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Abstract

Aim—Deregulation of microRNAs (miRNAS) expression has been identified in hepatocellular
carcinoma (HCC), but few results are consistent. The objective of this study is to investigate “HCC
tumor type specific” and “tumor common” miRNA panels

Methods—The authors integrate and analyze clinical, etiologic and miRNA profiles data from 9
types of solid tumors in The Cancer Genome Atlas (TCGA) and HCC data from Columbia
University Medical Center (CUMC).

Results—Levels of 33 miRNAs were significant different between HCC tumor and paired non-
tumor tissues (over 2-fold changes) after Bonferroni correction for multiple comparisons, and
most (28 miRNAs) were down-regulated in HCC tumors. Using this panel, the authors well
classified HCC tumor tissues with 4 misclassifications among 48 paired tissues. Validating this
panel in an additional 302 HCC tumor tissues, the authors almost perfectly distinguished tumor
from non-tumor tissues with only two misclassifications (99% of HCC tissues correctly classified).
Evaluating miRNA profiles in 32 independent HCC paired tissues from CUMC, the authors
observed 40 miRNAs significantly deregulated in HCC with over 2-fold changes; 14 overlapped
with those identified in TCGA. Subgroup analyses by HCC etiology found that 4 upregulated and
8 downregulated miRNAs were significantly associated with alcohol-related HCC. There were 7
and 4 miRNAs significantly associated with hepatitis B virus- and hepatitis C virus-related HCC,
respectively. Data for the first time revealed that miR-24-1, miR-130a and miR-505 were
significantly down-regulated only in HCC tumors; miR-142 and miR-455 were significantly
down-regulated in HCC, but up-regulated in 5 other solid tumors; suggesting their HCC “tumor
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type specific” characteristics. A panel of 8 miRNAs was significant in at least 5 tumor types,
including HCC, and was identified as “tumor common” marker.
Conclusion—The authors concluded that aberrant miRNA panels have HCC “tumor type

specificity” and may be affected by etiologic factors.
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INTRODUCTION

MicroRNAs (miRNA) are important biological regulators and play a critical role in
controlling protein-coding genes’ expression at the post-transcriptional level. It is estimated
that one third of human genes are directly or indirectly governed by miRNAs and they
impact multiple cellular pathways involved in tumorigenesis.[*:2] Anomalous expression of
miRNAs have been implicated in a wide variety of cancers, including hepatocellular
carcinoma (HCC), one of the most common cancers and the third leading cause of cancer
death worldwide. The incidence of HCC has tripled over the past 30 years in the United
States,[34] which may be attributed to increased hepatitis C virus (HCV) infection and
obesity-related nonalcoholic fatty liver disease (NAFLD).[43] Other established etiologies of
HCC are hepatitis B virus (HBV) infection, alcohol abuse and aflatoxin B; (AFB;)
exposure.[8.7] Most previous studies examining miRNA profiles in HCC tumor tissue or
blood focused on investigation of the main effects of aberrant miRNAs associated with
cancer status without consideration of the potential influence of etiologic risk factors on
miRNA levels that may bias the miRNA patterns observed in HCC tumors with
heterogeneous etiologies. That may be one reason for the discrepant results of previous
miRNA marker studies of HCC. Although some studies do examine miRNA profiles in HCC
patients carrying specific etiologies,[8-19 it is still unclear whether the identified miRNAs
are etiology-specific due to lack of transverse comparisons with HCC patients carrying other
etiologic factors. Another challenge is the lack of a comparison of miRNA panels between
HCC and other solid tumor types, and no evidence to indicate HCC tumor type specific
miRNA alterations that may limit future clinical application. In the current study, we
integrate HCC etiologies and miRNA sequencing data from HCC and 8 other types of solid
tumors in The Cancer Genome Atlas (TCGA) resource, and investigate whether miRNA
panels identified in HCC tumor are organ specific and affected by important etiologic
factors. These results can be used for more precise clinical early diagnosis of HCC subtypes
and screening of high risk populations with specific HCC etiologies.

METHODS

Demographic, etiologies, clinical and miRNA data in HCC patients from TCGA dataset

TCGA is a comprehensive and coordinated project supported by the National Cancer
Institute (NCI) and the National Human Genome Research Institute (NHGRI) to
characterize the genomic data of more than 30 different types of cancers, and accelerate
understanding of the molecular basis of cancer. Currently, there are 366 cancer patients in
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the cancer type of liver hepatocellular carcinoma, who provided demographic, etiologic and
clinical data, as well as tissue samples for TCGA study. The miRNA expression and
corresponding etiologies and clinical data were downloaded (up to June 16, 2015) from
TCGA data portal (https://tcga-data.nci.nih.gov/tcga/tcgaHome2.jsp), and a total of 414
samples from 366 histologically confirmed liver cancer patients have completed miRNAs,
etiologic and clinical data. After checking histologic diagnosis and tissue types, we excluded
10 non-HCC cases (either mixed hepatocholangiocarcinoma or fibrolamellar carcinoma); 5
recurrent HCC tumors and 1 HCC non-tumor tissue without relevant paired tumor tissue.
Finally, data from 48 HCC patients with paired tumor and non-tumor tissues and 302 HCC
patients with tumor tissues alone were analyzed in the current study.

