
A comprehensive study of smoking-specific microRNA 
alterations in head and neck squamous cell carcinoma

Aswini R Krishnan1,*, Hao Zheng1,*, James G Kwok1,*, Yuanhao Qu1,*, Angela E Zou1, 
Avinaash Korrapati1, Pin Xue Li1, Joseph A Califano1, Melbourne F Hovell2, Jessica Wang-
Rodriguez3, and Weg M Ongkeko1,†

1Department of Otolaryngology-Head and Neck Surgery, University of California, San Diego, La 
Jolla, California, United States of America

2Graduate School of Public Health, San Diego State University, San Diego, California, United 
States of America

3Veterans Administration Medical Center and Department of Pathology, University of California 
San Diego, La Jolla, California, United States of America

Abstract

Objective—While tobacco smoking is a well-known risk factor for head and neck squamous cell 

carcinoma (HNSCC), the molecular mechanisms underlying tobacco-induced HNSCC remain 

unclear. This study sought to comprehensively identify microRNA (miRNA) alterations and 

evaluate their clinical relevance in smoking-induced HNSCC pathogenesis and progression.

Materials and methods—Using small RNA-sequencing data and clinical data from 145 

HNSCC patients, we performed a series of differential expression and correlation analyses to 

identify a panel of tobacco-dysregulated miRNAs associated with key clinical characteristics in 

HNSCC. We then examined the expression patterns of these miRNAs in normal epithelial cell 

lines following exposure to cigarette smoke extract.

Results—Our analyses revealed distinct panels of miRNAs to be dysregulated with smoking 

status and associated with additional clinical features, including tumor stage, metastasis, anatomic 

site, and patient survival. The differential expression of key miRNAs, including miR-101, 

miR-181b, miR-486, and miR-1301, was verified in cigarette-treated epithelial cell lines, 

suggesting their potential roles in the early development of smoking-related HNSCCs.
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Conclusion—Specific alterations in miRNA expression may be traced to tobacco use and are 

associated with important HNSCC clinical characteristics. Future studies of these miRNAs may be 

valuable for furthering the understanding and targeted treatment of smoking-associated HNSCC.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) affects more than 650,000 people 

annually, with 5-year mortality rates exceeding 50% [1, 2]. Because HNSCCs are linked to 

several distinct risk factors, including tobacco use, alcohol consumption, and HPV infection 

[3], and arise in a number of different sites within the head and neck region, they collectively 

exhibit significant heterogeneity at the molecular and genetic level and disparate response to 

treatment and clinical outcome.

Tobacco is the predominant etiological agent of HNSCC, with previous studies showing that 

68% of HNSCC patients have previous history of smoking [4]. However, despite strong 

clinical evidence implicating smoking in HNSCC, the full spectrum of molecular 

mechanisms underlying tobacco-induced HNSCC onset and progression have not been fully 

elucidated [4, 5]. Currently, it is widely accepted that tobacco smoke promotes HNSCC 

pathogenesis via the genotoxic effects of its constituents, including nitrosamines and 

polycyclic hydrocarbons [6, 7]. These carcinogens bind covalently to DNA, resulting in the 

formation of DNA adducts, which, if unrepaired, can activate oncogenes such as Kras and 

inactivate tumor suppressors such as TP53 [8, 9]. Additional studies suggest that tobacco 

smoke epigenetically interferes with cellular function, such as through hypermethylation of 

p16INK4a and E-cadherin (CDH1)[10].

