Genes & Diseases (2025) 12, 101302

Available online at www.sciencedirect.com

ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: www.keaipublishing.com/en/journals/genes-diseases

RAPID COMMUNICATION

Glucose metabolism perturbations
influence tumor microenvironments via

Check for
updates

LINCO1139 pathway and facilitate

immunotherapy in
hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is one of the most common
tumors with high prevalence and death rate, which lacks
effective targeting and immunotherapy currently. Meta-
bolic reprogramming, which provides an inherent advan-
tage for tumor cells to compete for nutrition, plays
important roles in the development and progression of
cancers.” Increasing studies indicated that metabolic
reprogramming of tumors can remodel the microenviron-
ment through different signaling pathways and thus pro-
mote the development of tumors.?* In addition, long non-
coding RNAs (lncRNAs) represent a subgroup of noncoding
RNAs and have been shown to play extensive regulatory
functions in cancer, such as signaling and immune path-
ways. Besides, it has been widely clarified that (ncRNAs
play important roles in bridging metabolic reprogramming
and immunology.” However, knowledge regarding the
IncRNAs perturbed by metabolic reprogramming in HCC is
still lacking. Therefore, an in-depth understanding of the
downstream [ncRNA pathways of metabolic reprogramming
is of great significance for identifying new therapeutic
targets for HCC.

Glucose metabolic reprogramming, known as the War-
burg effect, has been identified as one of the metabolic
hallmarks of tumor cells. We first collected 67 glucose
metabolism-related genes and investigated the genetic al-
terations (including somatic mutations and copy number
variations) in HCC (Table S1). We found widespread genetic
perturbations in glucose metabolism-related genes, and all
67 genes had genetic alterations (somatic mutations and
copy number variation) in about 95.25% (361/379) HCC
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patients (Fig. S1A, 2). PKLR had the highest alteration
frequency, in particular the prevalent copy number ampli-
fication (Fig. S1A, 3), which has been identified as a regu-
lator of metabolism and targets for cancer treatment.

We next determined to what extent the perturbations of
glucose metabolism correlated with clinical significance.
We first divided all HCC patients into two groups by
considering whether there was genetic alteration (somatic
mutations, homozygous deletion, and deep amplification)
in glucose metabolism-related genes (altered vs. unal-
tered). We found that there was no significant difference in
clinical significance between the two groups of HCC pa-
tients, including sex, metastasis, lymph node state, disease
and tumor stages, and ethnicity (Fig. S4). However, pa-
tients in the altered groups were with significantly worse
disease-free survival (Fig. S1B; log-rank P = 0.029). Thus,
we next investigated whether there were some differences
in the molecular characteristics between the two groups.
Hypoxia has become an organizational principle of cell
evolution, metabolism, and pathology. We found that pa-
tients with glucose metabolism-related genes altered have
significantly higher hypoxia scores than those without al-
terations (Fig. S1C; P = 0.0052). The fractions of genome
altered and the tumor mutation burden in the patients of
altered groups were significantly higher than those in the
unaltered groups (Fig. S1D, E; P = 0.035, P = 5.2E-6,
respectively).

The interaction between the immune system and
metabolism has been demonstrated to play important roles
in cancer. We next investigated the immune cell in-
filtrations of HCC patients and found that patients in two
groups were with significantly differences in the levels of
immune cell infiltration (Fig. S5; supplemental materials

2352-3042/© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2024.101302&domain=pdf
www.sciencedirect.com/science/journal/23523042
http://www.keaipublishing.com/en/journals/genes-diseases
https://doi.org/10.1016/j.gendis.2024.101302
https://doi.org/10.1016/j.gendis.2024.101302
http://creativecommons.org/licenses/by/4.0/

Rapid Communication

LINCO1139 D

LINCO1139

H HCCLM3

T cell folicular helper MHELSTH
20 0.0014 0.057 Iy (Tregs) |H——i——l—e VECTOR +siNC
Acassésu 1 — —2Br T cell regulatory (Tregs) "
Acwsa&uz I%%%%;aiéﬂ T cell CD8+ | ————— 20- = LINCO1139 sILINCO1139
T T cell CD4+ Th2 | —————o =
AC025062.3 I B T cell | ——— x N
15 AC079360.1 T, 3 T cell folicular helper [ ———— 15 * 15 H
= AC012360.2—- 10 3 Kl 10 AG3 2 2 i
R ot ==y =it * = <
2 ACO11317.1 . A 3 . Q10 alo
3 i z oI e 2 s ] o A 5
%1 0 1 3 o L' 3 05 05 ~
2 | o % L9 [$) i~
8 1 ) i X5 S -

