Journal of Hepatocellular Carcinoma Dovepress
Taylor & Francis Group

ORIGINAL RESEARCH

SNHG6 Promotes Lipid Metabolic Reprogramming
in Hepatocellular Carcinoma via Upregulation

of SCD

Xin Zheng', Jiajun Lu?, Huiping Qiu', Qianya Jin', Lulu Cao?, Jie Liu', Pengxia Song', Shuihong Yao'

'Medical School, Quzhou College of Technology, Quzhou, Zhejiang, People’s Republic of China; 2Department of Hepatobiliary Surgery, The Quzhou
Affiliated Hospital of Wenzhou Medical University, Quzhou People’s Hospital, Quzhou, Zhejiang, People’s Republic of China; *Department of
Pathology, The Quzhou Affiliated Hospital of Wenzhou Medical University, Quzhou People’s Hospital, Quzhou, Zhejiang, People’s Republic of China

Correspondence: Shuihong Yao, Medical School, Quzhou College of Technology, Quzhou, Zhejiang, People’s Republic of China, Tel +86 15157021122,
Email qzxyysh@ 126.com

Objective: The aim of this study was to examine the role and molecular mechanism of the long non-coding RNA small nucleolar
RNA host gene 6 (SNHG6) in lipid metabolic reprogramming in hepatocellular carcinoma (HCC).

Methods: The effects of SNHG6 knockdown on the proliferative and metastatic capacities of Huh7 and LM3 cells were assessed
using CCK-8 assays, colony formation assays, and Transwell migration and invasion assays. Lipid alterations were assessed using
LipidTOX staining, triglyceride (TG) quantification, and non-targeted metabolomics. Downstream genes and signaling pathways were
analyzed by RNA sequencing, quantitative reverse transcription polymerase chain reaction, and Western blotting. Rescue experiments
were conducted by overexpressing stearoyl-coenzyme A desaturase (SCD) in SNHG6-knockdown cells. The regulation of SCD
expression by SNHG6 via the AMPK/ sterol regulatory element-binding protein-1 (SREBP1) axis was examined by Western blotting.
Additional rescue experiments were conducted using AMPK inhibitors and overexpression of SREBP1 in SNHG6-knockdown cells.
Results: SNHG6 expression was significantly upregulated in tumor tissues from patients with HCC and was associated with poor
prognosis. SNHG6 silencing reduced lipid droplet accumulation and TG content in HCC cells and suppressed cellular proliferation,
migration, and invasion. Further analyses demonstrated that SNHG6 knockdown decreased SCD expression, whereas overexpression
of SCD restored lipogenesis and reversed the suppression of proliferation and metastatic capacity induced by SNHG6 silencing.
Mechanistically, the data suggested that SNHG6 upregulated SREBP1 expression through the AMPK signaling pathway, thereby
enhancing SCD expression and promoting lipid metabolism. The reduction in lipogenesis and inhibition of proliferation and metastatic
capacity induced by SNHG6 silencing were reversed by AMPK pathway inhibition and SREBP1 overexpression.

Conclusion: Taken together, these findings suggested that SNHG6 may regulate lipid metabolism in HCC by linking to SCD-centered
lipogenic regulation via the AMPK/SREBP1 pathway, pointing to a potential SNHG6/AMPK/SREBP1/SCD signaling axis.
Keywords: AMPK signaling, hepatocellular carcinoma, lipid metabolism, SCD, SNHG6, SREBP1

Introduction
Lipids constitute a diverse class of structurally complex macromolecules that play essential roles in maintaining
physiological processes.' They form the fundamental structural framework of biological membranes and contribute to
membrane protein anchoring and localization through lipid modifications. Lipids function as intracellular signaling
mediators and serve as energy reserves in the form of triglycerides (TG).> ™ Cellular homeostasis is maintained through
the dynamic regulation of lipid metabolism. Disruption of this balance directly leads to changes in membrane structure
and fluidity, dysregulation of signal transduction pathways, and impairment of cellular energy supply systems.’

Lipid synthesis activity in tumor cells is frequently upregulated, and lipid metabolites are efficiently utilized to
support cellular proliferation, invasion, and metastasis.*>’ For example, compared with normal hepatocytes, which
primarily depend on exogenous fatty acids, hepatocellular carcinoma (HCC) cells preferentially undergo de novo lipid
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synthesis.® Therefore, the initiation and progression of HCC are commonly associated with increased expression of key
lipogenic enzymes.