Demographic, etiologic and clinical data include covariates of age, gender, race/ethnicity,
height (m) and weight (kg) at cancer diagnosis, body mass index (BMI, kg/m?2), HCC risk
factors (alcohol consumption, HBV, HCV, NAFLD, mixed and none), tumor status (free vs.
not free), family history of cancer (no vs. yes), alpha fetoprotein (AFP, ng/mL), histologic
tumor grade (G1-G2 vs. G3-G4), the American Joint Committee on Cancer (AJCC)[11]
tumor-node-metastasis (TNM) (TO-T2 vs. T3-Tx), lymph node involvement (NO-N1 vs. Nx),
pathological stage (stage I-11 vs. stage I11-1V), metastasis status (M0-M1 vs. Mx), vital status
(alive vs. dead), survival days (either days to last follow-up or days to death). Other clinical
variables (Child-Pugh classification, vascular tumor invasion, adjuvant treatment, surgical
types and new tumor event after initial treatment) were not analyzed in the current study due
to either a large amount of missing data or small sample sizes in subgroups.

The level 3 (archive type) miRNA expression data were generated from the lllumina HiSeq
2000 platform (lllumina Inc., San Diego, CA) and annotated to reference miRBase v16 of
UCSC hg19 alignments.[22] A total of 1,046 unique mature miRNAs were obtained. The
sequencing data are presented as raw read counts and reads per million (RPM) mapped
miRNAs reads. The RPM indicates the expression level of miRNA and is calculated
according to the formula: RPM = (Npir/Naip) x 108, Npmir: number of reads mapped to the
specific miRNA reference; Ny: total number of reads mapped in the sample. Because all
demographic, clinical and miRNA data are derived from the de-identified publically
available TCGA dataset, it is not possible to link to any individual. Therefore, no
Institutional Review Board (IRB) approval was required.

MiRNA sequencing data from 8 other solid tumors in TCGA dataset

MiRNA sequencing and clinical data from other solid cancers were also downloaded from
TCGA data portal. Eight solid tumors with available miRNA and clinical data in over 40
paired tumor and non-tumor tissues were considered in the final statistical analyses,
including female breast invasive carcinoma (BRCA), head and neck squamous cell
carcinoma (HNSC), kidney renal cell carcinoma (KIRC), lung adenocarcinoma (LUAD),
lung squamous cell carcinoma (LUSC), prostate adenocarcinoma (PRAD), stomach
adenocarcinoma (STAD), and thyroid carcinoma (THCA). The samples sizes (pairs) were
102 for BRCA, 71 for KIRC, 59 for THCA, 52 for PRAD, 46 for LUAD, 43 for HNSC, and
41 for both STAD and LUSC.
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HCC patients and miRNA data used as the validation set

For the first set of validation, we used 32 HCC frozen tumor and adjacent non-tumor tissues
(16 pairs) that were collected by the Center for Liver Disease and Transplantation, and
stored in the Molecular Pathology Shared Resource of the Herbert Irving Comprehensive
Cancer Center, Columbia University Medical Center (CUMC). This study has been
approved by the IRB of CUMC. Total RNA, including miRNAs was isolated from HCC
tissues by RNeasy Microarray Tissue Mini Kits (Qiagen, Frederick, MA) according to the
manufacturer's protocol. TagMan Low Density Arrays (TLDA, Applied Biosystems, Foster
City, CA), covering 733 miRNAs (670 unique human mature miRNAs), were used to
generate miRNA profiles thatwere deposited in NCBI's Gene Expression Omnibus database
(accession number GSE54751).[13]1 TagMan MicroRNA assays were used to further evaluate
the consistence of candidate miRNA expression patterns in 66 paired HCC tumor and non-
tumor tissues from CUMC. U6 snRNA stable in liver tumor/adjacent tissues (Ct: 21.19 vs.
21.08, P=0.398) was used as an endogenous control to normalize the expression of
miRNAs using the 2AACY) approach.[14]

Statistical analysis

We applied stringent criteria to filter available miRNA sequencing data before performing
any statistical analysis to ensure the reliability and abundance of candidate miRNAs in the
target tissues. MiRNAs were excluded from further data analyses if the RPM was less than
10 counts and missing data exceeded 10% of all subjects. MiRNAs with less than 10 counts
per million may be due to sequencing errors.[*3] A low missing value (< 10%) provides the
most reliable and consistent result without the need for further normalization.[16] A total of
153 miRNAs passed the filtering criteria and data were log2-transformed for final statistical
analysis in HCC.