+ 2 g . £ 8 00t—T—— 00—
05 | 1 L4 rs 5 12345 123545
’ 1 sSip S oSl Days Days

: o = 70 | — 1 — MOCK
00 I = -1 — = NRcot1ae1
1 el D VECTOR — siLINC01139-3
=LINCO1139 _ 300
2 0 1 2 o - -l 0 c I 5 4007 axx 3
log2(Fold Change) Normal Tumor TNFRSF ° =
B Hngltared Alisred PI3K AKT MTOR Signaling | ——— ® 300 B s
g 00 01 02 03 s =
B Positive g Rho E 200 3
Mregave 3 | | | | || (it ||| || T 8 s
ype 2 . 5 °
DN % | | (U i | IIl L (LA U - e i log10(P-value) s 5 100
° 10 k] oes s - seee 3 100 2
® 20 * ~ Immune checkpoints 2468 € B
8 =~ Cancer pathway 3 . z
2 cell fo oo o oo o © oo o 00000 0o 00 00 000 o 0o oo 00 0000 00000 o0 Migration Invasion Migration  Invasion
2 T call folicular helper © 000 00 000 00 00 00000 o0
> T cell regulalory (Tregs) foo000000000 00 00000 00000000 © o 0000000 00 90900 00 o 000 000 00 0000 00 [ J
= [EElCDAR oo o co0000 o 000 0 0-00- 0 o o 00 00 00 0000 0 00 o Q0 G00® 00 1.00
3 T cell CD4+ Th2 2000 © 0000 © 0000 000 00 G0GOS © o0 E - LINCO1139=high
2 B . . s o asoracosiovar ssseaossos 00a6ies oruoesssssid . @ ETINGO1 {300 shNC . . ® e
2 T cell [000000000000000000 0000000 000000 00 00 600000 © 60 © o 00  © 00 00000 00 > Elow ‘
g T cell folicular helper oo o o o o 0000000650 00000000 000 000 000 o o 0000 ° ceoe 000 o £ .7
NKcell | o o 900000000 50 © oo oo o 0000 000 000 © © o o 000000 50
g R R R e T et RS e e TR sty @ P & @ @
LAG3{oo 00 00 © 0 0 00 00000 000000 00| E 2
1008 |000000000000 000000000000 00000 00000 00 00 © 00 © 00  © G0:00000 0O g
- CTLA4 00 00 0000 o 00 000 G000 o T 0.50 Hepa:6mouss/madel
2 TNFRSF18 20000 00 00 000 © @ ©o 00  © @ Q0000 0 2 K
] CD27 000000000 00 0000000000000 900005 00 00 00 00 60 00 ©0 005 ° 0 00900000 03 S o
s TNFSF4 000000 0000 o 000 0000 ©00 00GE00G BOCSO00000 00000 B00000 0GE000 0000000 000 7] 1 Gg \0‘
S IDO1] 00 0 o o o o coocoo o oo 000 oo 00 o oo o 00 00000 © o0 0.25 - O \\“
2 BTLA}o 00000 o 00 oo 20000 00 00 00 000 © o 00 0000000 00 p=0.0045 o ,\@o aPd-11/1gG
S LGALS9fe © o 0000000 00 o o 000000 © 0 G0 00 00 © @0 0@0 90000 00| o 100ug)
e ADORA2Afo0 © 00 0 00 o 0 000 000 0000 9000 000 900 00 00 990 0@00 © 000000 O o 000 @\«\ ( g nr‘ousle)
Fi TNFRSF4fo000 000 000 00000 000 000000 00000 000000 0000 0000 © 0000 © GO 00000 00 0.00 L
£ CD70{00000000000000 000 0o o000 000 o 00 00 ©0 OO © 00 0o 0O © @ ©0000 00 4 7 9 113 1517 19 21 (Days)
E HAVCR2100000000000000 000 000000 9000 © ©0 00 000 00000 00 00 000 © @0 @0000  ©OQ 0 30 60 90 120
CcD80 200 000 06 00 60 00 900 0000 © © 0O 0000  OF i
B o Ginesasnarcnnanns saonst sans-Saskns. S0 aee @o:sesreus- e 5 ageeenee-se ol Overall Suryival (Months) o @ & @ 26
A Klg?g;? [poee00 © 000 oa00 eog0s 00 c0d G 160
oo oo oo eoe %0 o: 6o -‘eewv.tr @ o o g s :
H FRSF14 000000 5000 00 0000000 000 ~LINCO1139=high ~ shLinc01130 g 4@ @ @& @
] PISKA}'(:TMTORbSmnah?g oi0av0r0r 0D 0ert0linsorons s 0O . oo o o ° = = LINCO1139=low
a ancreas beta cells| o ° oo ©0o 0 o o ° Qe o &
5 lypoxia o oo 0o ° o o 5 075 anti-Pd-I1 > v
8 TNFA Signaling via NFKB o " o < e $o0-wouvhe: ov8k00 s ) > &o®
8 pical Surface oo o 000 o 54554 548654 wr b densEIRRES S shLinc01139+ o
[ anti-Pd-11 W w > )
Spearman Rhio. 4og1XFOR) log2rc I Iﬂ in | | I o - i
B §ie B % 2000
] z £
00 :6 2] =3
R 12 0.25 §1500
I;ggFC %dz%f £:1000 . El::.‘mcﬂﬂw
1 i 0.00 g 500  Sbnetssranipan "
1]
s 5 0 30 60 90 120 F 0
= Disease Free (Months) 7 9 1113151719 21 (Days)
Figure 1  Glucose metabolism perturbations altered oncogenic LINCO1139 and silencing oncogenic LINCO1139 enhanced the

