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Background: Smith-like (LSM) family members play critical roles in multiple oncologic
processes in several types of malignancies. The study on LSM family members of HCC
might provide new insights into the tumorigenesis and therapeutic strategies of HCC.

Methods: The clinical significance and oncologic biological functions of LSM family
members were assessed through multiple bioinformatics methods and in vitro studies.
The potential correlation between LSM family members and tumor immunity was also
investigated using single sample gene set enrichment analysis (ssGSEA) and the
ESTIMATE algorithm.

Results: LSM family member overexpression in HCC was significantly correlated with
poor clinical outcomes such as higher TNM stage, advanced histologic grade, and worse
prognosis. A risk score system based on LSM5, LSM10, LSM12, and LSM14B showed a
reliable predictive ability for OS of HCC patients. Functional enrichment analysis
demonstrated that LSM family members overexpressed were all involved in cell cycle
related biological processes. Besides, LSM12, LSM14A, and LSM14B were found to be
significantly associated with PIBK-Akt-mTOR and T cell receptor signaling pathways.
Tumors with LSM12, LSM14A, and LSM14B overexpression exhibited lower infiltration of
activated CD8™" T cells with declined cytolytic activity and immune score, but increased
infiltration of Th2 cells and Th2/Th1. LSM12, LSM14A, and LSM14B overexpression is
also associated with higher tumor-related immune checkpoints (e.g., PD-L1, B7-H3, and
PVR) expression and increased therapeutic insensitivity to immune checkpoint blockade
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(ICB). Moreover, the knockdown of LSM12, LSM14A, and LSM14B significantly inhibited
the proliferation and invasion of HCC cells.

Conclusion: This study systematically investigated the expression pattern and biological
values of LSM family members in HCC and identified LSM family members as novel

therapeutic targets in HCC.

Keywords: HCC, LSM, prognosis, ICB, immunosuppression, CD8* T cell

INTRODUCTION

Hepatocellular carcinoma (HCC), one of the most prevalent
malignancies, ranks as the third leading cause of tumor-related
death worldwide, with an overall 5-year survival rate of less than
20% (1, 2). Despite numerous efforts for early diagnosis and novel
therapeutic strategies, the survival of HCC patients remains
unsatisfactory, due to the specific tumor microenvironment
(TME) and tumor heterogeneity in HCC (3-6). Therefore, it is
urgent to investigate the molecular mechanisms underlying
hepatocarcinogenesis and TME development to design more
effective precision treatments for HCC.

The Smith-like (LSM) family consists of 13 members (e.g.,
LSM1, LSM2, LSM3, LSM4, LSM5, LSM6, LSM7, LSM8, LSM10,
LSM11, LSM12, LSM14A, and LSM14B), which are widely
known as the RNA-binding protein family, and are generally
involved in various cellular biological processes (e.g., RNA-
processing tasks and ion mobilizations) (7, 8). For example,
the LSM1-7 complex functions in cytoplasmic mRNA decay
through interaction with mRNA degradative factors (9).
Furthermore, the LSM2-8 complex in the nucleus functions in
pre-mRNA splicing by interacting with the U6 snRNA (10).
Additionally, a previous study by Zhang et al. also identified
LSM12 as an NAADP receptor essential for NAADP-evoked
TPC activation and Ca2" transportation from intracellular acidic
stores (11). The oncologic roles of LSM family members have
also been identified in several tumor types (12-14). LSM1
overexpression contributes to a more advanced malignant
phenotype in pancreatic cancer (12). Moreover, Watson et al.
also identified the essential role of LSM1 overexpression in
tumor progression in lung cancer and mesothelioma (13).
Besides, it is also reported that LSM4 knockdown inhibits
tumor proliferation, invasion, and glycolysis metabolism in
ovarian cancer (14). However, the underlying mechanism of
LSM family members in carcinogenesis still remains poorly
understood, especially for HCC. Therefore, it is of great
significance to explore the potential biological roles of LSM
family members in tumorigenesis and TME development
in HCC.

Through public databases and multiple bioinformatics
analyses, we comprehensively investigated the expression
patterns and clinical significance of LSM family members in
HCC. Additionally, with the help of gene set variation analysis,
we are also the first to investigate the underlying biological
functions of LSM family members in hepatocarcinogenesis and
tumor immunity.

MATERIALS AND METHODS

RNA Information Acquisition

Publicly available mRNA data and corresponding clinical
information of HCC patients were downloaded from the
Cancer Genome Atlas (TCGA, https://cancergenome.nih.gov/).
Of the 371 HCC cases in the TCGA HCC cohort, 343 had an OS
of >1 month. Besides, the HCC cohort from the International
Cancer Genome Consortium (ICGC, https://icgc.org/) database
was also used for expression pattern and prognostic value
validation for LSM family members. The TCGA and ICGC
HCC cohorts are both available freely as public databases, for
which local ethics approval was not needed.

