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ABSTRACT

Background: Previous work has indicated Hyaluronic acid-mediated motor receptor (HMMR) plays an
important role in regulating tumor metastasis. However, few researchers address the clinical significance of
HMMR and its underlying mechanisms for regulating hepatocellular carcinoma (HCC). This study focuses
on the underlying effect of HMMR in the development and prognosis of HCC.

Materials and Methods: In the present study, data of RNA and miRNA sequencing array were obtained
from Oncomine dataset or The Cancer Genome Atlas (TCGA) dataset, the distinctive genomic patterns
associated with HMMR expression and its correlation with prognosis were analysed by using R package.
Gene set enrichment analysis (GSEA) were performed on genes expressed aberrantly. We also performed
Reverse Transcription-polymerase Chain Reaction (RT-PCR), Immunohistochemical (IHC) staining and
Western blotting analysis to evaluate the expression of HMMR in liver cancer cell lines or 12 HCC samples
from The Affiliated Hospital of Southwest Medical University.

Results: A total of 407 tumor tissue samples in TCGA dataset were evaluated, combined with analysis in
Oncomine dataset, we found HMMR expression was increased in HCC compared to normal tissues. Higher
expression of HMMR was correlated with poorer overall survival and disease-free survival outcomes.
Moreover, multivariate Cox regression analysis revealed that HMMR expression was an independent risk
factor for overall survival (HMMR: hazard ratio [HR] = 1.154, 95% confidence interval [CI] = 1.080-1.233,
p<0.001). Consistently, RT-PCR, IHC staining and Western blotting analysis further confirmed that HMMR
expression was increased in HCC compared with patient-matched adjacent normal liver tissues. Notably,
GSEA analysis revealed that differential gene expression in HMMR-high patients (compared with HMMR-
low patients) were enriched in cell proliferation and p53 signaling pathway. Moreover, comprehensive
analysis showed a strong correlation between HMMR upregulation and miRNA changes.

Conclusion: The high expression of HMMR is a poor prognostic factor in HCC and might serve as a
potential target of therapy in patients with HCC.

© 2021 Yilan Huang. Hosting by Science Repository.

Introduction

Hepatocellular carcinoma (HCC) is one of the major malignant tumors
and has become the third leading cause of cancer-related death in the

cases diagnosed in 2015, and it keeps on an upward trend [2]. HCC has
poor prognosis, 60% of patients still have a high risk of local recurrence
and distant metastasis, even surgical excision and postoperative adjuvant
chemotherapy were adopted [3]. The emergence of various targeted
drugs such as sorafenib or regorafenib has prolonged the survival of

world [1]. An epidemiological investigation shows that 4 million new
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patients with HCC. However, the overall life expectancy is still less than
1 year [4-6]. The pathogenesis of HCC is extremely complex, a series of
biological events within tumor microenvironment have been identified
as effective prognostic biomarkers for HCC [7]. It might be possible to
discover new drug targets for HCC by integrating various molecules in
gene networks associated with tumor formation and progression.

Hyaluronan-mediated motility receptor [HMMR, also known as receptor
for hyaluronate-mediated motility (RHAMM)], which belongs to a
group of hyaladherins, has the common ability to bind to hyaluronic acid
(HA) [8]. HMMR performs multiple functions, which can interact with
signal pathways of the microtubules, calmodulin, actin and extracellular
regulated kinase (ERK) [9]. HMMR, cluster differentiation 44 (CD44)
and HA constitute a trimer complex on the cell surface, which activates
cell signaling pathways involved in cell migration, invasion and
proliferation [10]. Intracellularly, HMMR participates in the assembly
of microtubule spindle, thus promoting cell cycle progression [11].
Higher HMMR expression was reported to be related to upregulated
genes involved in G2M checkpoint, E2F Targets and Myc Targets V
[12]. These effects suggest a potential role for HMMR as a therapeutic
target for cancer patients. Actually, HMMR has been reported to be
highly expressed in various tumor cells such as colon cancer, bladder
cancer, endometrial cancer and breast cancer and has become a target for
some tumor immunotherapy [13-18]. However, the prognostic value of
HMMR expression and its underlying mechanisms for the regulation of
hepatocarcinogenesis are still poorly understood.