clinical benefits of immunotherapy. (A) The volcano plot showing the alterations of IncRNAs perturbed by alterations of glucose
metabolism. (B) Correlations between expression of IncRNAs and cancer/immune-related signatures. The upper bar plots show the
number of signatures correlated with each IncRNA. The middle dot plots show the correlations and significances. The bottom heat
maps show the fold changes, false discovery rate, and ranks of IncRNAs. (C, D) The boxplots showing the expression of LINCO1139
(C) for unaltered vs. altered and (D) for normal and cancer. (E) The lollipop plot showing the correlations between expression of
LINCO1139 and cancer/immune-related signatures. (F, G) Kaplan—Meier overall and disease-free survival curves. Patients were
divided into two groups based on the median expression of LINCO1139 (F) for overall survival and (G) for disease-free survival. (H)
The line graphs showing the effects of overexpression and knockdown of LINCO1139 on cell growth. (l) The bar plots showing the
effects of overexpression and knockdown of LINCO1139 on migration and invasion. (J) The representative images depicting the
tumor size of linc01139 knockdown in mice. (K) Rational combination therapy of linc01139 and aPD-L1 in hepatocellular carcinoma.
The top panel shows the mouse model used. The middle panel shows representative images of tumors in mice with different
treatments. The bottom panel shows the line graphs of tumor volumes.

and methods). Patients in the altered groups were likely to
have more T cell infiltrations than those in the unaltered
groups (Fig. S5, 6). In addition, we found that several im-
mune checkpoint genes were significantly highly expressed
in the altered patients (Fig. S5, 6), such as CD276, CD80,
and CD27. These results suggest that patients in the altered
groups were likely to respond to immunotherapy. We also
investigated the cancer pathway activities and identified
five cancer pathways with significant activities between
two groups of patients (Fig. S1F, G). In particular, the PI3K-
AKT-MTOR signaling pathway exhibited significantly higher
activities in the altered group (Fig. S1G; P < 0.01). More-
over, several genes (e.g., CDK1, PLCB1, and HRAS) in this
pathway exhibited significantly higher expression in the
altered groups (Fig. STH). These results suggested that the

genetic alterations of glucose metabolism perturbed the
tumor microenvironment and cancer signaling pathways to
promote cancer development.