Paired £test with Bonferroni correction for multiple comparisons was used to identify
miRNAs that were significant different (£< 0.0001) with at least a 2-fold expression change
between the 48 paired HCC tumor and adjacent non-tumor tissues. The volcano plot and
hierarchical clustering were performed using the panel of significant miRNAs to describe
the distribution of mMiRNAs and tumor classification, respectively. The same miRNA panel
was used to construct a heat-map and classify the 302 unpaired tumor tissues. The general
linear model was used to compare miRNAs expression levels between unpaired HCC tumor
and non-tumor tissues adjusted for covariates significantly different between groups.
Prediction analysis of microarrays using the nearest shrunken centroid methodology was
used to separately evaluate the classification of tissues (tumor vs. non-tumor) for paired and
unpaired tumors by those significantly altered miRNAs, and estimate prediction error,
sensitivity, specificity, positive predictive value and negative predictive value via cross-
validation.[*7] Two-sample ttests were applied to identify significant miRNAs (P< 0.0001)
with over 2-fold changes by age group (< 60 vs. = 60 years), gender (male vs. female), BMI
(=25 vs. <25), etiologies [alcohol vs. hepatitis B surface antigen (HBsSAQ) positive vs. anti-
HCV positive], AFP (= 400 vs. < 400 ng/mL), and other clinicopathological covariates
described above. Subgroups analyses were further conducted among HCC tumor and non-
tumor tissues carrying one specific risk factor (alcohol, HBsAg or anti-HCV) to identify
etiologic-specific miRNA panels.
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Similar stringent filtering criteria and statistical analysis strategies were used to identify
aberrantly expressed miRNA profiles from the other 8 different solid tumors. The identified
miRNA panels from different tumors were compared to each other to discover “tumor type
specific” or “tumor common” miRNA panels. We define “tumor common” miRNAs as those
significant for at least 5 tumor types, including HCC, and with fold-changes in the same
direction. “Tumor type specific” miRNAs are defined as only significant for one type of
tumor among the 9 investigated tumors. If mMiRNASs are significant for several different
tumor types, but the direction in one type of tumor is opposite to all others, we also define
them as “tumor type specific” miRNAs. The most commonly or uniquely expressed
miRNAs were selected as “tumor common” or “tumor type specific” markers, respectively,
for further bioinformatics validation.

All statistical data analyses were performed using BRB-ArrayTools (version 4.4) developed
by Dr. Richard Simon and the BRB-ArrayTools Development Team (http://linus.nci.nih.gov/
BRB-ArrayTools.html)[18] and Statistical Analysis System 9.0 (SAS Institute). TCGA data
used in this study meet the publication guidelines provided by TCGA (http://
cancergenome.nih.gov/publications/publicationguidelines).

Bioinformatics analyses of miRNA targets and pathways enrichment

RESULTS

The targets of the miRNAs were predicted by mirsystem, which integrates seven well known
miRNA target gene prediction programs (http:/mirsystem.cgm.ntu.edu.tw/index.php),[*9] as
well as the experimentally validated miRNA-target data from miRecords (http://
cl.accurascience.com/miRecords/) and TarBase (http://www.hsls.pitt.edu/obrc/index.php?
page=URL1237572545). The seven predictive tools include DIANA (http://
diana.imis.athena-innovation.gr/DianaTools/index.php), miRanda (http://www.microrna.org/
microrna/home.do), mirBridge (http://mirbridge.org/), PicTar (http://pictar.mdc-berlin.de/),
PITA (http://genie.weizmann.ac.il/pubs/mir07/mir07_data.html), RNA22 (https://
cm.jefferson.edu/rna22v2/), and TargetScan v6.2 (http://www.targetscan.org/). The
concordant targets in the current study were defined as genes predicted by at least 5 out of 7
algorithms or validated by functional experiment. These genes were the most likely miRNA
targets that were further evaluated by ToppGene (https://toppgene.cchmc.org/
prioritization.jsp)[2% to identify significant biological processes, pathways, molecular
functions and cellular components after Bonferroni correction £ < 0.05.

Demographic and clinical characteristics of HCC patients

We compared the demographic and clinical characteristics between 48 HCC patients with
paired tumor and non-tumor tissues, and 302 patients with tumor tissue alone
[Supplementary Table 1]. There were no significant differences for the co-variates of age
(means of 61.1 vs. 59.5 years), gender, etiology, BMI, AFP level, tumor grade, lymph node
involvement, metastasis status, AJCC pathological stage and TNM. The 48 HCC patients
were more often white, had less surgical remove of their tumors, more frequently had a
cancer family history and had a longer survival time compared to the 302 patients.
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MiRNA abundance and classification of tumor tissues