In contrast, considerably less characterized are the specific effects of tobacco smoke on the 

expression and function of microRNAs (miRNAs), a class of small non-coding RNA 

molecules involved in RNA silencing and post-transcriptional gene regulation that have been 

increasingly viewed as key players in cancer development and progression [11]. Recent 

studies have heavily implicated miRNA dysregulation in HNSCC, suggesting miRNAs 

circulating in the blood, serum, or plasma may potentially serve as promising biomarkers for 

oral cancer [12]. Past findings indicate that differences in tumor etiology, clinical phenotype, 

and patient prognosis may be associated with the expression patterns of specific miRNAs 

[13-15]. Our previous investigation of non-coding RNAs in HNSCC, for instance, confirmed 

that miRNAs including miR-196, miR-21, and miR-31 are consistently upregulated in 

HNSCC tumors, while other miRNAs, including miR-375, the miR-29 family, miR-204, and 

miR-99, are widely downregulated in HNSCC, irrespective of etiology [15]. Yet in an 

additional study, we found that miR-30a and miR-934 were upregulated only specifically in 

alcohol-associated HNSCC [16]. These results suggest that a distinct panel of miRNAs may 

also be regulated by tobacco smoke and mediate previously unknown functions in the 

pathogenesis of smoking-induced HNSCC.
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In this study, we aimed to comprehensively identify and analyze the expression patterns of 

miRNAs that are specifically regulated by tobacco smoke in the context of HNSCC 

pathogenesis and progression. Utilizing small RNA-sequencing data and clinical data from 

145 HNSCC patients in the TCGA database, we performed differential expression and 

correlation analyses to identify smoking-dysregulated miRNAs that are also associated with 

clinical characteristics such as patient survival, clinical stage, tumor site, and metastasis. 

Finally, we verified the dysregulation of these smoking-associated miRNAs in normal 

epithelial cell lines treated with cigarette smoke extract, to further establish their potential 

involvement in the early stages of smoking-induced HNSCC pathogenesis.

Materials and Methods

miRNA-sequencing datasets and clinical data

Level 3-normalized miRNA expression datasets for 145 HNSCC patients were obtained on 

12 April 2016 from The Cancer Genome Atlas (TCGA) (https://tcga-data.nci.nih.gov/tcga). 

The TCGA barcodes for all patients whose datasets were used in this study are provided in 

Supplementary Table 1. Patient clinical data, including smoking status, were downloaded 

from the TCGA Data Portal on 20 March 2015 (https://tcga-data.nci.nih.gov/tcga/

findArchives.htm).

miRNA differential expression analyses

HPV(-) patients were separated into two cohorts based on reported smoking history: 

HNSCC current smokers and normal lifelong nonsmokers. miRNA read counts were 

extracted from the TCGA Level 3 gene expression files. The read count tables were 

imported into edgeR v3.0 (http://www.bioconductor.org/packages/release/bioc/html/

edgeR.html) [15], and lowly expressed miRNAs (counts-per-million < 1 in more than one-

half of samples) were filtered from the analysis. Following TMM (trimmed mean of M 

values) normalization, pairwise designs were applied to identify significantly differentially 

expressed miRNAs between the two cohorts. Candidate miRNAs were filtered based on 

cutoffs for fold change magnitude (≥ 4 between two cohorts) and false discovery rate (FDR) 

≤ 10–4. CircosPlot software was used to produce a circular representation of the genome-

wide expression of candidate miRNAs [17].

Association of miRNA expression with clinical covariates and patient survival

Candidate miRNAs dysregulated between HPV(−) Smoking HNSCC and HPV(−) 

Nonsmoking Normal cohorts were evaluated for clinical significance. Employing the 

Kruskal-Wallis test, we investigated miRNA association with anatomic neoplasm 

subdivision, clinical and pathologic stages, lymphovascular and perineural invasion, and 

pathological nodal extracapsular spread, using clinical data and miRNA expression values 

(cpm) from HPV(−) smoking HNSCC patients. In clinical stage analyses, patients with 

Stage I and II were classified as “Early Stage” and patients with Stage III and IV were 

classified as “Late Stage.” Patients with no available information for a given characteristic 

were filtered from analyses involving that variable.
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Survival analyses were performed using the Cox proportional hazards model, with miRNA 

expression in HNSCC tumors designated as a binary variable based on expression above or 

below the median. Because HPV status has been shown to profoundly influence molecular 

signatures and clinical outcomes in HNSCC, we limited our cohort to HPV(−) HNSCC 

Smokers to minimize confounding variables. We first performed univariate Kaplan-Meier 

analysis and univariate Cox regression analysis to identify candidates significantly 

associated with patient outcome (p < 0.05), and then performed multivariate Cox analysis to 

evaluate whether correlations were independent of clinical variables such as race, age, 

clinical stage, and status of lymphovascular invasion.