LSM Family Member Expression Analysis
First, the expression differences of LSM family members between
HCC tissues (n = 50) and the corresponding adjacent normal
tissues (n = 50) were evaluated using the TCGA HCC cohort.
Then, the ICGC HCC cohort was also used to evaluate the
expression differences of LSM family members between HCC
tissues (n = 231) and adjacent normal tissues (n = 201).
Furthermore, LSM family member expression in various TNM
stages and histologic grades was evaluated using the Kruskal-
Wallis test or Wilcoxon test.

Prognostic Values of LSM Family
Members

A Kaplan—Meier survival analysis was conducted to investigate the
prognostic value [e.g., overall survival (OS) and disease-free
survival (DFS)] of LSM family members in HCC. Additionally,
using the R package ‘glmnet’, the critical prognosis-associated
LSM family members were further determined through the least
absolute shrinkage and selection operator (Lasso) regression
analysis. Then, a risk score system for OS was established as the
following formula: risk score = Ycoef (LSM;) x expr (LSM;). For
external validation, using the same multivariable Cox regression
coefficients obtained in the TCGA HCC cohort, the risk score was
further calculated for HCC cases in the ICGC HCC cohort. Using
the R package ‘survminer’, KM survival analysis was also
performed according to the optimal cutoff point from X-tile
(version 3.6.1) (15). The predictive performance of the risk score
system was evaluated using the AUC values of the ROC curves and
C-index. To verify whether the risk score system could be used as
an independent prognostic factor, we conducted univariate and
multivariate Cox regression analyses for clinicopathological
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characteristics (e.g., TNM stage and histologic grade) and the risk
score system.

Functional Enrichment Analysis

A gene set variation analysis (GSVA) was used to calculate the
enrichment scores of specific gene sets for each sample based on
RNA-seq (16). Using the R package ‘gsva’, we performed GSVA to
estimate the enrichment level of 13 critical ontology gene sets
obtained from the Molecular Signatures Database (MSigDB,
http://software broadinstitute.org/gsea/msigdb) in the TCGA HCC
cohort, namely, DNA repair, G2M checkpoint, E2F targets, mitotic
spindle, glycolysis, hedgehog signaling, mTORCI signaling, MYC
targets V1, MYC targets V2, Notch signaling, PI3K-AKT-mTOR
signaling, TGF-P signaling, and WNT B-catenin signaling. Then,
the correlation between the expression of LSM family members and
these critical oncogenic biological processes was assessed by the
Pearson correlation analysis (JCor| >0.3, P-value <0.05).
Additionally, significant co-expressed genes of LSM family
members were figured out by the Pearson correlation analysis
(|Cor| 20.55 and P-value <0.05). Then, these co-expressed genes
of LSM family members were imported into ConsensusPathDB
(http://cpdb.molgen.mpg.de/) for Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis; P <0.05 was considered
statistically significant.

T-Cell Infiltration in HCC

GSVA was also performed to quantify the enrichment levels of T
cell-related terms extracted from previous studies, namely,
activated CD8+ T cell, regulatory T cell (Treg cell), type 1 T
helper cell (Thl cell), type 2 T helper cell (Th2), Th2/Thl, T
follicular helper cell, and cytolytic activity (17, 18). Then,
correlation analysis between LSM family members and these T
cell-related terms in HCC was assessed with |[Pearson correlated
coefficient| >0.2 and a P-value of <0.05. We also evaluated the
differences in these T cell-related terms between high- and low-
LSM family member expression groups. Additionally, using the
R package ‘ESTIMATE’, we performed the ESTIMATE
algorithm to generate an immune score, the higher of which
suggested a higher level of anti-tumor immunity in tumor tissues
(19). Then, we investigated the difference in immune scores
between low- and high-LSM family member expression groups.