In this study, we used the Oncomine database and the Cancer Genome
Atlas (TCGA) database to analyse the sequencing data of HMMR and
the gene regulatory network in HCC. Reverse Transcription-polymerase
Chain Reaction (RT-PCR) analysis were performed to detect the
expression of HMMR in 4 liver cancer cell lines and 12 HCC patient
samples from The Affiliated Hospital of Southwest Medical University.
The clinical and histopathological features of hepatocellular carcinoma
specimens were evaluated by immunohistochemistry and
immunoblotting. In addition, we assessed the association of HMMR
expression with transcriptome profiles and microRNA (miRNA) in
HCC. Our results indicate that higher expression of HMMR was
correlated with poorer prognosis. Gene enrichment analysis further
demonstrated that revealed that differential gene expression in HMMR-
high patients (compared with HMMR-low patients) were enriched in cell
proliferation and p53 signaling pathway. Compared with previous
studies, our work aims to provide evidence for HMMR acting as a
prognostic biomarker, thus, potentially reveal a new target and strategy
for HCC diagnosis and treatment.

Materials and Methods
| Patients and Samples

Consecutive series of 12 cases of HCC and 12 cases of adjacent tissues
specimens were collected from The Affiliated Hospital of Southwest
Medical University. Patients with a previous history of other primary
tumors or those who had received chemotherapy and/or radiotherapy
were excluded from this study. The pathologist analysed the tumor
samples and made a definitive diagnosis. All liver tissue samples from
surgical excision were stored at -80°C. This study was approved by the
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ethics committee of The Affiliated Hospital of Southwest Medical
University.

11 Cell Culture

Liver cell line LO2, Hep3B, SMMC-7721, LM3 and Huh7 cells were
purchased from the American Type Culture Collection (ATCC). All
cells were cultured in complete culture medium (DMEM (Gibco) plus
GlutaMAX, Pen/Strep, and 10% (v/v) fetal bovine serum (FBS) (Gibco),
and grown in cell incubator (5% CO2) at 37°C. Before harvest, cells
were inoculated into a 6-pore plate at a density of 1x106 cells for 24 hour
at 37°C. For RT-PCR analysis, total RNA of cell samples was extracted
by using 1 milliliters TRIzol reagent (Invitrogen) per well. For Western
blotting analysis, cell culture media were removed and washed with ice-
cold phosphate-buffered saline (PBS) for 3 times, then, cellular extracts
were collected by using RIPA buffer. All data from cell lines were
repeated in 3 independent experiments.

111 RT-PCR Analysis

Total RNA was extracted from the cells and human liver tissue by using
the TRIzol reagent (Invitrogen) as previously described [19]. For
quantitative RT-PCR analysis, 1 pg of total RNA was reverse-
transcribed using the cDNA Reverse-Transcription Kit (Takara). SYBR
Green reactions were assembled along with 250 nM primers using
SYBR Green PCR Master Mix (Bio-Rad), and performed with a Bio-
Rad C1000 thermal cycler CFX96 Real-Time System. The primers were
as follows: HMMR forward, 5‘- AGAACCAACTCAAGCAACAGG-3’
and reverse, 5‘-AGGAGACGCCACTTGTTAATTTC-3’. GAPDH
forward, 5‘-ACAACTTTGGTATCGTGGAAGG-3’ and reverse, 5°-
GCCATCACGCCACAGTTTC-3’. Relative expression of HMMR was
determined after normalization to GAPDH.

IV Western Blotting Analysis

Protein of HCC tissue samples were extracted by using RIPA buffer
supplemented with proteinase and phosphorylase inhibitor (Roche) as
described [20]. Then, a BCA kit (Thermo) was used to detect protein
concentration. Proteins (20pg) from tissue or cell lysate were loaded in
each lane and fractionated by 10% polyacrylamide gels (SDS-PAGE) at
110 volts, and then transferred to PVVDF membrane (Millipore) for 3 hour
at 250 milliampere. After blocking with 5% nonfat milk for 1 hour at
room temperature, the membranes were incubated the primary
antibodies HMMR (Zen- bioscience, 1/2000) and GAPDH (Zen-
bioscience, 1/2000) at 4°C overnight. After washing 5 times with PBS-
Tween-20 solution, the membranes were incubated with a horseradish
peroxidase (HRP)-conjugated anti-rabbit secondary antibody (Zen-
bioscience, 1/10000) for 2 hour. The signals were detected by using
enhanced chemiluminescence (Millipore).