Cell culture

HaCaT, a spontaneously transformed immortal keratinocyte cell line derived from human 

skin, was a generous gift from Dr. Victor Nizet at the Center for Immunity, Infection, and 

Inflammation of the UC San Diego School of Medicine. The cells were cultured in DMEM 

supplemented with 10% fetal bovine serum, 2% penicillin/streptomycin, and 2% L-

glutamate (GIBCO) and maintained at 37°C in a humidified 5% CO2/95% air atmosphere.

Normal, early passage, oral epithelial cell line OKF4 (derived from the floor of the mouth) 

was a generous gift from the Rheinwald Lab at Harvard Medical School. The cells were 

cultured in keratinocyte serum-free media (Life Technologies) supplemented with EGF, 

bovine pituitary extract, 2% L-glutamine, 2% penicillin/streptomycin, and CaCl2 and 

maintained at 37°C in a humidified 5% CO2/95% air atmosphere.

Cigarette treatment

The cigarette-treated media was made using Marlboro Red filter cigarettes, which were 

determined by the Federal Trade Commission in a 2000 report to contain 1.2 mg of nicotine 

per cigarette. Cigarette vapor was pulled through media using negative pressure, and the 

resulting extract was filter-sterilized with a 0.2 μm pore-size filter before treating cell 

cultures. One-time 24-hour treatment was performed with 0.1% cigarette extract.

Quantification of miRNA expression by qRT-PCR

Total RNA was isolated (Fisher Scientific) from cultured cells following treatment with 

cigarette. cDNA was synthesized using the QuantiMiR™ RT kit (System Biosciences) as per 

the manufacturer's instructions. Real-time PCR reaction mixes were created using FastStart 

Universal SYBR Green Master Mix (Roche Diagnostics), and run on a StepOnePlus™ Real-

Time PCR System (Applied Biosystems) using the following program: 50°C for 2 min, 95°C 

for 10 min, 95°C for 30 s, and 60°C for 1 min, for 40 cycles. Experiments were analyzed 

using the ddCt method. U6 primers and a Universal Reverse Primer were used from the 

QuantiMiR™ RT kit, and custom primers (Integrated DNA Technologies) were ordered 

using the sequences listed in Supplementary Table 3.
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Results

Identification of smoking-dysregulated miRNAs

In order to identify miRNAs specifically dysregulated in smoking-related HNSCC, we 

examined 145 RNA-seq datasets from TCGA with available clinical data (dataset IDs in 

Supplementary Table 1). We aimed to observe miRNAs purely involved in smoking-related 

HNSCC pathogenesis by attempting to eliminate two potentially confounding factors. First, 

only current smokers as opposed to former smokers were used in the HNSCC smoking 

cohort, as former smokers are thought to possess decreased cancer risk and thereby distinct 

HNSCC molecular profiles based on time since smoking cessation[18]. Second, only 

HPV(-) patients were used in our analysis, as HPV(+) disease has been suggested to display 

a unique set of molecular alterations and clinical profiles compared to HNSCCs of other 

etiologies[19]. Using negative binomial-based differential expression testing, we compared 

miRNA expression between HNSCC smoking and normal lifelong nonsmoking cohorts, 

identifying 170 dysregulated miRNAs (FDR<0.05; Fig 1; Supplementary Table 2).

Clinical significance of smoking-dysregulated miRNAs in HNSCC

Recent studies suggest that even HNSCCs of the same etiology can become highly 

heterogeneous tumors that differ in location, pathogenesis, and treatment [6]. Therefore, we 

assessed the clinical and functional potential of all 170 smoking-specific miRNAs in the 

context of HNSCC clinical features to better understand their role in modulating tumor 

phenotype and clinical outcome in HNSCC. Analyses were performed using only data from 

HPV(-) HNSCC smokers in order to minimize the confounding influence of HPV infection 

on miRNA expression patterns. Specifically, we evaluated miRNA expression relative to 

four clinical variables in HNSCC: anatomic site, tumor stage, tumor metastasis, and patient 

survival.