Cell Cultural and Transfection

Human SNU-387 cells, purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China), were cultured
with Dulbecco’s Modified Eagle Medium (DMEM; Gibco BRL,
USA), and supplied with 10% fetal bovine serum (FBS; Procell Life
Science & Technology Co., Ltd., Wuhan, China) in an incubator
with 5% CO2 at 37 °C. The small interfering RNAs (si-RNA) of
LSM12, LSM14A, and LSM14B (si-LSM12#1/2; si-LSM14A#1/2; si-
LSM14B#1/2) were obtained from RiboBio (Guangzhou, China). In
short, cells were seeded in 6-well plates and cultured to an
appropriate confluence, then transfected with different si-RNAs
by Lipofectamine 3000 (Thermo Fisher Scientific, USA) according
to its protocol. After 48 h incubation, the transfected cells were
collected for further analysis. The efficacy of si-LSM12/14A/14B
RNAs in SNU-387 cells was assessed using qRT-PCR. The target

sequences of LSM12, LSM14A, and LSM14B siRNAs were as
follows: si-LSM12#1: 5'-GCAGACATCTTGCTCATAA-3"; si-
LSM12#2: 5'-GAGCCATGTACGCAAAATA-3"; si-LSM14A#1:
5'-GAGCAACTCAGAAATGATA-3"; si-LSM14A#2: 5'-GGAG
AAGCCTGTAAATGGT-3"; si-LSM14B#1: 5'-GAAGACCGTCC
CACAGATA-3"; si-LSM14B#2: 5°-CGACAA
CATCTCTTCTGAA-3". Furthermore, the PCR primers were as
follows: LSM12, 5'-TCTTCCAGTGGAAAGCCCAAC-3"
(forward), 5'-GCTTTGCTGGCAAGCTTACT-3" (reverse);
LSM14A, 5-TGTGATGACAATAGAGAACGGAGA-3"
(forward), 5'-AAGGTACCACCTCTGCCAC-3" (reverse); LSM
14B, 5'-CTGAACTCAAGACCAGCTCCAG-3" (forward), 5'-GA
ACTGCGGCCACGAAGAA-3" (reverse); GAPDH forward, 5'-
TGACTTCAACAGCGACACCCA-3"; GAPDH reverse, and 5'-
CACCCTGTTGCTGTAGCCAAA-3".

Cell Counting Kit-8 (CCK-8) Assay

Cell viability was examined using the Cell Counting Kit-8
(APExBIO, USA). In short, SNU-387 cells transfected with
different small interfering RNAs for LSM12, LSM14A, and
LSM14B (LSM12: si-NC, si-LSM12#1, si-LSM12#2; LSM14A:
si-NC, si-LSM14A#1, LSM14A#2; LSM14B: si-NC, si-
LSM14B#1, si-LSM14B#2) were seeded into 96-well plates at a
density of 2 x 10°. At 1, 2, 3, 4, 5, and 6 days, the mix solution
with 10 ul CCK-8 reagent and 100 ul DMEM was added to each
well and re-incubated for 3 h, followed by the absorbance at 450
nm measured by a microplate reader (Thermo MK3, Thermo
Fisher Scientific, USA).

Transwell Invasion Assays

Transfected cells suspended in serum-free medium were seeded
in triplicate into each of the upper transwell chambers (Corning,
USA) with Matrigel (Corning, USA) at a density of 1 x 10* and
incubated in 200 pl DMEM with free serum. Furthermore, the
lower chambers contained 500 pl DMEM supplemented with
100 ul FBS. Then cells from the upper compartments were wiped
out after 24 h, and the invaded cells were fixed with
paraformaldehyde for 15 min, followed by staining with 0.3%
crystal violet for 15 min at room temperature. Cell counting was
conducted using microscopy.

Statistical Analysis

All statistical analyses were conducted using the R software 4.0.5
(http://r-project.org/) and GraphPad Prism 8.0 software (GraphPad
Software, Inc.). Group difference analyses were conducted using the
Kruskal-Wallis test or Wilcoxon test and expressed as mean *
standard deviation (SD). Correlation analyses were performed using
the Pearson correlation coefficient. Moreover, a P-value of < 0.05
was considered statistically significant.

RESULTS

Overexpression of LSM Family Members
in HCC

Firstly, the paired differential expression analysis based on the
TCGA HCC cohort demonstrated that LSM family members
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were all notably overexpressed in HCC tissues compared to
adjacent normal tissues (Figure 1A). Additionally, the ICGC
HCC cohort also revealed that all LSM family members were
significantly upregulated in HCC tissues compared with adjacent
normal tissues (Figure 1B). Taken together, these results suggest
the overexpression of LSM family members in HCC.

LSM Family Members in Various TNM
Stage and Histologic Grade

Twelve LSM family members (e.g, LSM1, LSM2, LSM4, LSMS5,
LSM6, LSM7, LSM8, LSM10, LSM11, LSM12, LSM14A, and
LSM14B) were significantly associated with advanced TNM stage
(Figure 2A). Besides, higher expressions of ten LSM family
members (e.g., LSM1, LSM2, LSM3, LSM4, LSM7, LSM8, LSM11,
LSM12, LSM14A, and LSM14B) were also observed in tumors with
higher histological grade, though not statistically significant for
LSM5, LSM6, and LSM10 (Figure 2B). Taken together, these
findings suggest that LSM family member overexpression may be
associated with tumor progression in HCC.