V Immunohistochemistry Analysis

IHC staining was performed to detect the HMMR expression in tumor
and patient- matched adjacent normal liver tissue from HCC samples.
All tissues were fixed in 10% neutral-buffered formalin for 48 hour, then
embedded in paraffin, and cut into 5um sections. Paraffin slices were
deparaffinized and rehydrated in gradient alcohol series and distilled
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water, then immersed in Citrate Antigen Retrieval solution (pH 6.0) and
boiled for 10 minutes twice. After slow cooling down, endogenous
peroxidase activities were quenched by 3% H202 (diluted with
methanol) for 30 minutes. Slices were washed 3 times in distilled water
and immersed in 5% donkey serum (Dako) for 15 minutes, followed with
HMMR antibodies (Zen-bioscience, 1/200) incubation 4°C overnight.
After washed in distilled water 3 times, slices were incubated with HRP-
conjugated secondary antibody (Dako) for 1 hour. Nuclei were
counterstained with hematoxylin. HMMR IHC staining images were
observed and captured using the NDP.view.2 software programme. All
representative images were repeated in 3 independent experiments.

VI Oncomine Database Analysis

The mRNA expression of HMMR in HCC were analysed within the
Oncomine 4.5 database (Linkl). Oncomine is currently the world’s
largest oncogene chip database and integrated data mining platform,
with 715 gene expression databases and more than 86,000 samples of
cancer and normal tissues collected so far. This database was used to
classify common cancer types and their respective normal tissues by
differential expression classification and to perform clinical and
pathological analysis. This analysis focus on HMMR expression in
Wurmbach Liver, Roessler Liver, and Chen Liver [21-23]. p<0.05
considered to be statistically significant.

VIl TCGA Database Analysis

Raw counts of gene expression and corresponding clinical information
of HCC patients were obtained from the TCGA data portal (Link2). X-
tile software was used to find the optimal cutting-off point to divide
patients into subgroups with different survival outcomes based on
HMMR expression, Kaplan-Meier method and log-rank analyses were
used to analyse survival curves of these subsets [24]. To assess gene
expression between HMMR -high and -low patients, expression profile
data were ranked from low to high quartiles according to the HMMR
expression, and data in the bottom 25% and top 25% were selected as
low and high groups. R package edgeR (version 3.4.1) was used to
analysis the differential gene expression between HMMR-high and -low
patients [25]. Genes with counts per million (CPM) <1 were excluded.
An adjusted p value <0.05 and the absolute FC>2.0 were considered to
be statistically significant.

V111 Gene Functional and Pathway Analysis
We performed Gene Ontology (GO) terms and pathway enrichment

analysis of predicted target genes by using Metascape database (Link3).
Then, Gene set enrichment analysis (GSEA) were performed on the

aberrantly expression genes between HMMR high- and low-expression
patients as previous described [26]. Gene clusters with adjusted p<0.05
and false discovery rates (FDR) <0.05 were considered to be
significantly enriched genes.

IX Integration of Gene Expression and Mirna Change

We retained raw counts of miRNA from the TCGA data portal (Link4).
To investigate the potential miRNAs regulation by HMMR, we focused
on aberrantly expressed miRNA (adjusted p value <0.05, absolute FC
>2) from RNA-seq between HMMR-high and -low patients. Online
analysis tool LinkedOmics (Link5) and TargetScan (Link6) were used
to identify miRNAs potentially regulated by HMMR.

X Statistical Analyses

Data from RT-PCR were analysed in GraphPad Prism 7.0.4. Student’s t-
test was used to analyse measurement data. R package ‘ggplot2’ was
used to draw the different scatter plot, forest plot, volcano plot, venn plot
and heatmap. A Cox regression model was used to estimate the hazard
ratio (HR) and 95% confidence interval (Cl) associated with HMMR
expression. p<0.05 was considered to be statistically significant.

Results
I HMMR Expression in HCC Based on Oncomine Database

We initially evaluated HMMR transcription levels in multiple
hepatocellular carcinoma datasets from Oncomine database. Expression
data of HMMR were obtained in 452 different types of tumor studies
(Figure 1A). Among them, HMMR expression were significantly
increased in 64 studies and decreased in 8 studies, most of which focus
on Colorectal cancer, Lung cancer and Sarcoma. Expression of HMMR
in hepatocellular carcinoma was significantly higher than in normal
tissues in 4 Oncomine datasets (Figure 1B). We then filtered out
Wurmbach Liver dataset to further analyses HMMR expression in
subgroup with different clinic pathological features [21]. In this study,
mRNA level of HMMR in hepatocellular carcinoma was higher than that
in the cirrhosis, liver cell dysplasia and normal liver samples (Figure
1C). Invasion of malignant cells to endothelium is the major part of
metastasis, we then assessed the relation of vascular invasion and the
mMRNA level of HMMR, and the results suggest that HMMR is
upregulated in angiogenesis and metastases of HCC (Figure 1D) [27,
28]. In summary, these results indicate that HMMR is upregulated in
HCC tissue compared with normal liver tissue or other common liver
disease, thus play an essential role in HCC progression.