Lipogenic enzymes, including stearoyl-coenzyme A desaturase (SCD), fatty acid synthase (FASN), acetyl-coenzyme
A carboxylase 1 (ACC1), and ATP-citrate lyase (ACLY), as well as their upstream central transcription factor sterol regulatory
element binding protein-1 (SREBP1), are highly expressed in HCC tissues.””'' SREBPI is a key transcription factor that
regulates the expression of lipogenic genes. AMP-activated protein kinase (AMPK), as an important upstream regulator,
inhibits hepatic lipogenesis by downregulating transcription factors such as SREBP1.'? Consequently, targeting key mole-
cules involved in lipid metabolic pathways represents an important focus in current therapeutic research for HCC.'*™'®

Long non-coding RNAs participate in tumor initiation, progression, and metastasis through regulation at multiple
levels, including epigenetic, transcriptional, and translational mechanisms.'”'® Increasing attention has been directed
toward their roles in metabolic reprogramming in cancer.'” ' Recent reports confirm that IncRNA-mediated metabolic
regulation has emerged as a central research paradigm in cancer biology. For instance, cellular senescence-related
IncRNA signatures have been shown to predict prognosis in osteosarcoma, highlighting the broad relevance of
IncRNAs in tumor progression.”> Moreover, the IncRNA MALAT! has been demonstrated to promote mitophagy via
the miR-143-3p/RRM2 axis, further illustrating the diverse regulatory functions of IncRNAs in liver cancer
metabolism.”> For example, IncRNA HCP5 has been reported to promote fatty acid oxidation through the miR-3619-
5p/AMPK/PGC1a/CEBPB axis, thereby enhancing stemness and drug resistance in gastric cancer.>* LncRIM activates
YAP signaling by inhibiting the NF2-LATS]1 interaction, establishing a positive feedback loop within the iron-Hippo
pathway and facilitating breast cancer progression.*’

LncRNA small nucleolar RNA host gene 6 (SNHG6) has been reported to form a positive feedback loop with
cholesterol, regulating lysosomal recruitment and activation of mMTORCI1 and thereby contributing to the progression of
non-alcoholic fatty liver disease to HCC.?® SNHG6 directly binds to and stabilizes BOP1, promoting tumor glycolysis.?’
Although prior studies have described that SNHG6 participates in cholesterol metabolism and glycolysis in HCC, its
effects on fatty acid metabolism in HCC and the underlying mechanisms remain unclear.

In this study, the role of IncRNA SNHG6 in lipid metabolism in HCC was investigated. SNHG6 promotes lipid
metabolic activity in HCC by inhibiting the AMPK signaling pathway, upregulating SREBP1 expression, and conse-
quently increasing SCD expression. The findings indicated that the SNHG6/AMPK/SREBP1/SCD signaling axis was
critical for HCC progression and may represent a potential therapeutic target for HCC.

Materials and Methods

Bioinformatics Analysis
Using the GEPIA2 database (http://gepia2.cancer-pku.cn/), which integrates TCGA and GTEx data, the SNHG6 and SCD
expression levels between LIHC tumor tissues and normal liver tissues were analyzed. Survival analysis for SNHG6 in LIHC

was also performed using GEPIA2, where patients were divided into high and low expression groups by the median cutoff,
and the Kaplan-Meier method with the log rank test was applied.”® The TCGA-LIHC dataset from the UALCAN database
(https://ualcan.path.uab.edu/) was used to analyze the SNHG6 and SCD expression levels between LIHC tumor tissues and

normal liver tissues, as well as the correlation between SNHG6 expression level and the tumor grade of HCC.?’ The TNMplot
database (https://tnmplot.com/analysis/) was used to compare SCD expression levels between LIHC tumor tissues and normal

liver tissues, and to analyze the correlation between SNHG6 and SCD expression levels in LIHC.*

Cell Culture and Transfection

HCC cell lines (Huh7 and LM3) were obtained from the Chinese Academy of Sciences Shanghai Cell Bank. The cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco, USA) and 1% penicillin—streptomycin solution (Solarbio, Beijing). All cells were maintained in
a humidified incubator at 37 °C with 5% CO, and were tested for mycoplasma contamination using a mycoplasma
detection kit (Beyotime, Shanghai). Small interfering RNA targeting SNHG6 (siRNA) was purchased from Shanghai
GenePharma. SREBP1 and SCD overexpression plasmids were constructed by Zhejiang Shangya Biotechnology Co.,
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Ltd. Transfection was performed using Lipofectamine 3000 (Thermo Fisher Scientific, USA), and RNA and protein
samples were collected 48 hours after transfection. The targeting sequence for si-SNHG6#1 was 5'-CUGCUAGGUG
CAAGAAAGC-3". The targeting sequence for si-SNHG6#2 was 5'-GCUUCGUUACCUCAAGUGU-3'".