The Prognostic Value of LSM Family
Members in HCC

To determine the prognostic values of LSM family members in
patients with HCC, we assessed the associations between the

mRNA expression of LSM family members and OS or DFS using
KM survival analysis. KM survival analysis demonstrated that
LSM family members were all notably associated with shorter OS
or DFS of HCC patients (Figures 3, 4). Additionally, four critical
prognosis-associated LSM family members, namely, LSM5,
LSM10, LSM12, and LSM14B, were identified using Lasso
regression analysis (Figures 5A, B). Then, a risk score system
based on these four critical prognosis-associated LSM family
members was established using multivariate correlation analysis.
Risk score = 0.1435 x LSM5 expression + 06358 x LSM10
expression + 0.2092 x LSM12 expression + 0.1019 x LSM14B
expression. The KM survival curves for OS demonstrated that
patients with low-risk scores had superior OS compared with
those with high-risk scores (Figure 5C). For validation, risk
scores were also calculated for 229 patients with HCC in the
ICGC HCC cohort. Furthermore, similar results of KM survival
analysis were also observed in the ICGC HCC cohort
(Figure 5D). The C-indexes of the risk score system for OS
prediction in the TCGA and ICGC cohorts were 0.676 (95% CI,
0.621-0.731) and 0.658 (95% CI, 0.571-0.744), respectively,
suggesting a reliable predictive capability of the risk score
system. Additionally, in the TCGA HCC cohort, the AUC
values of the risk score system for 1-, 2-, 3-, and 4-year OS
prediction were 0.733, 0.711, 0.705, and 0.697, respectively
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FIGURE 1 | Differential expression analysis of LSM family members. (A) LSM family members were significantly upregulated in HCC tissues compared with that in
the adjacent non-tumor tissues in the TCGA HCC cohort. (B) LSM family members were significantly up-regulated in HCC tissues compared with that in the adjacent
non-tumor tissues in the ICGC HCC cohort. LSM, Smith-like (LSM) family members; HCC, hepatocellular carcinoma; TCGA, the Cancer Genome Atlas; ICGC, the
International Cancer Genome Consortium. **P-value <0.01; **P-value <0.001; **P-value <0.0001.
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(Figure 5E). Consistently, the AUC values of the risk score
system for 1-, 2-, 3-, and 4-year OS predictions were 0.683, 0.682,
0.702, and 0.683 in the ICGC HCC cohort (Figure 5F).
Moreover, univariate and multivariate Cox analyses identified
the risk score system as an independent unfavorable prognostic
parameter in HCC (Figures 5G, H). These results proved the
significant prognostic value of LSM family members in HCC.

Analysis of Biological Pathways in LSM
Family Members

Correlation analyses between LSM family members and thirteen
critical biological pathways are shown in Figure 6A.
Interestingly, all LSM family members but LSM10 were
significantly associated with cell cycle related biological
processes, such as the G2M checkpoint, E2F targets, and
mitotic spindle. Nine LSM family members, including LSM2-8,
LSM10, and LSM11, were notably associated with MYC signaling
pathways. Then, six LSM family members may play crucial roles
in PI3K-Akt-mTRO signaling in HCC, namely, LSM1, LSMS,
LSM11, LSM12, LSM14A, and LSM14B. Besides, four LSM
family members (e.g., LSM8, LSM11, LSM14A, and LSM14B)
were significantly associated with WNT [B-catenin signaling in
HCC. Additionally, co-expression genes of LSM family members

(|Pearson correlated coefficient| >0.55 and P-value <0.05) were
imported into ConsensusPathDB for KEGG analysis, which is
shown in Table S1. Interestingly, LSM12, LSM14A, and LSM14B
were observed to play critical roles in the T-cell receptor
signaling pathway, suggesting their potential effects on tumor
immunity in HCC (Figure 6B). Of note, KEGG analysis also
consistently identified the underlying interactions between the
mTOR signaling pathway and LSM12, LSM14A, and LSM14B
(Figure 6C). Then, the overlapped co-expressed genes involved
in the mTOR signaling pathway and the T-cell receptor signaling
pathway were also presented in heat maps for LSM12, LSM14A,
and LSM14B, respectively (Figures 6D-F).