Table 1: Cox regression model analysis of overall survival in hepatocellular carcinoma.

Variables Univariate analysis Multivariate analysis
HR 95%Cl of HR  [p-value HR 95%Cl of HR  |p-value

Age (<60 vs >60) (years) 1.005 0.987-1.023 0.591 1.010 0.990-1.031 0.311
Gender (Male vs Female) 0.780 0.487-1.249 0.301 0.999 0.589-1.693 0.996
Grade (G1+G2 vs G3+G4) 1.017 0.746-1.387 0.914 1.070 0.763-1.501 0.694
Stage (I-11 vs I11-1V) 1.865 1.456-2.388 8.07e-07*** 1.205 0.450-3.226 0.710
T1+4T2vs T3+T4 1.804 1.434-2.270 4.73e-07*** 1416 0.585-3.431 0.441
M1 vs MO 3.850 1.207-12.281 0.023* 1.825 0.480-6.934 0.377
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NO + N1 vs N2 + N3 2.022 0.494-8.276 0.328 1.966 0.295-13.115  |0.485
HMMR (low expression vs high expression)  |1.153 1.090-1.220 7.51e-07*** 1.154 1.080-1.233 2.16e-05***
*p <0.05; ***p<0.001.
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Figure 1: HMMR transcription in hepatocellular carcinoma based on the Oncomine database. A) Expression of HMMR in all tumor studies in the Oncomine
database. B) the relative mRNA expression of HMMR in four Oncomine datasets. Data represent the mean + SD. ***p<0.001. C) & D) Expression of
HMMR in different liver cancer subgroup in Wurmbach Liver datasets. ***p<0.001.

A p=3.51e-31" B p =9.66e-18**
S 20 =
=
< 14
o .| =2
=9 - =
= 3 TQ
I < =
o J o 2 104
o O 2 x
X 2
23 =
= <
— < w - w z 5 -
gz 2 x
4 x
£ .| E ]
T T
Normal Tumor
c Overall survival D Disease-free survival
1.0 I e > 1.0 — ;
Z Z g | 2 - Lovogesson
‘S 0.8 o 08
2 g
S 06 0 067
x a
E 0.4+ — 0.4
©
2 3
2 i 7 Log-rank p = 4.70e-5*** 2 0.2 Log-rank p = 2.25¢-4***
p=1 =]
» 004 0 0.0
T T T T T T T r T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Year Year

Figure 2: HMMR is upregulated in HCC tissues and predicts poorer survival outcomes in the TCGA database. A) The relative mRNA expression of HMMR
inthe TCGA database. B) The relative level of HMMR expression is higher in HCC than patient-matched adjacent normal tissues. C) & D) Higher expression
of HMMR predicts poorer outcomes of overall survival and disease-free survival in patients with HCC. Data represent the mean + SD. ***p<0.001.
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I HMMR Expression is Upregulated in HCC Based on TCGA
Datasets

To further investigate the clinical relevance of HMMR in HCC,
Microarray data of a total of 407 hepatocellular carcinoma tissue samples
and 58 normal liver tissues were obtained from the TCGA dataset.
Meanwhile, raw information of clinical parameters and survival data of
cases were also obtained. The expression of the HMMR gene and clinical
parameters in dataset was extracted by using R package. Consistent with
Oncomine database, HMMR expression in TCGA database was
identified to be significantly increased in HCC tissues compared with
normal tissues (Figure 2A). In addition, paired t-test analysis revealed
HMMR expression was higher in HCC patients than that in matched
adjacent normal patients (Figure 2B).

By using X-tile software, 407 HCC patients were stratified into HMMR-
high (n = 181) and -low (n = 226) subgroups. We then performed
Kaplan-Meier analysis and found that higher expression of HMMR lead
to poorer overall survival (Figure 2C) and disease-free survival
outcomes (Figure 2D). Moreover, Cox regression model was established

to analyse the independent factors including TMN stage, disease stages,
tumor grade, age and gender on the survival prognosis. Univariate
analysis demonstrated that clinical stage, T stage, M stage and higher
HMMR expression were influential factors for HCC prognosis (all
p<0.05) (Table 1). Multivariate analysis further showed that high
expression of HMMR may serve as a potential independent prognostic
factor for HCC patients (HMMR: HR = 1.154, 95% CI: 1.080-1.233,
p<0.001) (Table 1 & Supplementary Figure 1).