Quantitative Real-Time PCR

Total RNA was extracted from cells using an RNA extraction kit (Vazyme, Nanjing) and reverse-transcribed into cDNA
using a cDNA reverse transcription kit (Tiangen, Beijing). The mRNA expression levels of the indicated genes were
measured using a SYBR Green quantitative real-time PCR kit (Tiangen, Beijing). Data were analyzed using the AACt
method, and relative expression levels were normalized to -actin as an internal control. The primer sequences were as
follows: SNHG6 forward: 5'-GCGGCATGTATTGAGCATATAG-3" and SNHG6 reverse: 5'-CACTTGAGGTAACGA
AGCAGAA-3"; SCD forward: 5-TTCCCGACGTGGCTTTTTCT-3' and SCD reverse: 5'-AGCCAGGTTTGTAGTAC
CTCC-3"; B-actin forward: 5-CTCCATCCTGGCCTCGCTGT-3' and p-actin reverse: 5-GCTGTCACCTTCACC
GTTCC-3". QRT-PCR was performed with three independent biological replicates, each with three technical replicates.

Sequencing Analysis

Huh?7 cells transfected with si-SNHG6#2 (experimental group) or si-NC (negative control group) were collected with six
biological replicates per group and submitted to Hangzhou Lianchuan Biotechnology Co., Ltd. for RNA sequencing and
non-targeted metabolomics analysis. For RNA sequencing, libraries were sequenced on an Illumina Novaseq™
X Plus platform. Differential expression analysis was performed using DESeq2 software with the median-of-ratios
normalization method. Genes with false discovery rate (FDR) < 0.05 (Benjamini—Hochberg) and absolute fold change
> 2 (Jlog, fold change| > 1) were considered differentially expressed. For non-targeted metabolomics, raw data were
processed by XCMS, followed by K-nearest neighbor imputation and probabilistic quotient normalization (PQN).
Differential metabolites were identified by P < 0.05 (#test), fold change > 1.2 or < 1/1.2, and VIP > 1 from PLS-DA.
KEGG enrichment analysis used hypergeometric test with P < 0.05.

Western Blotting

Total protein was extracted from cells using RIPA lysis buffer (Beyotime, Shanghai) and quantified using a BCA protein
concentration assay kit (Beyotime, Shanghai). Proteins were separated by 10% SDS-PAGE and subsequently transferred
onto PVDF membranes (Millipore, USA). The membranes were blocked with 5% skimmed milk and incubated overnight
at 4 °C with primary antibodies.The primary antibodies used were as follows: SCD (1:500, Bioswamp, Wuhan, cat#
PAB40111), SREBP1 (1:500, Bioswamp, Wuhan, cat# PAB39550), AMPK (1:500, Bioswamp, Wuhan, cat# PAB37943),
p-AMPK (1:500, Bioswamp, Wuhan, cat# PAB53258), and B-actin (1:500, Bioswamp, Wuhan, cat# RMAB60261). The
membranes were then incubated with secondary antibodies corresponding to the species of origin (1:5000, Bioswamp,
Wuhan) at room temperature for 1 hour. Protein bands were visualized using BeyoECL Plus chemiluminescence solution
(Beyotime, Shanghai). Western blotting was performed with three independent biological replicates. Protein expression
was analyzed using Image J software (v1.48, NIH, Bethesda, MD) withB-actin as a loading control.

Cell Proliferation Assay

Cell proliferative capacity was assessed using a CCK-8 kit (Beyotime, Shanghai). Transfected cells were seeded into 96-well
plates and cultured overnight. At 0, 24, 48, 72, and 96 hours, 10 pL of CCK-8 reagent was added to each well, followed by
incubation at 37 °C in the dark for 2 hours. Absorbance was subsequently measured at 450 nm. The assay was performed with
three independent biological replicates, each containing three technical replicates. Statistical comparisons between groups
across multiple time points were analyzed using two-way ANOVA followed by Sidak’s post hoc test.

Colony Formation Experiment
A total of 200 transfected cells were evenly seeded into each well of a 6-well plate and cultured for 2 weeks. The cells were
then fixed with 4% paraformaldehyde and stained with 1% crystal violet solution (Beyotime, Shanghai) for approximately
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15 minutes, followed by washing with phosphate-buffered saline (PBS). Cell colonies were subsequently counted and
analyzed. The experiment was performed with three independent biological replicates.

Transwell Migration and Invasion Experiment

Cell migration and invasion capacities were assessed using a 24-well Transwell chamber system (Corning, USA). For the
invasion assay, the upper chamber was pre-coated with 8% Matrigel (Beyotime, Shanghai). Transfected cells were
resuspended in serum-free medium and seeded into the upper chamber. Medium containing 20% FBS was added to the
lower chamber, and the cells were incubated at 37 °C for 72 hours. After 72 hours, non-migrated or non-invaded cells on
the membrane surface were gently removed using a cotton swab. The membranes were rinsed twice with PBS and fixed
with paraformaldehyde for 10 minutes. Following three washes with distilled water, the cells were stained with 0.1%
crystal violet at room temperature for 30 minutes. Cells that had migrated or invaded through the membrane were
observed and photographed using an inverted microscope. Each experiment was conducted with three independent
biological replicates, and three randomly selected fields per membrane were counted.