A pie graph shows the distribution of the most abundant miRNAs (top 20) in HCC tumor
and non-tumor tissues [Supplementary Figure 1]. The most abundant 5 miRNAs are miR-21,
miR-22, miR-143, miR-148a and miR-192; they account for more than 58% of all detectable
miRNAs. Paired ttest analysis revealed that 33 miRNAs were significantly differentially
expressed between the 48 paired HCC tumor and non-tumor tissues with over 2-fold changes
at the significance level of < 0.0001 [Table 1, Supplementary Figure 2]. However, only 5
overlap with the top 20 most abundant miRNAS, suggesting the most significant miRNAs
are infrequently expressed in liver tissues a more sensitive approach for their detection is
needed. Five miRNAs (miR-10b, miR-182, miR-183, miR-21 and miR-452) were
significantly up-regulated in HCC tumor tissue with fold changes ranging from 11.13 to
2.25, while 28 miRNAs showed significant down-regulation in tumor tissue (fold-change
from —5.26 to —2.08). The same expression patterns for the 33 significant miRNAs were also
observed in additional 302 HCC tissues comparing with unpaired 48 non-tumor tissues
[Supplementary Table 2]. After adjusting for covariates of race, survival time, tumor status
and family history of cancer, these miRNAs still kept significance with over 2-fold changes,
indicating the aberrant miRNAs mainly caused by tumor itself. Using the 33 significant
miRNASs as a panel to generate a hierarchical heat map, only 4 tumor/non-tumor tissues
were misclassified among the 48 paired tissues [Figure 1]. The same panel of miRNAs was
used to classify the additional 302 HCC patients with tumor tissues alone, and excellent
clustering was observed with only two misclassifications [Supplementary Figure 3].
Percentages of correctly classified HCC tissues were 96% and 99% for the 48 paired and
302 unpaired tumor tissues respectively [Table 2], suggesting the promise of aberrantly
expressed miRNAs as HCC biomarkers.

We validated the findings from TCGA data by measuring miRNA profiles in 32 paired HCC
tissues from CUMC. We observed 40 miRNAs significantly deregulated in HCC tumors (P <
0.05) with over 2-fold changes [Supplementary Figure 4], and 14 (let-7c, miR-21, miR-99a,
miR-125b, miR-130a, miR-139, miR-144, miR-145, miR-150, miR-199a, miR-223,
miR-378, miR-455 and miR-486) overlap with those identified in TCGA data. Eight
mMiRNAs (miR-122, miR-1180, miR-199a, miR-182, miR-152, miR-125b, miR-18a and
miR-10a) with various expression levels in TCGA data were randomly selected and
evaluated by TagMan quantitative reverse transcription polymerase chain reaction (RT-PCR)
in 66 paired HCC tissues from CUMC. Seven out of 8 miRNASs had consistent fold-changes
as in TCGA data [Supplementary Table 3]. Only miR-152 showed an inconsistent fold-
change (1.01 in RT-PCR and -1.03 in TCGA). The raw expression data of 8 miRNAs were
showed in Supplementary Table 4.

Aberrant miRNAs panels associated with etiology-specific HCC

Subgroup analyses for three HCC-specific major etiologic factors (alcohol abuse, HBV and
HCV infection) by two-sample #tests, we identified 4 upregulated (miR-10b, miR-21,
miR-500a and miR-532) and 8 downregulated miRNAs panel significantly associated with
alcohol-related HCC [Table 3, Supplementary Figure 5A]. The 12-miRNAs panel can
distinguish alcohol-related HCC tumor from non-tumor with 3 misclassifications
[Supplementary Figure 5B]. There were panels of 7 and 4 significant aberrantly expressed
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miRNAs observed in HBV- or HCV-related HCC, respectively, with over 2-fold expression
changes [Table 3, Supplementary Figure 6]. These miRNA panels can also correctly classify
HBV-or HCV-infected tumors with 1-2 misclassifications [Supplementary Figure 7].
Comparison of significant miRNAs for HCCs with different etiologies and overall HCCs,
only miR-424 was consistently down-regulated among all HCC groups; miR-6b was only
significantly repressed in HBV-related HCC; and up-regulated miR-93 was identified in both
HBYV and HCV related HCC [Supplementary Figure 8A]. Several etiology-specific miRNAs
were identified that do not overlap with those found in overall HCC [Supplementary Figure
8B], but most significant miRNAs identified in etiology-specific HCC were also consistently
observed in overall HCC, which indicates that the fundamental mechanisms may be similar
for hepatocarcinogenesis regardless of etiology.However, the results should be
explainedwith caution because of the small sample sizes in subgroup analyses.