111 Gene Expression Levels of HMMR in Human Liver Cancer
Cells and Tissues

To further validate the expression of HMMR in hepatocellular
carcinoma, we performed RT-PCR analysis and Western blotting
analysis in human liver cancer cells and tissues. RT-PCR analysis
showed that HMMR mRNA expression in liver cancer cell lines (Hep3B,
SMMC-7721, LM3 and Huh7) were higher than that in LO2 (normal liver
cell line) (Figure 3A). Among them, The HMMR upregulation were the
most significant in LM3 and Huh7 cell lines. Similar results were
obtained by using Western blotting analysis (Figure 3B).
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Figure 3: HMMR gene expression was increased in different liver cancer cells and tissue A) RT-PCR analysis of HMMR expression levels in liver cancer
cell lines of SMMC-7721, Hep3B, Huh7, LM3 and normal liver cell lines (n = 3 experiments). B) Western blot analysis of HMMR expression levels in
different liver cell lines. C) Representative immunohistochemistry staining of HMMR in HCC and patient-matched adjacent normal tissues. D) RT-PCR
analysis of HMMR expression levels in HCC and adjacent normal tissues (n = 12). E) Western blot analysis of HMMR expression levels in HCC and
patient-matched adjacent normal tissues. Data represent the mean + SD. *p<0.05. **p<0.01. ***p<0.001.

Then, the expression of HMMR was evaluated in HCC samples and
matched adjacent normal tissues from The Affiliated Hospital of
Southwest Medical University. IHC analysis demonstrated that HMMR
expression in HCC samples was increased compared with adjacent

Clin Oncol Res doi:10.31487/j.COR.2021.01.01

normal tissues (Figure 3C). Meanwhile, we utilized The Human Protein
Atlas (Link7) database to explore the protein expression of the HMMR
gene in HCC tissues and normal liver tissues. As shown in
(Supplementary Figure 2), the positive degree of HMMR increases with
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the malignant degree of HCC (Supplementary Figure 2). In addition,
HMMR expression in 12 human HCC tissues and paired normal tissues
was detected by RT-PCR and Western blotting analysis (Figures 3D &
3E), consistently, HMMR mRNA and protein level were found to be
significantly upregulated in HCC patients.

IV Underlying Mechanism of HMMR in Regulating HCC
Progression

To explore the underlying mechanism of HMMR in regulating HCC
progression, we firstly used the STRING platform (Link8) and
Cytoscape 3.6.1 software to map the HMMR protein interaction
network, which shows that HMMR could interact with genes including
TPX2, NEK2, CD44 and CDK1 (Supplementary Figure 3), together

regulate the cell cycle process and proliferation (Supplementary Table
1).To elucidate whether HMMR play a role in promoting HCC
development, we performed an RNA sequence gene expression analysis.
As mentioned previously, gene transcription data in the bottom 25% and
top 25% based on HMMR expression were selected as low and high
groups. By comparing the gene expression profiles of HMMR- high and
-low groups, a total of 477 genes were upregulated significantly (>2-
fold) (Figure 4A). By contrast, a total of 580 downregulated genes (>2-
fold) were identified in HMMR-high group (Figure 4A). GO analysis
was then performed to analyse the biologic pathways involved in HCC
pathogenesis of differential genes stratified by HMMR expression level,
the results showed that genome changes in patients with higher HMMR
expression were related to cell cycle and DNA replication (Figures 4B
& 4C; Supplementary Figure 4).

GO analysis of genes regulated by HMMR (n= 1057)
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Figure 4: Identifying differentially expressed genes between HMMR-high and -low patients. A) Volcano plot of differential gene profiles between HMMR-
high and -low groups. B) Top 20 functional path enrichment analysis heatmap enriched in HMMR- high patients. C) Network showing functional and
pathway correlations. Different colours in the map represent different functional groups. D) GSEA analysis shows that genes involved in cell proliferation
and p53 signaling pathway are enriched in HMMR- high patients. NES: Normalized Enrichment score; FDR: False Discovery Rates.