LipidTOX Staining

Lipid droplets in cells were detected using LipidTOX staining. Cells were fixed with 4% paraformaldehyde and
incubated with LipidTOX dye stock solution (Thermo Fisher, USA) diluted 1:1000 in PBS. The cells were incubated
at room temperature in the dark for 30 minutes and subsequently washed with PBS two to three times in the dark. After
removal of unbound dye, antifade mounting medium containing DAPI (Thermo Fisher, USA) was added dropwise. The
cells were then observed and photographed using an inverted microscope. LipidTOX staining was repeated in three
independent biological replicates. Quantification of LipidTOX fluorescence intensity was performed using Imagel
software, and the mean fluorescence intensity per cell was calculated from at least three randomly selected fields per

replicate.

Triglyceride Content Detection

The TG content in cells was measured using a TG assay kit (Nanjing Jiancheng, Nanjing). All procedures were
conducted in accordance with the manufacturer’s instructions. The assay was performed with three biological replicates,
each with five technical replicates.

Statistical Analysis

Data analysis was performed using GraphPad Prism 9.0 software (San Diego, CA, USA). All data were presented as the
means + SD and were obtained from three independent experimental replicates (n=3). All data were tested for normality
using the Shapiro—Wilk test and for homogeneity of variance using Levene’s test. The unpaired two-tailed Student’s #-test
was used for comparisons between two groups. One-way ANOVA followed by Tukey post-hoc test was used for
comparisons among three or more groups. For the CCK-8 proliferation assay with multiple time points, two-way
repeated-measures ANOVA with Sidak’s correction was used as described in section 2.4. A p value < 0.05 was
considered to indicate a statistically significant difference.

Results

The SNHG6 Expression Was Upregulated in HCC Tissues and Was Associated with
Poor Prognosis

Analysis of the GEPIA and UALCAN databases suggested that SNHG6 expression levels in HCC tissues were higher
than those in normal tissues, and expression levels gradually increased with advancing tumor grade (Figure 1A—C).
Elevated SNHG6 expression was positively associated with poor prognosis (Figure 1D and E).
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Figure 1 SNHG6 expression was upregulated in HCC and was associated with poor prognosis. (A) Differential expression analysis of SNHG6 between HCC tissues and
normal tissues using the GEPIA (https://gepia.cancer-pku.cn/detail.php) databases. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test
for multi-group comparison. *p < 0.05. (B) Evaluation of SNHG6 expression across tumor grades (1—4) using the UALCAN (https://ualcan.path.uab.edu/) databases.
Statistical analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test for multi-group comparison. *p < 0.05, **p < 0.01, ***p < 0.001. (C) Differential
expression analysis of SNHG6 between HCC tissues and normal tissues using the UALCAN (https://ualcan.path.uab.edu/) databases. Statistical analysis was performed using
one-way ANOVA followed by Tukey’s post-hoc test for multi-group comparison. **p < 0.001. (D) Kaplan—Meier survival curves for disease-free survival stratified by relative
SNHG6 expression levels using the GEPIA (https://gepia.cancer-pku.cn/detail.php) databases. The Log rank test was used for survival analysis. (E) Kaplan—Meier survival
curves for overall survival stratified by relative SNHG6 expression levels using the GEPIA (https://gepia.cancer-pku.cn/detail.php) databases. The Log rank test was used for
survival analysis.

Multi-Omics Integration Analysis Indicated That SNHG6 Was Closely Related to Lipid

Metabolism Reprogramming in HCC
To further investigate the biological function of SNHG6, SNHG6 was silenced in Huh7 and LM3 cells using siRNA, and
transfection efficiency was confirmed by quantitative reverse transcription polymerase chain reaction (qQRT-PCR)
(Figure 2A). Huh7 NC and si-SNHGG6#2 cells were selected for integrated transcriptomic sequencing and non-targeted
metabolomics analyses. Transcriptomic sequencing demonstrated that, compared with negative control (NC) cells,
suppression of SNHG6 expression resulted in significant downregulation of 175 genes (Figure 2B). Gene Ontology
(GO) enrichment analysis of differentially expressed genes (DEGs) indicated a close association between SNHG6 and
lipid metabolic processes. (Figure 2C).