We next investigated to what extent the IncRNA tran-
scriptomes were perturbed by the alterations of glucose
metabolism in HCC. In total, we identified 82 IncRNAs
exhibiting a significant difference in expression between
two groups of HCC patients (Fig. 1A; false discovery rate
<0.05), including 79 up-regulated and 3 down-regulated
INncRNAs. We found that the expression of these IncRNAs
was significantly correlated with immune cell infiltrations,
expression of immune checkpoints, and cancer pathway
activities in HCC (Fig. 1B). Next, we ranked the differen-
tially expressed |ncRNAs according to the number of
correlated immune and cancer-related features. We found
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that several cancer-related IncRNAs were ranked top in our
list (Table S2), such as SAMMSON, FEZF1-AS1, and LINC-ROR.
In particular, we focused on LINCO1139 which ranked 7th
for further analyses.

We found that LINCO1139 exhibited significantly higher
expression in patients with glucose metabolism perturba-
tions (Fig. 1C; P = 0.0014). In addition, LINCO1139 was
highly expressed in HCC compared with normal controls
(Fig. 1D; P = 0.057). We found that the expression of
LINCO1139 was significantly positively correlated with im-
mune and cancer-related features (Fig. 1E), such as T cell
infiltrations, expression of CD276, and activities of the
PI3K-AKT-MTOR pathway. In particular, LINCO1139 was
significantly positively co-expressed with several genes
(e.g., PLCB2, CDK2, and CDK1), involved in the PI3K-AKT-
MTOR signaling pathway (Fig. S7). Survival analysis revealed
that HCC patients with high LINC0O1139 expression had
worse overall survival (Fig. 1F; log-rank P = 0.0045) and
disease-free survival (Fig. 1G; log-rank P = 0.023). All
these results suggest that perturbations of glucose meta-
bolism significantly altered the IncRNA transcriptome; thus,
we prioritized an ontogenetic IncRNA for further develop-
ment of cancer immunotherapy.

To further investigate the possible function of LINCO1139
in HCC pathogenesis, we next performed functional assays
in cell lines and mouse models. We overexpressed
LINCO1139 in HCCLM3 cell line and knocked down the
expression of LINCO1139 in MHCC97H cell line (Fig. S8). We
found colony formation, migration, and invasion were
increased in the presence of LINCO1139 overexpression
(Fig. 1H, I; Fig. S9A). In contrast, we found that LINCO1139
knockdown significantly decreased cell growth, migration,
and invasion as compared with control (Fig. 1H, I; Fig. S9B).
Furthermore, we examined the effect of LINCO1139
knockdown on tumor growth in vivo using mouse subcu-
taneous xenograft models. We found that tumor xenografts
derived from linc01139-knockdown cells exhibited smaller
volumes and lower weights than those from empty vector-
transduced cells (Fig. 1J; Fig. S9C, D; P < 0.05, P < 0.001,
respectively). Collectively, these data indicated that the
silence of LINC01139 repressed HCC cell growth, invasion,
and metastasis.

It is critical to discover additional IncRNA targets for
improving the sensitivity of cancer immunotherapy. We
found that the expression of LINC01139 was correlated with
numerous immune-related signatures (Fig. 1E), suggesting
rational combination immunotherapy of LINCO1139 in HCC.
To further investigate the function of LINCO1139 in immu-
notherapy, we used the Hepal-6 cell injection mouse
model. The mice were treated with sh-linc01139 and Pd-1
blockade or IgG after HCC implantation (Fig. 1K). We found
that the silence of linc01139 and Pd-l1 blockade could
inhibit tumor growth (Fig. 1K) and reduce the tumor weight
(Fig. S9E; P < 0.05). Moreover, the mice treated with the
combination of sh-linc01139 and aPd-l1 had a much smaller
tumor volume and weight than the other mice (Fig. 1K;
Fig. S9E). Overall, these results demonstrated that
LINCO1139 serves as a potential target to enhance the
benefits of immunotherapy in HCC.

In conclusion, our computational and experiment results
revealed that glucose metabolism perturbations influence
tumor microenvironments and widely alter the IncRNA
transcriptomes in HCC. Our findings also suggested that
silencing an oncogenic LINCO1139 may be a novel syner-
gistic strategy for enhancing HCC immunotherapy
sensitivity.
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