In addition, enrichment plots in GSEA analysis further demonstrated that
gene signatures including cell proliferation and p53 signaling pathway
were highly enriched in HMMR-high patients (Figure 4D). Furthermore,

Clin Oncol Res doi:10.31487/j.COR.2021.01.01

by using cBioPortal online analysis tool (Link9), we observed
comparatively higher mutation rate of p53 gene exists in HMMR-altered
patients with HCC (Supplementary Figure 5). p53 gene is proved to be
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a tumor suppressor that regulates the expression of a variety of genes, mutation in patients with HCC. Thus, genes changes related to cell
including apoptosis, cell cycle progression inhibition and growth proliferation is strongly correlated with the up- regulation of HMMR.

inhibition [29]. HMMR might be a crucial gene in regulation of p53
A B

20

® miRNA down-regulated
@ mIRNA up-regulated .
=} 1

10

-log10(p value)

Log2 Foldchange LinkedQimics

miRNA regulated by
HMMR (n= 175)

amwm,,,mmm}m

|| hsa-mir-382
hsa-mir-369
hsa-mir-495
hsa-mir-539
hsa-mir-487b
hsa-mir-485
| hsa-mir-653
hsa-mir-34c

- Low expression
Il High expression

hsa-mir-487a
hsa-mir-541
hsa-mir-23c

hsa-mir-520g

B hsa-mir-520h
hsa-mir-202

-5 hsa-mir-2115

hsa-mir-1298

hsa-mir-892a
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between HMMR -high and -low groups. B) Venn diagrams demonstrating the number of miRNAs changed after up-regulation of HMMR, as well as the
overlay with miRNA potentially regulated by HMMR in TargetScan and LinkedOmics database. C) Heatmap of miRNAs regulated by HMMR expression.
Red indicates positively correlated miRNAs and blue indicates negatively correlated miRNAs.

Table 2: Integrative analysis of miRNA regulated by HMMR in hepatocellular carcinoma.

miRNA Log FC Log CPM p Value FDR

hsa-mir-1298 2.663881 -0.57208 5.15e-07 4.08e-06
hsa-mir-541 2.484783 1.749196 5.51e-10 1.11e-08
hsa-mir-520h 2.404134 2.375414 0.000456 0.001362
hsa-mir-520g 2.334209 3.377751 0.000695 0.001928
hsa-mir-653 2.109349 4.283337 6.82e-17 5.86e-15
hsa-mir-485 1.760869 3.894414 2.5%-09 3.80e-08
hsa-mir-487b 1.683985 3.774609 2.24e-09 3.45e-08
hsa-mir-539 1.681184 4.102598 9.64e-10 1.80e-08
hsa-mir-487a 1.628041 1.876996 2.49e-07 2.21e-06
hsa-mir-34c 1.459062 3.079739 1.44e-05 7.55e-05
hsa-mir-382 1.302314 5.092798 2.68e-07 2.31e-06
hsa-mir-369 1.149297 4.716288 1.55e-05 7.77e-05
hsa-mir-495 1.132775 4.113906 8.75e-06 4.80e-05
hsa-mir-23c -1.06657 0.353962 0.001119 0.002907
hsa-mir-2115 -1.23348 -0.26416 0.005315 0.011737
hsa-mir-202 -1.60861 0.180996 0.000250 0.000808
hsa-mir-892a -1.73388 -0.06918 0.005508 0.012122

FC: Fold Change; CPM: Counts Per Million; FDR: False Discovery Rates.
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V Correlation of miRNAs and DNA Methylation with HMMR
Expression

MicroRNA (miRNA) is a class of non-coding single-stranded RNA
molecules with a length of about 19-24 nucleotides, encoded by
endogenous genes and has a variety of important regulatory roles in cells
[30]. Many studies have shown that miRNAs participate in regulating
tumorigenesis and metastasis [31, 32]. In our work, we sought to assess
changes in miRNA after up-regulation of HMMR in patients with HCC.
We retained data of 440 miRNAs sequence from TCGA database, of
these, A total of 150 miRNAs were upregulated (>2-fold) and 15
miRNAs were downregulated (>2-fold) in HMMR-high group
(compared with HMMR-low group, Figure 5A). By using TargetScan
database, a total of 568 miRNAs were identified potentially regulated by
HMMR. We then found 832 miRNAs may interacted with HMMR based
on LinkedOmics database (Figure 5B). Venn diagrams demonstrated the
number of changed miRNA identified from RNA-seq, as well as the
overlay with the miRNA potentially regulated by HMMR from
TargetScan and LinkedOmics database (Figure 5B). As shown in the
heatmap and (Table 2), a total of 13 significant miRNA including hsa-
mir-541 were positively correlated with HMMR up-regulation (Figure
5C). By contrast, 4 miRNAs (hsa-mir-23c, hsa-mir-2115, hsa-mir-202
and hsa-mir-892 a) were downregulated in HCC with higher HMMR
expression. In addition to the regulation of miRNAs, DNA methylation
leading to transcriptional silencing of tumor suppressor genes is also
considered to be an important epigenetic abnormality in cancer [33-35].
However, the promoter methylation level of HMMR was similar in HCC
patients with different grade and stage (Supplementary Figure 6).
HMMR methylation might not be involved in the genesis and
development of HCC.