KEGG enrichment analysis of non-targeted metabolomics data demonstrated that lipid metabolism-related pathways,

)

including “biosynthesis of unsaturated fatty acids,” “linoleic acid metabolism,” and “sphingolipid metabolism,” were
significantly enriched following SNHG6 knockdown (Figure 2D). Consistently, GSEA revealed significant enrichment of
the “biosynthesis of unsaturated fatty acids” pathway (Figure 2E). At the metabolite level, the concentrations of multiple
unsaturated fatty acids, including palmitoleic acid (C16:1), docosahexaenoic acid (C22:6), and eichlerianic acid (C20:3),
as well as their derivatives, were significantly reduced (Figure 2F). Furthermore, integrated KEGG enrichment analysis
combining transcriptomic and metabolomic data also revealed significant enrichment of the “biosynthesis of unsaturated
fatty acids” pathway (Figure 2G). These transcriptomic and metabolomic findings indicate that SNHG6 is involved in

lipid metabolic reprogramming in HCC cells.
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Figure 2 Multi-omics integration analysis indicated that SNHG6 was closely related to lipid metabolism reprogramming. (A) Huh7 and LM3 cells were transfected with SNHG6 siRNA,
and SNHG6 mRNA expression levels were measured by qRT-PCR. Statistical significance was determined by one-way ANOVA followed by Tukey's post-hoc test. **p < 0.001. (B) RNA
sequencing (RNA-seq) analysis of DEGs between Huh7 NC and si-SNHG6#2 cells, presented as a volcano plot (fold change > 2 or < 0.5, p < 0.05). Differential expression analysis was
performed using DESeq2 software with the Benjamini-Hochberg correction for false discovery rate. (C) GO bar plot illustrating enriched pathways in Huh7 cells based on RNA-seq
data. (D) KEGG enrichment analysis of metabolites. The scatter plot illustrates the most significantly altered metabolic pathways. (E) GSEA validating enrichment of the “biosynthesis
of unsaturated fatty acids” pathway. (F) Heat map clustering of metabolites in Huh7 NC and si-SNHG6#2 cells based on non-targeted metabolomics. Significantly upregulated
metabolites are indicated in red (FC 2 I, p < 0.05), and significantly downregulated metabolites are indicated in blue (FC < —I, p < 0.05). Differential metabolites were identified by P <
0.05 (t-test), fold change > 1.2 or < 1/1.2, and VIP 2 | from PLS-DA. (G) Integrated KEGG enrichment analysis combining transcriptomic and metabolomic data. The “biosynthesis of
unsaturated fatty acids” pathway was significantly enriched (P < 0.05). Statistical significance was determined using the hypergeometric test.

SNHG6 Promoted HCC Lipid Metabolism

LipidTOX staining demonstrated that lipid droplet content was significantly reduced in Huh7 and LM3 cells following
SNHG6 knockdown (Figure 3A). Consistently, TG content was significantly decreased (Figure 3B). These findings
indicate that SNHG6 promotes lipid accumulation in HCC cells. In parallel with the reduction in lipid levels, SNHG6
knockdown significantly suppressed proliferative capacity (Figure 3C), colony formation ability (Figure 3D), and
migration and invasion capacities (Figure 3E and F) of HCC cells. Collectively, these results indicate that SNHG6
promotes proliferation and metastatic potential in HCC cells, at least in part, through the regulation of lipid metabolism.

SNHG6 Promoted HCC Lipid Metabolism Through SCD

KEGG and GSEA analyses of non-targeted metabolomics data demonstrated enrichment of the “biosynthesis of
unsaturated fatty acids” pathway following SNHG6 knockdown (Figure 2F and G). From these findings, SCD, a key rate-
limiting enzyme in this pathway, was further examined. Analysis of the GEPIA, UALCAN, and TNMplot public
databases indicated that SCD expression in HCC tissues was significantly higher than that in normal hepatic tissues,
and expression levels were positively correlated with tumor grade (Figure 4A-D). Scatter plot analysis further demon-
strated a positive correlation between SNHG6 and SCD expression levels (Figure 4E). Subsequent qRT-PCR and Western
blot analyses indicated that both SCD mRNA expression and SCD protein levels were significantly reduced following
SNHG6 knockdown (Figure 4F and G). These findings suggest that SCD may represent a key downstream effector
through which SNHG6 regulates lipid metabolism.To further clarify the relationship between SNHG6 and SCD, SCD was
overexpressed in SNHG6-knockdown cells. Western blot analysis demonstrated that SCD protein expression was restored
(Figure 4H). Overexpression of SCD partially reversed the inhibition of cell proliferation (Figure 4I) and the reduction in
colony formation capacity (Figure 4J) induced by SNHG6 knockdown. In addition, Transwell assays indicated that SCD
overexpression substantially reversed the suppression of cell migration and invasion observed following SNHG6
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Figure 3 SNHG6 promoted lipid accumulation, proliferation, and metastasis in HCC cells. (A) Neutral lipid content in Huh7 and LM3 cells following SNHG6 knockdown
was assessed using LipidTOX staining. Unpaired two-tailed Student’s t-test was used for comparison between groups. **p < 0.01, **p < 0.001. (B) TG content in Huh7 and
LM3 cells following SNHG6 knockdown was quantified. Unpaired two-tailed Student’s t-test was used for comparison between groups. ***p < 0.001. (C-F) CCK-8 assay
(C), colony formation assay (D), Transwell migration assay (E), and invasion assay (F) were performed in Huh7 and LM3 cells following SNHG6 knockdown. For the CCK-8
assay (C), two-way repeated-measures ANOVA with Sidak’s post-hoc test was used for comparisons across multiple time points. For colony formation (D), Transwell
migration (E), and invasion assays (F), unpaired two-tailed Student’s t-test was used. *p < 0.05, **p < 0.01, ***p < 0.001.