LSM12, LSM14A, and LSM14B
Overexpression Correlated With Immune
Suppression in HCC

Considering that the T-cell receptor signaling pathway was
significantly enriched for LSM12, LSM14A, and LSM14B, we
further investigated the association between T-cell-related terms
and LSM12, LSM14A, and LSM14B expressions. The LSM12,
LSM14A, and LSM14B expressions were negatively correlated
with the enrichment levels of activated CD8" T cell and
cytolytic activity, but positively correlated with the enrichment
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levels of Th2 cell and Th2/Th1 (Figure 7A). Furthermore, tumors
with higher expression of LSM12, LSM14A, or LSM14B had lower
infiltration of activated CD8" T cell and impaired cytolytic activity,
but increased infiltration of Th2 cell and higher Th2/Thl
(Figures 7B-F). Of note, through the ESTIMATE algorithm, a
lower immune score was observed in tumors with higher
expression of LSM12, LSM14A, and LSM14B (Figure 7G).

We also found that tumors with higher expression of LSM12,
LSM14A, and LSM14B had higher expression of tumor-related
immune checkpoints (e.g., PD-L1, B7-H3, and PVR), which are
important for the immunosuppressive phenotype in
malignancies (Figures 8A-C) (20-24). Furthermore,
ImmuneCellAI (http://bioinfo.life.hust.edu.cn/ImmuCellAI/#!/)
was used to predict the therapeutic response to immune
checkpoint blockade (ICB). Then, higher expression of LSM12,
LSM14A, and LSM14B were observed in ICB-non-response
tumors (Figures 8D-F). To further verify the association
between the response of patients to ICB and the expressions of
LSM12, LSM14A, and LSM14B, we evaluated the differences in
immunophenoscore (IPS) between different LSM12, LSM14A,
and LSM14B expression levels, which were obtained from the
Cancer Immunome Atlas (https://tcia.at/) (25). Three subtypes
of IPS values (IPS-CTLA4, IPS-PD-1/PD-L1/PD-L2, and
IPS-CTLA4/PD-1/PD-L1/PD-L2) were selected to assess the
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FIGURE 3 | KM survival curves for OS of LSM family members in HCC. KM, Kaplan-Meier; OS, overall survival; LSM, Smith-like (LSM) family members.

response of HCC patients to anti-PD-1/PD-L1/PD-L2 therapy,
anti-CTLA4 therapy, or anti- PD-1/PD-L1/PD-L2 and anti-
CTLA4 combination therapy. The IPS-PD-1/PD-L1/PD-L2 was
notably higher in tumors with lower expression of LSM14A and
LSM14B, but not significantly for LSM12 (Figure 8G).
Moreover, tumors with lower expression of LSM12, LSM14A,
and LSM14B all exhibited increased IPS-CTLA and IPS-
CTLA4/PD-1/PD-L1/PD-L2 (Figures 8H, I). These results
indicate that overexpression of LSM12, LSM14A, and LSM14B
might be correlated with immunotolerance and evasion and
therapeutic resistance to ICB in HCC.

LSM12, LSM14A, and LSM14B Knockdown
Inhibits the Proliferation and Invasion of
HCC Cells

To further investigate the underlying role of LSM12, LSM14A,
and LSM14B in tumor cell proliferation and invasion, we
transfected SNU-387 cells with si-LSM12, si-LSM14A, and si-
LSM14B RNAs. Moreover, LSM12, LSM14A, and LSM14B
expressions were significantly downregulated in the si-RNA
groups (P <0.0001) (Figures 9A-C). The CCK-8 assay
demonstrated that tumor cell proliferation was notably
inhibited in LSM12, LSM14A, and LSM14B depleted SNU-387
cells (P <0.0001) (Figures 9D-F). Furthermore, the transwell
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FIGURE 4 | KM survival curves for DFS of LSM family members in HCC. KM, Kaplan-Meier; DFS, disease-free survival; LSM, Smith-like (LSM) family members;

invasion assay demonstrated that the number of invading cells
was significantly decreased in the si-RNAs groups compared
with those in the NC group (P <0.0001) (Figures 9G-I).

DISCUSSION

These studies showed that overexpression of LSM family
members was significantly correlated with advanced TNM
stage, histological grade, and worse survival. Additionally, we
also constructed a risk score system based on LSM5, LSM10,
LSM12, and Ism14B, which was also identified as an independent
prognostic factor with optimal predictive ability with reliable C-
indexes [0.676 (95% CI, 0.621-0.731) in the TCGA HCC cohort
and 0.658 (95% CI, 0.571-0.744) in the ICGC HCC cohort].
These results suggest that LSM family members could serve as
novel unfavorable prognostic biomarkers for patients with HCC.

