalized to the protein concentration.

Statistical analysis

The significance of two groups was assessed by Student ¢ test. The Ka-
plan-Meier method test was used for disease-free survival and overall
survival analyses. Spearman correlation analysis was used to calculate
the correlation between LINC01234 and ASSI level. All statistical an-
alyses were performed using GraphPad 8.0 software. A p value of less
than 0.05 was determined statistical significance. *p < 0.05, **p < 0.01,
**p < 0.001, and ***p < 0.0001. Data are shown as mean + standard
deviation.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
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