Exploring HCC “tumor type specific” and “common tumor” miRNAs panels

Using the same filtering criteria and statistical analysis strategies as for HCC, we examined
miRNA profiles in an additional 8 solid tumor types with TCGA data available on at least 40
paired tumor and adjacent non-tumor tissues. Different panels consisting of 15 to 52
significant miRNAs (P < 0.0001) with over 2-fold changes were obtained for these tumors
[Supplementary Figure 9]. Many more up-regulated miRNAs were found for LUAD, LUSC,
STAD and PRAD compared to HCC which had more down-regulated miRNAs
[Supplementary Figures 2 and 4]. Other tumors have similar numbers of up- or down-
regulated miRNAs. Our data for the first time revealed that certain miRNAs have “tumor
type specificity” and are only significant in one type of tumor, but not others, or aberrant
expression in one tumor type is in the opposite direction compared with all others.
Significantly down-regulated miR-24-1, miR-130a and miR-505 were only observed in HCC
tumors with fold-changes ranging from —2.27 to —3.7 [Figure 2]. Similar down-regulation
was confirmed by TagMan arrayin the validation set of HCC patients from CUMC although
only miR-24 and miR-130a achieved statistical significance [Supplementary Table 5]. The
expression pattern of the 3 miRNAs was consistently repressed in KIRC and PRAD, but was
not statistically significant. An up-regulated expression pattern was observed for 3 miRNAs
in HNSC, LUAD and STAD, but none was significant. Inconsistent regulation patterns (upor
down-) for the 3 miRNAs were obtained in BRCA, LUSC and THCA, suggesting HCC
tumor specificity for these miRNAs. We also identified 2 “tumor specific” miRNAs for
LUAD, 3 for PRAD, 4 for HNSC, 5 for BRCA, 6 for KIRC, and 8 for LUSA, STAD and
THCA (data not shown). These data provide promising evidence to justify further
investigation of “tumor type specific” miRNAs in other types of tumors.

We also identified 8 “tumor common” miRNAs fitting into the above definition including
up-regulated miR-21, miR-182, miR-183, and down-regulated miR-139, miR-144,
miR-101-2, miR-451, miR-486 [Figure 3]. Interestingly, the expression of miR-142 and
miR-455 were significantly down-regulated in HCC, but significantly upregulated in 5 other
solid tumors. The down-regulated expression pattern of miR-142 and miR-455 were
confirmed in the CUMC HCC validation set [Supplementary Table 5]. These results suggest
that miR-142 and miR-455 may be potential HCC “tumor specific” markers, but they should
be considered as “tumor common™ markers for 5 other tumor types.

Hepatoma Res. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shenetal. Page 8

Searching for target genes and biologically enriched pathways

Mirsystem was used to search for target genes of the 5 HCC “tumor specific” miRNAs
(miR-24-1, miR-130a, miR-505, miR-142 and miR-455). A total of 2,270 genes (1,937
unique genes) were obtained as the targets of at least one miRNA [Supplementary Table 6].
Among them, 619 genes were identified by 5 out of 7 predictive tools or are experimentally
validated miRNA-targets including 577 unique genes because some might be targeted by 2
or 3 miRNAs [Supplementary Figure 10]. Among target genes, 130 genes have been
associated with HCC in at least one previous report by comparing with Liverome database
(http://liverome.kobic.re.kr/).[21] Upon further evaluation for enriched biological function,
we identified several important biologic pathways, including transforming growth factor beta
(TGFB) receptor signaling pathway, endocytosis, signaling by epidermal growth factor
receptor, signaling by nerve growth factor (NGF), NGF signaling via tropomyosin receptor
kinase A from the plasma membrane, BMAL1: CLOCK/NPAS?2 activates circadian
expression and adherens junction [Supplementary Table 7], which confirmed the potential
biological role of HCC specific miRNAs involved in tumorigenesis.

DISCUSSION

The most interesting finding in the current study was significant down-regulation of
miRNAs (miR-24-1, miR-130a, miR-505, miR-142 and miR-455) in HCC tumor tissue that
showed “tumor type specificity” [Figure 2, Supplementary Table 5]. Additionally, a panel of
miRNAs (miR-21, miR-182, miR-183, miR-139, miR-144, miR-101-2, miR-451 and
miR-486) was first identified as “tumor common” markers that are significantly altered in
most solid tumors by comparing RNA-seq data from 9 different cancer types [Figure 3,
Supplementary Table 5]. A few miRNAs were also significantly dysregulated in etiology-
specific (alcohol drinking, HBV- or HCV- infection) HCC [Table 3, Supplementary Figures
5 and 6], suggesting the potential impact of different etiologies in addition to tumorigenesis
itself. However, most etiologic relevant miRNAs were also consistently observed in overall
HCC, indicating similar fundamental mechanisms involved in hepatocarcinogenesis
regardless of different etiologies. These candidate miRNAs may be applied to improve
clinical early diagnosis of HCC and more precise prevention and therapy. A similar research
strategy can be adopted to discover and verify other “tumor type specific” miRNAs and
promote early detection and precise treatment of different types of cancer.

Accumulating evidence based on genome-wide and candidate miRNA approaches have
uncovered miRNAs dysregulation in HCC acting as either oncogenes or tumor
suppressors.[22:23] A few but not all studies of the 5 “HCC tumor specific” miRNAs are
consistent. The expression of miR-24 was significantly reduced in HCC with cirrhosis
compared to adjacent cirrhotic tissue, suggesting an influence on hepatocyte carcinogenic
transformation of cirrhotic tissues.[24] Significant down-regulation of miR-130a was
observed in over 75% (78/102) of HCC tumor tissues.[25] The same repression pattern of
miR-130a was also found in HCV-infected human HCC cells[26] and rat liver tissue after
treatment with AFBy, a strong hepatocarcinogen.[27] A recent study found that miR-142-3p
and miR-142-5p were significantly downregulated in HCC.[28] The ectopic expression of
miR-142 significantly reduced HCC cell migration and invasion, and overexpression both
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miR-142-3p and miR-142-5p synergistically inhibited HCC cell migration, indicating their
cooperative regulatory role.[28] This result is supported by a mechanistic study
demonstrating that miR-142-3p can directly repress the expression of RACI (Ras-Related
C3 Botulinum Toxin Substrate 1), which regulates a diverse array of cellular events
including increased colony formation, migration and invasion in HCC cell lines.[29] Only
one study observed miR-455 significantly down-regulated in HCC tissue and serum in HCC
related to type I glycogen storage disease.[3%] The different up-regulation patterns of
miR-130a and miR-505 in other solid tumors (bladder,[31] breast,[32] gastric,[33] ovarian,[34]
colorectall3®] and non-small cell lung cancers[38]) provide further evidence for their potential
as HCC specific biomarkers.