Functional enrichment analysis demonstrated that all LSM
family members might take part in the regulation of the cell cycle
in HCC. Consistently, suppression of LSM1 expression results in
tumor cell proliferation block with decreased Gl-phase (26).
Fraser et al. also reported that LSM1 knockdown leads to a
cytostatic block of the cell cycle (27). Besides, Mili et al. reported

that LSM14A interacts directly with tubulin, which is implicated
in the stabilization of the mitotic spindle (28). Therefore, it is
quite likely that targeting LSM family members may block tumor
proliferation through cell cycle arrest in HCC, which deserves
further experimental studies.

KEGG analysis revealed that LSM12, LSM14A, and LSM14B
were associated with the T-cell receptor signaling pathway,
indicating their possible biological roles in T-cell infiltration
into the TME of HCC. Additionally, ssGSEA demonstrated that
LSM12, LSM14A, and LSM14B overexpression significantly
correlated with declined activated CD8" T-cell infiltration and
impaired cytolytic activity, but increased infiltration of Th2 cells
and higher Th2/Thl. Previous studies have demonstrated that
Th2 cells have been widely considered tumor-promoting
immune cells, leading to unfavorable clinical outcomes for
HCC (29, 30). Besides, a higher level of Th2 cytokines (e.g.,
IL4 and IL10) are observed in metastatic HCC, whereas Thl
cytokines (e.g., IFN-y and IL1) are notably decreased (31).
Furthermore, IL-4 and IL-10 restrain IFN-y production and
impair cytotoxic cell-mediated anti-tumor immunity,
suggesting that an increased shift from Thl cells to Th2 cells
promotes tumor progression and immunosuppression (31-34).
Of note, higher expression of tumor-related immune

Frontiers in Oncology | www.frontiersin.org

May 2022 | Volume 12 | Article 871771


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zhuang et al. LSM Family Members in HCC

A — TCGA
: i - i L
21 H i 100
1 ! g
-t lambda min =0.037 | i H
H mber = 4 ' i 2o0s0 s
4 | k H
§“’ ”'“ i 5021 p<0.001 §<
H i ; aco;
LT st 0 1 2 3 4 5 & 7 & 9 10
I Time{years)
| Fton{as 24 8 4 4 0 0 0 0 0 O
@ tonfoss 230 118 85 59 40 25 8 6 3 1
T 1 2 3 i35 & 7 8 5w
lambda ‘Time(years)
B : D Icae F
; o e - e
I :
e
04LSM5 : Sors
. P\ £
L. gmi2 i) £ 3 °
§ LSM14B \ &os| pego0t i
00 0.00- °
T 7 F_3 1 5 %
‘Time(years)
02
Pele B s oL s e
Zoo e e s w2 o
501 a5 o100 T 1 f_ 3 i 5 %
Time(years)
G Univariate Cox analysis for OS H Multivariate Cox analysis for OS
Risk (Hightow) { *  +——=—— [P<0.001 Risk (High/Low) —| D ——a— |P<0001
TNM stage (V) - & HIH P<0.001 TNM stage (I-V/T) o & - P<0.001
Histolgic grade (G3-4/G2/G1) -{  HM P>0.05 Histolgic grade (G3-4/G2/G1) -{  HEH P>0.05
T T T T T T T T T T
01 2 3 45 6 7 o 1 2 3 4 5
Hazard ratio Hazard ratio

FIGURE 5 | Development and validation of a risk score system for OS based on LSM family members. (A, B) Lasso regression analysis identified five critical
prognosis-associated LSM family members (e.g., LSM5, LSM10, LSM12, and LSM14B) for HCC. (C, D) KM survival curves for OS of patients with HCC according
to the risk scores in the TCGA HCC and ICGC HCC cohorts. (E, F) ROC curve analysis of the risk score system for 1-, 2-, 3-, and 4-year OS prediction in the TCGA
HCC and ICGC HCC cohorts. (G) Univariate Cox regression analysis demonstrated that the risk score system and TNM stage were prognostic factor for OS of
patients with HCC. (H) Multivariate Cox regression analysis demonstrated that the risk score system was an independent unfavorable prognostic factor for OS of
patients with HCC. OS, overall survival; LSM, Smith-like (LSM) family members; Lasso, least absolute shrinkage and selection operator regression analysis; HCC,
hepatocellular carcinoma; KM, Kaplan-Meier; TCGA, the Cancer Genome Atlas; ICGC, the International Cancer Genome Consortium; ROC, the receiver operating
characteristic curve.