knockdown (Figure 4K and L). To further assess the role of SCD in lipid metabolism in HCC cells, LipidTOX staining
and TG quantification were performed. The results demonstrated that SCD overexpression substantially restored the
reduction in lipid droplet accumulation (Figure 4M) and TG content (Figure 4N) caused by SNHG6 knockdown.
Collectively, these findings indicate that SCD overexpression substantially rescued the impaired proliferative capacity,
metastatic potential, and lipid metabolic activity observed in SNHG6-silenced cells.

SNHGS6 Played a Role Through the AMPK/SREBPI/SCD Axis

RNA sequencing analysis indicated involvement of the AMPK signaling pathway (Figure 5A). AMPK is a recognized
energy sensor that maintains cellular energy homeostasis by coordinating processes including lipogenesis, glycolysis, and
mitochondrial dynamics.*' Prior studies have demonstrated that AMPK regulates downstream lipogenic gene expression
through the transcription factor SREBP1.>*** To further elucidate the molecular mechanism by which SNHG6 partici-
pates in lipid metabolism, protein expression levels of p-AMPK, AMPK, and SREBP1 were examined. The phosphor-
ylation level of AMPK was significantly increased following SNHG6 knockdown (Figure 5B), indicating activation of
the AMPK pathway. SNHG6 knockdown significantly reduced SREBP1 protein expression (Figure 5B).

Following treatment with the AMPK inhibitor Compound C, AMPK phosphorylation levels decreased, and SCD and
SREBPI protein expression levels were restored (Figure 5C). Consistently, the reduction in lipid droplet accumulation
(Figure 5D) and TG content (Figure 5E) induced by SNHG6 knockdown was reversed after Compound C treatment.
Compound C treatment alleviated the suppression of proliferative capacity (Figure 5F), colony formation ability
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Figure 4 SCD was a key downstream effector molecule through which SNHGé regulated lipid metabolism and malignant phenotypes in HCC. (A) Differential expression of
SCD between HCC tissues and normal tissues was analyzed using the GEPIA (https://gepia.cancer-pku.cn/detail. php) databases. Statistical analysis was performed using the
non-parametric Wilcoxon rank-sum test. *p < 0.05.(B). Differential expression of SCD between HCC tissues and normal tissues was analyzed using the UALCAN (https://
ualcan.path.uab.edu/) databases. Statistical analysis was performed using the non-parametric Wilcoxon rank-sum test. **p < 0.001.(C). Differential expression of SCD
between HCC tissues and normal tissues was analyzed using the TNMplot (https://tnmplot.com/analysis/) databases. Statistical analysis was performed using the non-
parametric Wilcoxon rank-sum test. ***p < 0.001.(D). Evaluation of SCD expression across tumor grades (1—4) using the UALCAN (https://ualcan.path.uab.edu/) databases.
Statistical analysis was performed using the non-parametric Wilcoxon rank-sum test. *p < 0.05, ***p < 0.001.(E). Correlation analysis of SNHG6 and SCD expression in
HCC based on data from the GEPIA database. Correlation was analyzed using Spearman’s rank correlation test.(F). SCD mRNA expression levels in Huh7 and LM3 cells
following SNHG6 knockdown, as determined by qRT-PCR. Unpaired two-tailed Student’s t-test was used for comparison between groups. ***p < 0.001.(G). Western blot
analysis of SCD protein expression in Huh7 and LM3 cells following SNHG6 knockdown. Unpaired two-tailed Student’s t-test was used for comparison between groups.
**¥p < 0.001. (H) Western blot analysis of SCD protein expression in si-SNHG6 Huh7 and LM3 cells with or without transfection of SCD overexpression plasmids. Unpaired
two-tailed Student’s t-test was used for comparison between groups. ***p < 0.001.(I-L). CCK-8 assay (l), colony formation assay (J), Transwell migration assay (K), and
invasion assay (L) in si-SNHG6 Huh7 and LM3 cells with or without SCD plasmid transfection. Two-way repeated-measures ANOVA with Sidak’s post-hoc test was used for
comparisons across multiple time points. Unpaired two-tailed Student’s t-test was used for comparison between groups. *p < 0.05, **p < 0.01, **p < 0.001.(M). Neutral
lipid content in si-SNHG6 Huh7 and LM3 cells with or without SCD plasmid transfection, assessed by LipidTOX staining. Unpaired two-tailed Student’s t-test was used for
comparison between groups. *p < 0.05, ***p < 0.001.(N). TG content in si-SNHG6 Huh7 and LM3 cells with or without SCD plasmid transfection. Unpaired two-tailed
Student’s t-test was used for comparison between groups. *p < 0.05, ***p < 0.001.