Using the Kruskal-Wallis test (p<0.05), we identified 45 miRNAs to exhibit variable 

expression in HPV(-) smoking-associated HNSCCs of different anatomical sites. Notably, of 

these 45 miRNAs, we identified 17 out of 26 upregulated miRNAs (including miR-9-1, 

miR-9-2, miR-103b, miR-310b, and miR-345) to exhibit significantly elevated expression in 

oropharyngeal tumors while all 19 downregulated miRNAs (including miR-29c, miR-30a, 

miR-100, miR-299, and miR-375) exhibited significantly lowered expression in 

oropharyngeal tumors, suggesting the potential of these miRNAs to specifically play a role 

in modulating malignancies of the oropharynx (Fig 2). Our analysis also revealed several 

miRNAs to associate significantly with clinical and pathologic stage, with downregulated 

miRNAs miR-101-1 and miR-375 displaying significantly reduced expression in multiple 

measures of higher stage (Kruskal-Wallis, p<0.05; Fig 3). Among a panel of miRNAs 

correlating with metastatic variables, upregulated transcripts miR-181b-1 and miR-196a-1 

exhibited significantly elevated expression in tumors exhibiting perineural invasion, 

lymphovascular invasion, and/or nodal extracapsular spread, suggesting their potential role 

in mediating HNSCC metastasis (Kruskal-Wallis, p<0.05; Fig 4).

We then examined all 170 candidate miRNAs for association between expression level and 

overall survival among HPV(-) HNSCC smoking patients with available data (n=140) using 
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univariate Cox regression analysis. Modeling miRNA expression as a binary variable (high/

low), we found that relative high expression of two upregulated miRNAs (miR-9-3 and 

miR-520g) and relative low expression of two downregulated miRNAs (miR-215 and 

miR-29a) significantly associated with poor patient survival (p<0.05, Fig 5). Multivariate 

Cox regression analyses were further performed on these genes to ensure that their 

association with patient outcome was independent of prognostic factors such as race, age, 

clinical stage, and status of lymphovascular invasion (Supplementary Table 3).

In vitro validation of smoking-induced miRNA dysregulation

In order to verify the association of our most clinically relevant miRNAs with smoking, we 

assessed their expression levels in the normal human epithelial cell lines HaCaT and OKF4 

before and after exposure to cigarette smoke extract. Normal epithelial cells were used in 

order to evaluate whether smoking directly promotes dysregulation of the miRNAs as an 

early event in malignant transformation. In order to remain consistent with our analysis of 

miRNA dysregulation in current smokers and evaluate the immediate dysregulation of 

miRNAs after cigarette exposure, we performed a 24-hour treatment on our cells with 

0.1mM cigarette smoke extract. Even with short-term exposure, we found miR-101-1, which 

associated with clinical stage, to be downregulated in both HaCaT and OKF4, consistent 

with the TCGA analysis. Similarly, we found miR-1301, which associated with anatomic 

site, miR-181b-1, which associated with metastasis, and miR-486 to exhibit upregulation in 

both cell lines, verifying the expected direction of dysregulation from TCGA data (Fig 6).

Discussion

To the best of our knowledge, we are the first to globally profile miRNA alterations in 

smoking-specific HNSCC. Previous profiles of miRNA expression in HNSCC suggest that 

head and neck malignancies display heavily etiology-dependent molecular landscapes [16, 

20, 21]. Furthermore, studies on smoking-induced miRNA dysregulation in lung and rectal 

carcinomas suggest that smoking status plays a significant role in producing etiology-

specific miRNA alterations, and therefore may do so in HNSCC as well [22, 23].