T cell receptor signaling pathway

S
1ogl0 (P value)

‘mTOR signaling pathway

T —

mus

\ | lH‘
[\I\

4 Lswis
High
, Muow

Gsk 0
KEKB

I\
| CHUK

H o M, |‘ | oRE2

o Lo
lw H \ \
[

—
Iy

i

NRAS

POPK1
” \\ IPW' PKICA

1| [y g PIKICB

] e RAF1

‘ |"Nm RHOA RHOA
P | | i s0s1
LT sos2 L sosz

3

KRAS
MAPK1
MAPK1

I~2
P

FIGURE 6 | Functional enrichment analysis for LSM family members in HCC. (A) Heat map to show the correlation between LSM family and critical biological
pathway. (B) KEGG analysis demonstrated that LSM12, LSM14A, and LSM14B may play important role in T cell receptor signaling pathway in HCC. (C) KEGG
analysis also identified the underlying interactions between the mTOR signaling pathway and LSM12, LSM14A, and LSM14B. (D-F) Heat maps to show the
overlapped co-expressed genes involved in T-cell receptor signaling pathway and mTOR signaling pathway for LSM12, LSM14A, and LSM14B, respectively. LSM,
Smith-like (LSM) family members; KEGG, Kyoto Encyclopedia of Genes and Genomes analysis; HCC, hepatocellular carcinoma. ****P-value <0.0001.

Frontiers in Oncology | www.frontiersin.org

May 2022 | Volume 12 | Article 871771



https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zhuang et al.

LSM Family Members in HCC

LSM12 LSM14A LSM14B
P ans ak
0.8
Fo7 :
s H
=06 3 -
3 :
Zos
2
204
0. T T
Low  High
LSM12 LSM14A LSM14B
x P xk
0.60: .
= 0.55 !
8 i :
:x 0.50: £ -
s ; :
Y o4s ]
t E
& 0.40 b -
0. T T
Low  High
LSM12 LSM14A LSM14B
xex xek P
0.6
3 i H
§0s i £
; R ;
S 3
0.4
2 £ 2
0. T T T T
Low  High Low  High
LSM14A LSM14B
* xk

3000

2000

1000

Immune score

~1000:

A
v » W
& &
\)% \? \’% Cor
i o i N -1
Activated CD8 T cell 0;2}6 0;320 0;332 -
0.019 -0.082 -0.188
Regulatory T cell
-0.154 - g
Type 1 T helper cell 0;*2*?2 0;331 I
1
Type 2 T helper cell 0'334 0'337 0.11*6
- 0.402 0.444 0.472
kK Fonok Rk
-0.011  0.020 -0.046
T follicular helper cell
Cootc ey V222 0211 0212
D
LSM12 LSM14A LSM14B
1.0 . :
0.8 "
g 08 i 2 t
£ . : "
&
0.2 : “ %
0. t T T T t T
Low  High Low  High Low  High
F
LSM12 LSM14A LSM14B
14
12
E 1.0
S
0.8
o. T T T T T T
Low  High Low  High Low  High
<0.001; ***P-value <0.0001.

T T T T T T
Low High Low High Low High

FIGURE 7 | Tumors with LSM12, LSM14A, and LSM14B overexpression were associated with an immunosuppressive phenotype. (A) Heat map to show the
association between LSM12, LSM14A, and LSM14B expression and T-cell-related terms. (B) Tumors with higher LSM12, LSM14A, and LSM14B expression
exhibited decreased activated CD8" T-cell infiltration compared with those with lower LSM12, LSM14A, and LSM14B expression. (C) Tumors with higher LSM12,
LSM14A, and LSM14B expression exhibited decreased Th1 cell infiltration compared with those with lower LSM12, LSM14A, and LSM14B expression. (D) Tumors
with higher LSM12, LSM14A, and LSM14B expression exhibited decreased cytolytic activity compared with those with lower LSM12, LSM14A, and LSM14B
expression. (E) Tumors with higher LSM12, LSM14A, and LSM14B expression exhibited increased Th2 cell infiltration compared with those with lower LSM12,
LSM14A, and LSM14B expression. (F) Tumors with higher LSM12, LSM14A, and LSM14B expression exhibited increased Th2/Th1 compared with those with lower
LSM12, LSM14A, and LSM14B expression. (G) Tumors with higher LSM12, LSM14A, and LSM14B expression exhibited decreased immune score compared with
those with lower LSM12, LSM14A, and LSM14B expression. Th1, type 1 T helper cell; Th2 cell, type 2 T helper cell. *P-value <0.05; **P-value <0.01; **P-value

checkpoints (e.g., PD-L1, B7-H3, and PVR) was also observed in
tumors with LSM12, LSM14A, and LSM14B overexpression. Of
note, LSM12, LSM14A, and LSM14B overexpression was
observed in patients non-responsive to ICB. Moreover, tumors
with LSM12, LSM14A, and LSM14B overexpression exhibited
decreased IPS to ICB. These results further suggested the
potential functions of LSM12, LSM14A, and LSM14B in
promoting immunotolerance and evasion in HCC.