However, inconsistent results were also observed in previous studies that suggest significant
up-regulation for some of “HCC specific” miRNAs. For example, miR-24 was found
significantly up-regulated in HCC tumor tissue, cell lines,[37:38] and serum compared with
healthy controls and/or chronic liver disease patients.[3%40] Serum miR-505 level was also
increased in HCC cases compared to controls.[41] The expression of miR-130a was
significantly higher in HCV-infected hepatocytes and liver biopsy specimens.[42] While in
prostate cancer[43] and glioblastoma,[44] miR-130a was significantly down-regulated
showing the same pattern as in HCC, indicating possible non-specificity as HCC biomarker.
It is known that certain miRNAs may act as both tumor suppressor and oncogene in a cell/
tissue specific manner or vary by etiology and cancer stage because they simultaneously
regulate multiple target genes involved in different biological pathways. The function of
miR-24 as a tumor suppressor can inhibit cell proliferation, migration and invasion by
regulating cMyc and E2F2 in HCC-derived HepG2 cell line,[4%] and Fascin homologue 1
(FSCNI) in nasopharyngeal carcinoma cell lines.[48] On the other hand, miR-24 acted as an
oncogene directly repressing SOX7 (Sex Determining Region Y-Box 7), a putative tumor
suppressor,[47] and overexpressed miR-24 led to inhibition of hepatocyte nuclear factor 4a
and initiated hepatocellular transformation through an epigenetic positive feedback circuit in
the absence of genetic alterations.[8] Tumor suppressor gene (p16)[49] and pro-apoptotic
protein FAF1[30] can be negatively regulated by miR-24 in cervical carcinoma, prostate,
gastric and HeLa cells. These data strongly suggested the complicated network of miRNA
alterations in tumorigenesis that needs further clarification.

Several “tumor common” miRNAS have been extensively studied in HCC, as well as in
various other cancers, but have not been recognized for their generalizability as “tumor type
non-specific” biomarkers. The over-expression of miR-21 has been commonly observed in
HCC tumor compared to adjacent non-tumor tissues, as well as in the circulation of patients
with HCC. The overall pooled results from a diagnostic meta-analysis of miR-21 revealed a
sensitivity of 74% and a specificity of 78%[®1 for HCC classification that is far from ideal
for clinical application. Meanwhile, miR-21 was also significantly up-regulated in other
cancer types (breast, colorectal, esophageal, gastric, lung, pancreatic and prostate), and the
overall predictive sensitivity and specificity were, respectively 76% and 79%,[52] which were
similar to HCC. The cluster of miR-182/miR-96/miR-183 located within 2-4 kb at
chromosome 732 functions as micro-oncogenes in carcinogenesis and the metastatic
cascade. Two members (miR-182, miR-183) of this cluster showed frequent up-regulation in
HCC.[53] The expression of miR-182 was also consistently increased in 14 other cancer
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types and miR-183 was up-regulated in 9 others.[53] Down-regulation of miR-139, miR-144,
miR-101-2, miR-451 and miR-486 was also reported in various cancer types besides HCC.
These observations are biologically plausible because the “tumor common” miRNAs and
their target genes participate in general carcinogenic processes and tumorigenic pathways,
such as p53, phosphatase and tensin homolog, fibroblast growth factor receptor 3, DNA
damage/repair, apoptosis, angiogenesis, cell cycle, phosphoinositide 3-kinase, mitogen-
activated protein kinase, TGFB, NOTCH, and Wnt signaling pathways, etc.[54-56] Therefore,
“tumor common” miRNAs aberrantly expressed in various tumors may provide clues to
further investigate their common similar underlying mechanisms in tumorigenesis. If
verified, the miRNA signatures may be promising targets for precision cancer prevention
and therapy. However, these miRNAs may have limited power as diagnostic tools to detect
specific cancer type because of their “non-specificity”.

