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Abstract

Objective—Smoking remains a primary etiological factor in head and neck squamous cell 

carcinoma (HNSCC). Given that non-coding RNAs (ncRNAs), including PIWI-interacting RNAs 

(piRNAs), have emerged as mediators of initiation and progression in head and neck malignancies, 

we undertook a global study of piRNA expression patterns in smoking-associated HNSCC.

Materials and Methods—Using RNA-sequencing data from 256 current smoker and lifelong 

nonsmoker samples in The Cancer Genome Atlas (TCGA), we analyzed the differential expression 

patterns of 27,127 piRNAs across patient cohorts stratified by tobacco use, with HPV16 status and 

tumor status taken into account. We correlated their expression to clinical characteristics and to 

smoking-induced alteration of PIWI proteins, the functional counterparts of piRNAs. Finally, we 

correlated our identified piRNAs and PIWI proteins to known chromosomal aberrations in 

HNSCC to understand their wider-ranging genomic effects.

Results and Conclusion—Our analyses implicated a 13-member piRNA panel in smoking-

related HNSCC, among which NONHSAT123636 and NONHSAT113708 are associated with 

tumor stage, NONHSAT067200 with patient survival, and NONHSAT081250 with smoking-
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altered PIWIL1 protein expression. 6 piRNAs as well as PIWIL1 correlated with genomic 

alterations common to HNSCC, including TP53 mutation, TP53-3p co-occurrence, and 3q26, 
8q24, and 11q13 amplification. Collectively, our findings provide novel insights into the etiology-

specific piRNA landscape of smoking-induced HNSCC.
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Introduction

Head and neck squamous cell carcinomas (HNSCCs) represent the sixth deadliest cancer 

worldwide [1, 2]. Despite advances in diagnosis and treatment, HNSCC patient mortality 

has improved minimally over the past three decades [3]. HNSCC risk factors include 

tobacco smoking, alcohol consumption, and more recently, HPV infection [4, 5]; however, 

tobacco remains the most potent and longstanding etiological agent, increasing disease risk 

by up to 25-fold [6, 7].

Despite the prevalence of smoking-induced HNSCC, current understanding of its 

pathogenesis and progression remains limited. One reason is that HNSCCs exhibit a wide 

range of molecular profiles based on anatomic site, tumor stage, and etiology, making it 

difficult to comprehensively study molecular alterations in this disease [8, 9]. Previously, 

studies have shown that tobacco smoke induces carcinogenesis through genotoxic 

components, such as nitrosamines and polycyclic aromatic hydrocarbons, that form DNA 

adducts and activate pathways including AKT and PKA [2, 10, 11]. Tobacco also induces 

loss-of-function mutations in TP53, CDKN2A, FAT1, and PIK3CA, along with copy 

number aberrations in 3q26/28 and 11q13/22 [2, 9, 12]. Meanwhile, studies exploring the 

role of epigenetic interactions in HNSCC have identified distinct methylation patterns in 

tumor clusters based on patient smoking status [13–15]. Taken together, these findings 

suggest that it is crucial to understand the interplay between genetic, epigenetic, and 

transcriptional alterations in order to garner a comprehensive view of the mechanisms of 

smoking-induced HNSCC pathogenesis.

Non-coding RNAs (ncRNAs) have been gaining recognition for their involvement in genetic 

and epigenetic regulation [16, 17], with recent findings implicating ncRNAs in a number of 

cancers [18–21]. In HNSCC, studies have documented the dysregulation of long ncRNAs 

(HOTAIR, MALAT1, MEG3, NEAT1), microRNAs (miR-21/miR-181b/miR-345, miR-221/
miR-375, and miR-200a/miR-125a), small nucleolar RNAs (SNORD116-20, SNORA14B, 
SNORD35B), and PIWI-interacting RNAs (piR-34736, piR-49145, piR-57125, piR-35469/
piR-35468/piR-35467/piR-35466) in tumor vs. normal tissues [22–25]. However, the 

functional relevance and etiological association of these dysregulations remain largely 

unexplored, including knowledge of which ncRNAs specifically are altered by smoking. 

This is critical as the heterogeneity of HNSCC makes it important to understand ncRNA 

dysregulation by HNSCC subtype.