(Figure 5G), and migration and invasion capacities (Figure SH and I) caused by SNHG6 knockdown. These findings
indicate that SNHG6 upregulates SCD expression and modulates lipid metabolism, cellular proliferation, and metastatic
potential through the AMPK signaling pathway.

To further elucidate the role of SREBP1, SREBP1 was overexpressed in SNHG6-knockdown cells. Overexpression of
SREBPI restored SCD protein expression (Figure 5C) and reversed the reduction in lipid levels (Figure 5D and E), as
well as the suppression of proliferative capacity, colony formation ability, and migration and invasion capacities induced
by SNHG6 knockdown (Figure S5F-I).

In summary, these findings indicate that SNHG6 attenuated AMPK-mediated inhibition of the transcription factor
SREBPI, thereby upregulating SCD expression and promoting lipid metabolism in HCC.
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Figure 5 SNHG6 regulated lipid metabolism and progression in HCC through the AMPK/SREBP | /SCD signaling axis (A). Top 30 pathways ranked by significance in GSEA based on
RNA-seq data. Statistical significance was determined using the hypergeometric test. (B) Western blot analysis of AMPK, p-AMPK, and SREBP| protein expression in Huh7 and
LM3 cells following SNHG6 knockdown. Unpaired two-tailed Student’s t-test was used for comparison between groups. ***p < 0.001. (C) Western blot analysis of AMPK, p-AMPK,
and SREBPI protein expression in si-SNHG6 Huh7 and LM3 cells treated with 10 uM Compound C for 24 h or transfected with SREBP| overexpression plasmids. Unpaired two-
tailed Student’s t-test was used for comparison between groups. **p < 0.001. (D) Neutral lipid content in si-SNHG6 Huh7 and LM3 cells treated with 10 uM Compound C for
24 h or transfected with SREBP| plasmids, assessed using LipidTOX staining. Unpaired two-tailed Student’s t-test was used for comparison between groups. *p < 0.05, *p < 0.01,
*¥p < 0.001. (E) TG content in si-SNHG6 Huh7 and LM3 cells treated with 10 uM Compound C for 24 h or transfected with SREBP| plasmids. Unpaired two-tailed Student’s t-test
was used for comparison between groups. *p < 0.01, **¥p < 0.001. (F-1) CCK-8 assay (F), colony formation assay (G), Transwell migration assay (H), and invasion assay (I)
performed in Huh7 and LM3 cells treated with 10 uM Compound C for 24 h or transfected with SREBP| plasmids. Two-way repeated-measures ANOVA with Sidak’s post-hoc test
was used for comparisons across multiple time points. Unpaired two-tailed Student’s t-test was used for comparison between groups. *p < 0.05, *p < 0.01, **p < 0.001.