The advantages of the current research include a two-phase study design using a discovery
and independent validation sample sets, paired tumor/non-tumor tissues, and unpaired
tissues to verify promising miRNAs; simultaneously analyzing miRNA sequencing data in
multiple cancer types that allows us to identify “HCC specific” and “tumor common”
miRNAs panels. We used the most stringent criteria to select miRNAs for the final data
analyses, i.e., RPMM = 10 in at least 90% of samples and A-value < 0.0001 as the significant
level to adjust for multiple comparisons. Other studies, such as Wojcicka et a/>7] analyzed
miRNAs (GSE63046) passing the criteria of RPMM = 5 in samples with over 50%
detectable rate; Zhang et a/[58] excluded miRNAs with missing data exceeding 10% of all
subjects but without precluding unreliable sequencing reads less than 10, which may lead to
biased results or identify miRNAs with too much missing data, and are unable to be applied
in clinical samples.

In interpreting the results, some drawbacks need to be recognized. First, for some miRNAs,
the results are not in agreement with previous studies. For example, miR-122 was identified
as the most abundant miRNAs in liver tissue previously,[9.6% but is only the 7th in the
TCGA data; miR-3591 has been reported as abundant in liver tissue,[6% but is not even
detectable in TCGA data. So we may miss a few important candidates due to different
detection techniques (RNA-seq, microarrays and RT-qPCR); different approaches and
criteria for data processing and analysis, and the heterogeneity of tumor tissue itself. Second,
5 identified “HCC specific” miRNAs were all down-regulated in tumor tissue, which
requires more sensitive methods of detection for future clinical application. It is known that
RNA-seq has a better sensitivity than RT-gPCR,[6] but the latter is more accurate and
usually used for the validation of candidate miRNAs.[62] We also observed that the changes
of miRNAs in tumor tissue detected by RT-qgPCR were minor compared to those by RNA-
seq [Supplementary Table 3]. Even more challenging is to measure these miRNAs in
circulation in pre-diagnostic samples, which strongly suggests a dire need for development
of more sensitive PCR-based assays that can be used in large population studies.

In conclusion, our study identified 33 miRNAs significantly aberrantly expressed in HCC
tumors with over 2-fold changes, and for the first time distinguished 5 of them as having

“HCC tumor type specificity”, while another 8 are “tumor common” alterations. We also
found several etiology-related miRNA panels, but most overlap with those observed in
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overall HCC. These findings have promising applications to better understand the common
mechanisms underline tumorigenesis and improve precision prevention and therapy for
specific cancers by targeting tumor specific miRNAS. Large retrospective and prospective
studies to evaluate miRNA changes in circulation and trends during cancer development are
warranted.
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Figurel.
Hierarchical cluster analysis of 33 significantly differentially expressed miRNAs between 48

paired tumor and adjacent non-tumor tissues. Most miRNAs are down-regulated (green),
while a few are up-regulated (red) in tumor tissues. The panel of miRNAs can well classify
tissue types with 4 misclassified tumor and non-tumor tissues
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Figure 2.

Hepatocellular carcinoma (HCC) “tumor specific” miRNA expression patterns (fold-changes
and standard errors) compared to 8 other types of solid tumors. Three miRNAs (miR-24-1,
miR-130a and miR-505) were significantly down-regulated in HCC with over 2-fold
changes. Although the expression pattern of 3 miRNASs was consistently repressed in kidney
renal cell carcinoma (KIRC) and prostate adenocarcinoma (PRAD), none were statistically
significant. An up-regulated expression pattern was observed for the 3 miRNAs in head and
neck squamous cell carcinoma (HNSC), lung adenocarcinoma (LUAD) and stomach
adenocarcinoma (STAD), but also no significant difference. Both up- and down-regulation
patterns were obtained for the 3 miRNAs in female breast invasive carcinoma (BRCA), lung
squamous cell carcinoma (LUSC) and thyroid carcinoma (THCA), suggesting their tumor
specificity
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Figure 3.
Expression patterns (fold-changes and standard errors) of 10 “tumor common” miRNASs in

different types of solid tumors. MiR-182, miR-182, miR-21, miR-142 and miR-455 were
significantly up-regulated, and miR-139, miR-144, miR-101-2, miR-451 and miR-486 were
significantly down-regulated for most of tumor types. Interestingly, miR-142 and miR-455
were significantly down-regulated in HCC and is in the opposite direction from the five
other solid tumors, suggesting their potential as “HCC tumor specific” markers. HCC:
hepatocellular carcinoma
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Differentially expressed miRNAs between 48 paired hepatocellular carcinoma tumor and non-tumor tissues