Discussion

Although accumulating evidence has suggested that HMMR could be
regarded as a novel biomarker and therapeutic target in many cancer
types, research on HMMR as a prognostic marker for HCC is still
limited. We analysed the relationship between HMMR expression and
prognostic value in 407 patients with HCC in the TCGA datasets. Our
results demonstrated that HCC patients with higher expression of
HMMR was correlated with poorer overall survival and disease-free
survival than those with HMMR lower expression. In addition,
multivariate analysis revealed that higher expression of HMMR was an
independent risk factor for overall survival rate. Taken together, these
results show that HMMR lead to poorer survival outcomes, which might
be acting as an independent factor for judging the prognosis of patients
with HCC.

Our results were consistent with previous reports demonstrating the
prognostic impact of HMMR on HCC36. In He et al.’s study, they only
examined the HMMR expression in HCC patients by performing RT-
PCR and IHC analysis [36]. By contrast, our study further performed in
vitro validation experiments, and found HMMR s highly expressed in
invasive liver cancer cell lines. Moreover, not only did we detect HMMR
expression in HCC and patient-matched adjacent normal tissues, but we
also assessed gene enrichment analysis between HMMR -high and -low
HCC patients, and further demonstrated that gene signatures including
cell proliferation and p53 signaling pathway were highly enriched in

Clin Oncol Res doi:10.31487/j.COR.2021.01.01

HMMR-higher patients. Comparatively higher mutation rate of p53 gene
were also exists in HMMR-altered patients with HCC. Given that the
tumor suppressor gene p53 can inhibit the expression of HMMR in
G2/M phase, abnormal expression of HMMR might participate in p53
signaling associated anti-cancer effect [29]. Thus, our study provided
more information of HMMR in HCC prognosis on what previously
reported. In addition to regulation in cell cycle progression, recent
studies have shown that HMMR promotes inflammation and fibrosis by
activating the TGF-B/Smad?2 signaling pathway [37-39]. Hepatic fibrosis
is an essential pathological process involved in various chronic hepatic
diseases that may deteriorate into hepatic cirrhosis and hepatic cancer,
whether HMMR promotes fibrosis in HCC early development remain to
be determined [40].

Chemotherapy is suggested to be the major method in the treatment of
HCC, but resistance to multidrugs compromise therapeutic efficacy [41].
Zhang et al. observed that HMMR promoted epithelial-mesenchymal
transition and render resistance to chemotherapy. HMMR knockdown
significantly elevated the susceptibility of 5-Fu therapy [8]. Whether
HMMR could act as a multi-drug resistance gene in patients with HCC
is still unclear, therefore, it is important to explore the function of
HMMR in the chemotherapeutic efficacy of hepatocellular carcinoma in
our future study.

MiRNAs are small non-coding RNAs which function in the cleavage and
posttranscriptional regulation of mRNAs [31]. Current studies have
found that more than 200 miRNAs are significantly correlated with the
tumorigenesis and treatment of liver cancer [31, 32]. Dysregulation of
miRNA expression is believed to play a key role in HCC carcinogenesis
[42]. In the past few years, several research groups have systematically
studied the expression profiles of miRNAs in HCC. These results show
that miRNAs are involved in the progression and metastasis of liver
cancer and some other cancer- related pathways [43]. Hsa-mir-23c has
been proved to suppress tumor growth of human hepatocellular
carcinoma by attenuating erbb2 interacting protein (ERBB2IP), clinical
trials indicated that HCC patients with lower expression of Hsa-mir-23c
were associated with large tumor size and poor survival outcomes [44].
Of the differential miRNAs that potentially regulated by HMMR
expression, we also found that hsa-mir-23c expression was
downregulated in  HMMR-high HCC group. Additionally,
Krishnakumar D et al. indicate that hsa-mir-541 were consistently
upregulated in human immune-deficiency virus type 1 (HIV-1) infected
cells [45]. Genes involved in signal transduction, metabolism and cell
death is speculated to be the functional targets of hsa-mir-541 [45]. Our
data suggested that hsa-mir-541 expression was also upregulated in
HMMR-high HCC patients. Thus, multiple synchronization existed
between the expression of miRNA and its target gene. These results
indicate that miRNA expression has a complex regulatory network with
up-regulation of HMMR.