Discussion
HCC ranks seventh in global incidence and third in cancer-related mortality worldwide.>**> In China, HCC represents one of the
leading malignancies in both incidence and mortality. Early-stage disease is frequently asymptomatic, and as a result, many
patients with HCC are diagnosed at intermediate or advanced stages. Current therapeutic approaches demonstrate limited
efficacy and are often complicated by the development of drug resistance.*®>° Therefore, the identification of novel therapeutic
targets and the development of effective treatment strategies for patients with HCC remain urgent clinical priorities.
Dysregulated lipid metabolism represents a prominent metabolic characteristic of HCC.*® Targeting lipid metabolic pathways
has emerged as an important direction in current HCC therapeutic research.*'** The current findings indicate that the IncRNA
SNHG6 plays a key role in lipid metabolic reprogramming in HCC. The data suggested that SNHG6 expression was associated
with tumor stage in patients with HCC and correlated with poor prognosis, and that SNHG6 expression was positively correlated
with SCD. SNHG6 promoted lipid metabolism in HCC by upregulating SCD expression, thereby facilitating HCC progression.
Mechanistically, SNHG6 knockdown activated the AMPK signaling pathway, resulting in suppression of the key lipogenic
regulatory factor SREBP1. These findings support the involvement of a potential SNHG6/AMPK/SREBP1/SCD signaling axis,
although direct molecular interactions have not been established. LncRNA SNHG6 (small nucleolar RNA host gene 6) is highly
expressed in several malignant tumors, including HCC, colorectal cancer, and breast cancer, and is predominantly localized in the
cytoplasm. Tumor progression has been reported to occur through multiple mechanisms.**** Prior studies have demonstrated
that SNHG6 regulates cholesterol and glucose metabolism in HCC, thereby contributing to tumor initiation and progression.*®*’
In this study, integrated transcriptomic and metabolomic analyses showed that SNHG6 was closely associated with the
biosynthetic pathway of unsaturated fatty acids. Following SNHG6 knockdown, significant reductions were observed in
intracellular neutral lipid droplets, TG levels, and unsaturated fatty acid levels. Further investigation suggested that SNHG6
upregulated SCD expression through the AMPK/SREBP1 axis, thereby modulating lipid metabolic reprogramming in HCC.
The present findings suggest that SCD functions as a key downstream effector of SNHG6. SCD encodes a rate-limiting
enzyme in de novo fatty acid synthesis that catalyzes the conversion of saturated fatty acids into corresponding monounsaturated
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fatty acids.*® Aberrant overexpression of SCD has been reported in multiple tumor types. In the tumor microenvironment, SCD
protein responds to changes in extracellular matrix stiffness, increases the proportion of unsaturated fatty acids, and enhances

plasma membrane fluidity, thereby promoting cancer cell proliferation and metastasis,*”**

as well as inhibiting apoptosis and
ferroptosis.*>>° The present results indicated that silencing of SNHG6 inhibited HCC cell proliferation, metastatic capacity, and
lipid accumulation, whereas SCD overexpression reversed the suppressive effects of SNHG6 knockdown on HCC cell prolifera-
tion, metastasis, and lipid metabolism. These findings are consistent with the notion that SCD serves as a functional mediator
linking SNHG®6 to lipogenic regulation. It should be acknowledged that cellular metabolism is a highly complex process involving
numerous genes; therefore, the possibility that SNHG6 regulates lipid metabolism through additional targets beyond SCD cannot
be excluded.

Mechanistically, a close association between SNHG6 and the AMPK signaling pathway was identified. The AMPK pathway
functions as a cellular energy sensor and central regulator of metabolic homeostasis and can suppress metabolic processes such as
fatty acid synthesis through inhibition of the transcription factor SREBP1.>"** The present results showed that SNHG6
knockdown significantly increased AMPK phosphorylation and reduced downstream SREBP1 protein expression. Treatment
with the AMPK inhibitor Compound C or exogenous overexpression of SREBP1 restored the downregulated SCD expression,
reversed the reduction in lipid levels, and alleviated the suppression of cell proliferation and metastatic capacity induced by
SNHG6 knockdown. These results suggest that SNHG6-mediated upregulation of SCD is dependent on the AMPK/SREBP1
signaling axis. However, it should be noted that the current results do not prove a direct interaction between SNHG6 and AMPK
or SREBP1. Additionally, potential off-target effects of siRNAs and Compound C cannot be ruled out, which is a limitation of the
present study.” Furthermore, formal statistical power analysis was not performed; however, the sample size (three independent
biological replicates per group) was determined based on previous studies in the field and was sufficient to detect the reported
statistically significant differences (p < 0.05).

As lipogenesis is relatively inactive in normal cells, targeting lipogenic enzymes and their associated signaling pathways has
been considered a promising strategy for the development of novel anticancer therapies.>® Currently, small molecules capable of
activating AMPK have been assessed in preclinical cancer models. For example, canagliflozin activates AMPK and inhibits the
progression of prostate and lung cancers.”* Combined treatment with salicylate and metformin has been reported to suppress
de novo lipid synthesis, thereby reducing cancer cell survival.>® Inhibitors of SCD, including A939572, CVT-1127, MF-438, and
CAY 10566, have demonstrated antitumor activity in preclinical studies across various cancer types.*® Our study has so far been
based on in vitro experiments. Therefore, whether the SNHG6/AMPK/SREBP1/SCD axis can serve as a therapeutic target for
HCC remains highly speculative at this stage. Future studies using animal models and clinical samples are required to evaluate
the therapeutic potential of this pathway in HCC.

Conclusion
The findings suggest that IncRNA SNHG6 may play a key role in lipid metabolic reprogramming in HCC and point to
a possible SNHG6/AMPK/SREBP1/SCD signaling axis.
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FASN, fatty acid synthase; siRNA, small interfering RNA; qRT-PCR, quantitative real-time PCR; RNA-seq, RNA-sequencing;
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