Using RNA-seq data of 145 patients from TCGA, we identified 170 miRNAs to be 

differentially expressed between HNSCC Current Smokers vs. Normal Lifelong 

Nonsmokers. Next, in order to further assess the roles of our miRNAs in promoting varied 

phenotypes of smoking-specific HNSCC, we associated expression of all 170 miRNAs with 

HNSCC clinical characteristics. Our studies revealed distinct sets of miRNAs to be 

significantly implicated in progression of different clinical features, including tumor stage, 

metastasis, anatomic site, and patient survival.

Our analysis indicated smoking-downregulated miRNAs miR-101-1 and miR-375 in 

particular to display significant decrease of expression with higher tumor stage. This is 

especially important, considering that HNSCC of early clinical stages (stages I and II) are 

known to display 5-year survival rates between 70-90%, relatively independent of tumor 

sublocation, while HNSCCs of late clinical stages (stages III and IV) are limited to a 50% 

complete response rate, with significantly varied survival based on tumor histology and 

sublocation. Previously, miR-101 has been recognized for widespread downregulation in 
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multiple cancers including breast, gastric, thyroid, and head and neck malignancies, as well 

as for its ability to inhibit cell proliferation, migration, and invasion [24-26]. In HNSCC in 

particular, miR-101 loss is thought to induce these phenotypes by upregulating histone 

methyltransferase EZH2, which in turn downregulates rap1GAP, a critical tumor suppressor 

downregulated in many aggressive cancers [27]. Similarly, among induction of various 

cancer phenotypes, low miR-375 expression has been found to associate with higher clinical 

stage in pancreatic cancer and poor outcome and increased metastasis in HNSCC, 

potentially by directly upregulating the oncogene AEG-1/MTDH which interferes with 

signaling pathways including PI3K/Akt, NF-κB, Wnt/β-catenin and MAPK [28-31]. Our 

findings therefore support the putative role of miR-101-1 and miR-375 in suppressing 

progression of HNSCC and modulating stage-associated phenotypes.

Metastasis is one of the most important factors in HNSCC treatment, with past studies 

indicating even a single micrometastasis to a lymph node to produce a significant difference 

in HNSCC recurrence and survival [32]. Our correlations of our 170 smoking-dysregulated 

miRNAs to perineural and lymphovascular invasion, two primary routes of HNSCC 

metastasis, and extracapsular nodal spread revealed upregulation of miR-181b-1 and 

miR-196a-1 to significantly associate with multiple metastatic factors, suggesting their 

ability to modulate metastatic-specific phenotypes in smoking-related HNSCC. Past studies 

indicate miR-181b to be significantly upregulated during progression of oral leukoplakia to 

invasive carcinoma, as well as in oral squamous cell carcinoma patients with lymph node 

metastasis, substantiating our present findings [33, 34]. miR-196a has also been found to 

exhibit upregulation in head and neck, ovarian, gastric, pancreatic, and colorectal cancers, 

possibly through interaction with the HOX family of transcription factors, but the exact 

mechanisms of both miR-181b and miR-196a functionality in HNSCC remain to be studied 

[35-38].

The various anatomic locations at which HNSCCs can occur are a significant contributor to 

its heterogeneity. Our study highlights 10 smoking-associated miRNAs exhibiting 

differential expression based on tumor site. Additionally, we found that 65% of smoking-

upregulated miRNAs and all smoking-downregulated miRNAs exhibit significantly higher 

or lower expression, respectively, in tumors of the oropharynx, suggesting that 

oropharyngeal carcinomas may be more significantly modulated by these miRNAs. A 

previous finding that smoking contributes to 42% of oropharyngeal cases worldwide, in 

contrast to 16% from alcohol usage, is further suggestive of a correlation between smoking-

induced alterations and oropharyngeal malignancies [39].