This study also found that LSM12, LSM14A, and LSM14B
overexpression significantly correlated with higher enriched level
of the PI3K-Akt-mTOR signaling pathway. Tumors with LSM12,
LSM14A, and LSM14B overexpression also exhibited notably
higher expression of critical molecules overlapped between the

mTOR signaling pathway and T-cell receptor signaling pathway,
namely, AKT2, CHUK, GRB2, GSK3B, IKBKB, KRAS, MAP2K1,
MAPKI, NRAS, PDPKI, PIK3CA, PIK3CB, RAF1, RHOA,
SOS1, and SOS2, which may be the potential targets of LSM12,
LSM14A, and LSM14B for tumor immunity in HCC. It has been
shown that the activation of the mTOR signaling pathway is
associated with PD-L1 overexpression at both levels of mRNA
expression and protein translation in multiple malignancies (35).
Suppression of the PI3K-Akt-mTOR signaling pathway cannot
only restrain tumor growth itself, but also modulates anti-tumor
cytokine production and increase-activated CD8" T-cell
infiltration (35, 36). Besides, Liu et al. also reported that the
inhibition of mTOR signaling by tubermoside-1 decreases PD-L1

Frontiers in Oncology | www.frontiersin.org 9

May 2022 | Volume 12 | Article 871771


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zhuang et al.

LSM Family Members in HCC

LSM14A

A Lsm12
129
< 104
5
£ o
g
- o
M
3
g .l :
Low  High
B Lsm12
164
5 14
g
g12
H
z
5 104
Low  High
c Lsm12
149
134
§
3 124
£
&
H
104

T
High

LSM14A

FIGURE 8 | Tumors with higher LSM12, LSM14A, and LSM14B expression exhibited higher expression of tumor-related immune checkpoints and increased

between high- and low-expression groups of LSM12, LSM14A, and LSM14B, respectively. (D-F) Higher expression of LSM12, LSM14A, and LSM14B were

LSI\!MB D " G Lsrvgu I.Sl.ﬂ‘“A LSP‘A“HB
19 - 9 - - -
5 H
; 9 3%
g 3
L ? §
FR—— i w M " T PR My mp—"
s E H Legi Laga. LMee
s 10
i ¢ i
ARIAAE
gﬂ- ¢ &
Low  High 13 NR L Low  High Low  High
L?Ilﬂ:‘dB F - I LSI.MZ LSﬂlM LS:JJ.‘B
14 3
: I
; % E 124 g o
%10 H
% o £
H N 3
N M
" . )
therapeutic insensitivity to immune checkpoint blockade. (A=C) Differential expression analysis of tumor-related immune checkpoints (e.g., PD-L1, B7-H3, and PVR)
observed in ICB-non-response tumors. (G) Tumors with higher LSM14A and LSM14B expression exhibited lower IPS-PD-1/PD-L1/PD-L2. (H) Tumors with higher
LSM12, LSM14A, and LSM14B expression exhibited lower IPS-CTLA. (I) Tumors with higher LSM12, LSM14A, and LSM14B expression exhibited lower IPS-CTLA4/
PD-1/PD-L1/PD-L2. ICB, immune checkpoint blockade; NR, non-response; R, response. *P-value <0.05; **P-value <0.01; **P-value <0.001; ***P-value <0.0001.

expression and enhances anti-tumor immunity (37).
Additionally, we preliminarily demonstrated knockdown of
LSM12, LSM14A, and LSM14B significantly inhibited tumor
cell proliferation and invasion. Taken together, these findings
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LSM14A, and LSM14B in hepatocellular carcinogenesis
and immunosuppression.

As far as we are aware, this study is the first to systematically
describe the expression patterns, clinical significance, and
underlying biological functions of LSM family members in HCC.
Additionally, for the first time, we proposed that LSM12, LSM14A,
and LSM14B overexpression may promote immunotolerance and
evasion in HCC. However, several limitations should be
acknowledged in this study. First, the prognostic prediction
capability of the risk score system should be evaluated in a multi-
centered and large cohort. Second, further in vivo studies should be
performed to investigate the underlying mechanisms by which LSM
family members promote tumor progression and immune
suppression in HCC.

In summary, our study demonstrated the overexpressed patterns
and unfavorable prognostic values of LSM family members in HCC.
Of note, we identified the potential inhibition effects of LSM12,
LSM14A, and LSM14B on tumor immunity, which laid a novel
foundation to further explore the role of LSM family members as
novel potential therapeutic targets in HCC.
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