In addition to the regulation of miRNAs, long noncoding RNAs
(IncRNA) play essential roles in carcinogenesis and tumor progression.
An HMMR antisense IncRNA, HMMR-AS1, is reported to be
upregulated in multiple tumors [46-49]. Li et al. revealed that HMMR-
AS1 was increased in glioblastoma (GBM) cell lines and stabilizes
HMMR mRNA. HMMR-AS1 knockdown radiosensitizes GBM by
inhibiting DNA repair proteins including ATM and BMI1 [48]. Cai et
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al. further found HMMR-ASL1 induces cell proliferation and metastasis
in patients with lung adenocarcinoma by activating MiR-138/Sirt6 axis
[46]. Moreover, HMMR-AS1 was significantly upregulated in human
epithelial ovarian cancer, patients with higher HMMR-AS1 expression
lead to poorer prognosis than those with lower expression [47]. Whether
IncRNAs regulate the expression or function of HMMR in patients with
HCC remain to be determined.

Conclusion

In summary, our study found that higher expression of HMMR predicts
higher invasiveness and poorer prognosis of hepatocellular carcinoma
and might be used as a candidate for tumor efficacy evaluation.
However, the mechanisms of HMMR in tumor regulation are
complicated, and involve many aspects. Further study is needed to
validate the biological functions of HMMR on the pathogenesis of
tumors.
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Supplementary Table 1: GO analysis and KEGG pathway enrichment of genes involved in HMMR associated PPI network.

Description Count in gene set FDR
(GO)Biolegical Process
GO:1901987 regulation of cell eyele phase transition 10 of 385 9.2le-14
GO:1901990 regulation of mitotic cell cycle phase 9 0f351 4.95c-12
transition
GO:0010389 regulation of G2/M transition of mitotic 5 o) 41q 1.22¢-10
cell eyele
GO0:0022402 cell eycle process 9 of 890 4.71e-09
GO:1903047 mitotic cell cycle process 8 of 564 7.33e-09
(GO)Molecular Function
GO0:0097367 carbohydrate derivative binding 9 of 2163 4.54¢-06
protein serine/threonine
GO:0004674 6 of 444 4.54e-06
kinase activity
G0:0036094 small molecule binding 9 of 2460 8.74¢-06
GO:0043168 anion binding 9 of 2696 1.16e-05
GO:0005524 ATP binding 7 of 1462 3.16e-05
(GO)Cellular Component
GO:0005819 spindle Tof322 1.51e-08
GO:0000922 spindle pole 6 of 150 1.51¢-08
GO:0015630 ‘microtubule cytoskeleton 9o0f1118 1.61e-08
GO:0005815 microtubule organizing center 8 of 683 1.61e-08
GO:0005813 centrosome 7 of 468 4.17e-08
KEGG Pathways
hsa04914 Progesterone-mediated oocyte maturation 4 of 94 2.84¢-06
hsa04114 Oocyte meiosis 40fl116 3.21e-06
hsa04110 Cell eyele 3o0f123 0.00021
hsa04512 ECM-receptor interaction 2 of 81 0.0036
hsa04068 FoxO signaling pathway 20f130 0.0072

PPI: Protein-Protein Interaction; FDR: False Discovery Rate; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes.

Variables Hazard ratio ; p value
Age 1.010(0.990-1.031) - 0.311
Gender 0.999(0.450-3.226) -—-—1 0.996
Grade  1.070(0.763-1.501) '—H 0.694
Stage  1.205(0.450-3.226) .—-—n 0710
T 1.416(0.585-3.431) ._._. 0.441
M 1.825(0.480-6.934) >—-—' 0.377
N 1.966(0.295-13.115) - 0.485
HMMR  1.154 (1.080-1.233) ' 2.16e-05™

# Evonts; 75; Glabal p-value (Log-Rank): 2.6260-06
AIC: 696.53: Concorgance indox: 0.71

0.5 1 2 5 10
Supplementary Figure 1: Multivariate Cox regression model analysis
of overall survival in hepatocellular carcinoma. Independent prognostic
factors were assessed by using the multivariate Cox model and mapped
as forest plot. The HRs are presented as the means with 95%

confidence interval. ***p<0.001.
HMMR IHC Staining

Normal liver tissue

Microscopic

Macroscopic

Supplementary Figure 2: HMMR IHC Staining in normal liver tissue
and in hepatocellular carcinoma based on Human Protein Atlas
database.
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Supplementary Figure 3: Protein—protein interactions of HMMR plot
as network in Cytoscape.

Supplementary Figure 4: Network showing functional and pathway
correlations. The deeper the colour, the stronger the trend.
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Supplementary Figure 5: Mutation frequency of genes in HMMR
altered patients with HCC.
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