Analysis of all smoking-dysregulated miRNAs with respect to patient survival revealed 4 

miRNAs that significantly associated with patient outcome, including miR-9-3 and miR-29a, 

members of the miR-9 and miR-29 families, respectively, that had other members implicated 

in anatomic site and tumor stage. Notably, high expression of miR-9-3 associated with poor 

patient survival, but past evidence on the role of miR-9 is conflicting. While studies of breast 

and liver cancer suggest miR-9 to be upregulated in carcinomas and to promote cell motility 

by targeting CDH1, interestingly, head and neck cancer studies have revealed significant 

miR-9-3 methylation in oral carcinomas and decreased cell proliferation and invasion with 

miR-9 overexpression [40-42]. Our data, conflicting with previous studies on miR-9 
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involvement in HNSCC, suggests that various genetic and epigenetic factors must be further 

studied to explain the pathways of the miRNA's functionality in different malignancies as 

well as within HNSCC itself.

We found miR-101-1, miR-181b-1, miR-486, and miR-1301 to be consistently upregulated 

in normal epithelial cell lines treated with cigarette smoke extract, suggesting the potential 

of these miRNAs to participate in the early stages of HNSCC pathogenesis and progression. 

While our study presents a comprehensive overview of smoking-induced miRNA 

dysregulation in HNSCC, some phenomena still remain unexplained, most importantly a 

lack of more overlap in miRNAs involved in proliferation, metastasis, and survival. For 

example, in vitro and clinical studies have identified miR-375 to associate with metastasis 

and outcome, yet our data only revealed a correlation with stage [28]. Further studies 

integrating additional datasets outside of TCGA and more comprehensive clinical histories 

could be used to validate our present findings and provide more meaningful conclusions on 

etiology-specific phenomena. Overall, our findings provide further evidence on the massive 

heterogeneity of HNSCCs, even among cases of the same etiology, and suggest the necessity 

to further investigate the genetic and transcriptional mediators involved in pathogenesis and 

progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• RNA-seq analysis implicated 170 microRNAs in smoking-induced HNSCC

• Distinct panels of microRNAs correlated with tumor site, stage, and 

metastasis

• 4 microRNAs associated with patient survival

• In vitro treatment with cigarette smoke extract verified microRNA 

dysregulation
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Fig. 1. 
(A) Schematic illustrating the analysis approach used to identify smoking-dysregulated 

miRNA candidates (p<0.05, FDR < 0.05). (B) Smoking status and miRNA expression 

patterns. Comparison of miRNA expression between the adjacent normal tissue of HPV(-) 

lifelong nonsmokers (average of 9 cases, inside circle) and primary tumor of HPV(-) 

HNSCC current smokers (average of 136 cases, outside circle).
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Fig. 2. 
Boxplots indicating significant variation of (A) smoking-upregulated miRNA expression and 

(B) smoking-downregulated miRNA expression with anatomic tumor sites (Kruskal-Wallis, 

p < 0.05).
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Fig. 3. 
Boxplots associating expression of smoking-dysregulated miRNAs to (A) clinical stages, (B) 

clinical T stage, (C) pathologic T stage and (D) pathologic N stage (Kruskal-Wallis, p < 

0.05). In clinical stage analyses, patients with Stage I and II were classified as “Early Stage” 

and patients with Stage III and IV were classified as “Late Stage.”
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Fig. 4. 
Boxplots correlating expression of smoking-dysregulated miRNAs to (A) perineural 

invasion (B) lymphocascular invasion and (C) pathological nodal extracapsular spread 

(Kruskal-Wallis, p < 0.05).
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Fig. 5. 
Kaplan-Meier curves depicting survival outcomes based on relative high and low expression 

of candidate miRNAs dysregulated by smoking (p<0.05). Hazard ratio with 95% confidence 

interval are presented for each survival correlation.
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Fig 6. 
qRT-PCR verifies that 0.1% cigarette treatment dysregulates miR-101-3p, miR-101-5p, 

miR-181b-3p, miR-486-3p, and miR-1301-5p in HaCaT and OKF4. All bar graphs are 

presented with mean and error bars representing standard deviations. *p< 0.05, **p<0.01, 

***p<0.001, Student's t-test.
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