miRNAs Geometric mean of RPM in tumor Geometric mean of RPM in non- Fold-change  P-value FDR
tissue tumor tissue
Upregulated
miR-10b 15,976.87 1,435.06 11.13 <1e-07 < le-07
miR-183 1,451.95 261.13 5.56 < le-07 < 1le-07
miR-182 4,034.39 971.8 4.15 1.00E-07 4.50E-07
miR-452 161.94 52.46 3.09 6.00E-07  2.30E-06
miR-21 165,875.22 73,641.4 2.25 < le-07 < 1le-07
Downregulated
miR-199a-1 242.98 1,308.64 -5.26 <1e-07 < le-07
miR-199a-2 404.21 2,176.44 -5.26 < le-07 < 1le-07
miR-199b 490.46 2,611.64 -5.26 < 1e-07 < le-07
miR-139 101.67 426.13 -4.17 <1e-07 < le-07
miR-375 1,338.06 5,364.67 -4.00 1.87E-05 5.50E-05
miR-424 133.58 537.65 -4.00 < 1e-07 < le-07
miR-130a 37.45 140.38 -3.70 <1e-07 < le-07
miR-451 382.94 1,433.49 -3.70 < le-07 < 1le-07
miR-144 94.72 315.05 -3.33 < 1e-07 < le-07
miR-142 996.3 2,968.42 -2.94 <1e-07 < le-07
miR-486 94.12 279.26 -2.94 < le-07 < 1le-07
miR-99a 535.01 1,568.16 -2.94 < 1e-07 < le-07
let-7c 1,921.73 5,196.5 -2.70 <1e-07 < le-07
miR-101-2 67.78 176.16 -2.63 < le-07 < 1le-07
miR-145 830.74 2,177.06 -2.63 < 1e-07 < le-07
miR-379 470.22 1,209.95 -2.56 2.00E-07 8.27E-07
miR-150 218.83 546.98 -2.50 5.20E-06 1.69E-05
miR-223 90.56 228.55 -2.50 < 1e-07 < le-07
miR-24-1 34.72 85.92 -2.50 <1e-07 < le-07
miR-125b-1 445.23 1,078.99 —2.44 < le-07 < 1le-07
miR-542 195.84 462.64 -2.38 < 1e-07 < le-07
miR-101-1 18,399.45 42,453.11 -2.33 <1e-07 < le-07
miR-10a 10,426.51 23,842.5 -2.27 6.00E-07 2.30E-06
miR-134 138.39 318.13 -2.27 9.10E-06  2.90E-05
miR-378 767.99 1,756.29 -2.27 <1e-07 < le-07
miR-455 681.31 1,547.61 -2.27 3.40E-06 1.13E-05
miR-505 66.11 149.37 -2.27 < 1e-07 < le-07
miR-29¢c 2,061 4,281.77 -2.08 <1e-07 < le-07

RPM: reads per million mapped miRNAs reads; FDR: false discovery rate
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Table 2

Accuracy of hepatocellular carcinoma tumor tissues classification by 33 significant miRNAs panel

Classification Sensitivity  Specificity PPV~ NPV Correct classification (%) Misclassification (%)
48 paired tumors 0.917 1.000 1.000 0.923 95.9 4.1
302 unpaired tumors 0.990 0.979 0.997 0.940 98.5 15

PPV: positive predictive value; NPV: negative predictive value
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Table 3

Aberrant miRNAs associated with etiologic specific HCC tumors

Page 21

Etiologies miRNAs Geometric mean of RPM Geometric mean of RPM Fold-change  P-value FDR
in tumor tissue in non-tumor tissue
%;:oholic HCC (n= miR-10b 12,283.98 1,395.27 8.80 2.60E-06  7.96E-05
miR-21 189,758.19 68,433.86 2,77 3.00E-07 1.15E-05
miR-500a 423.56 165.36 2.56 5.73E-05 7.57E-04
miR-532 1491.55 607.79 2.45 2.47E-05 4.20E-04
miR-424 98.38 483.13 -5.00 1.00E-07  7.65E-06
miR-3607 43.77 221.60 -5.00 5.60E-06 1.22E-04
miR-139 101.16 487.34 -4.76 2.00E-07 1.02E-05
miR-130a 48.83 152.77 -3.13 8.60E-06 1.64E-04
miR-24-1 32.81 96.18 -2.94 < le-07 < 1e-07
miR-29¢ 1,510.76 4,355.13 -2.86 4.31E-05 6.59E-04
miR-101-1 16,403.75 45,299.71 -2.78 3.60E-06  9.18E-05
miR-101-2 81.66 189.96 -2.33 7.73E-05 9.10E-04
H %;-related HCC (n miR-532 1,665.49 605.92 2.75 6.40E-05 1.40E-03
miR-93 5448.5 2,193.92 2.48 5.11E-05 1.30E-03
miR-21 205,313.3 84,355.47 2.43 1.60E-06 8.16E-05
miR-424 85.19 535.38 -6.25 <1e-07 < le-07
miR-139 104.28 383.68 -3.70 2.22E-05 6.79E-04
miR-24-1 28.91 73.80 -2.56 1.50E-06 8.16E-05
miR-26b 865.69 2,027.85 -2.33 1.04E-05 3.98E-04
Hg}g—related HCC (n miR-93 5,978.72 1,423.17 4.20 1.99E-05 1.60E-03
miR-500a 457.17 125.83 3.63 9.53E-05 3.65E-03
miR-424 91.62 611.42 -6.67 3.13E-05 1.60E-03
miR-3607 46.28 249.57 -5.26 2.90E-05 1.60E-03

RPM: reads per million mapped miRNAs reads; HCC: hepatocellular carcinoma; HBV: hepatitis B virus; HCV: hepatitis C virus; FDR: false

discovery rate
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