As the largest class of small ncRNA molecules, PIWI-interacting RNAs (piRNAs) contribute 

to various biological processes, from germline and somatic development to chromosome 
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rearrangement and gene deregulation [26–28]. piRNAs are thought to function via the PIWI 

subfamily of Argonaute proteins (PIWL1-4), forming piRNA/PIWI complexes that promote 

transposon silencing and transcriptional regulation [29, 30]. Our previous study of general 

piRNA dysregulation in HNSCC found that select piRNAs (namely piR-34736) correlate 

with tobacco use, suggesting that a specific panel of piRNAs may be linked to smoking-

induced HNSCC [25]. The extent of these findings, however, remains significantly limited, 

as there is currently no knowledge of piRNA expression and function in a purely tobacco-

specific context. We therefore aimed to comprehensively characterize piRNA dysregulation 

in smoking-induced HNSCCs. Using RNA-sequencing data from 256 current smoker and 

lifelong nonsmoking datasets from The Cancer Genome Atlas, we identified 13 piRNAs 

differentially expressed in smoking-associated HNSCCs and analyzed their clinical 

relevance. We then identified similarly dysregulated PIWI proteins and correlated their 

expression to individual piRNAs. Finally, we evaluated the associations of our piRNAs and 

PIWI proteins to mutations and copy number variations (CNVs) in order to develop a more 

thorough molecular understanding of smoking-induced HNSCC.

Results

Identification of dysregulated piRNAs in smoking-related HNSCC

In order to identify piRNAs specifically dysregulated in smoking-induced HNSCCs, we 

examined 256 current smoker and lifelong nonsmoker head and neck RNA-seq datasets from 

TCGA with available clinical data (dataset IDs in Supplementary Table 1). Datasets were 

divided into 6 cohorts based on smoking vs. nonsmoking status, with HNSCC vs. adjacent 

normal tissue classification and HPV16(+) vs. HPV(−) status accounted for : (1) HPV(−) 

HNSCC Smoker, (2) HPV(−) HNSCC Nonsmoker, (3) HPV16(+) HNSCC Smoker, (4) 

HPV16(+) HNSCC Nonsmoker, (5) HPV(−) Normal Nonsmoker (Figure 1a).

To identify smoking-dysregulated piRNAs, we used negative binomial-based differential 

expression testing to compare piRNA expression between current smoking and lifelong 

nonsmoking cohorts, with HPV16(+) and HPV(−) datasets analyzed separately to minimize 

the confounding effects of HPV status on smoking-related HNSCC pathogenesis. We found 

58 piRNAs dysregulated in the HPV(−) HNSCC Smoker vs. HPV(−) Normal Nonsmoker 

comparison, 8 piRNAs dysregulated in the HPV(−) HNSCC Smoker vs. HPV(−) HNSCC 

Nonsmoker comparison, and 6 piRNAs dysregulated in the HPV16(+) HNSCC Smoker vs. 

HPV16(+) HNSCC Nonsmoker comparison (FDR < 0.05; Supplementary Table 2; Figure 

1a).

We focused on characterizing the 58 piRNAs dysregulated between HPV(−) HNSCC 

Smoker and HPV(−) Normal Nonsmoker patients, as these were most likely to be 

specifically involved in smoking-induced HNSCC pathogenesis. We compared the piRNAs 

found to be generally dysregulated in HNSCCs to these 58 piRNAs and found both 

overlapping and unique piRNAs between the comparisons, suggesting that HNSCCs 

preserve a heterogeneity that must be separately evaluated by etiology (Figure 1b) [25]. We 

performed additional analyses on these transcripts to more thoroughly investigate piRNA 

involvement in smoking-induced HNSCC pathogenesis and progression.
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Determination of clinically significant smoking-dysregulated piRNAs

First, we assessed all 58 piRNAs dysregulated between HPV(−) HNSCC Smoker and 

HPV(−) Normal Nonsmoker patients for clinical and functional potential in smoking-

induced HNSCC by evaluating their expression relative to a range of HNSCC clinical 

features, including tumor anatomic site, tumor stage, and metastatic indicators. Analyses 

were performed using piRNA expression values of all HPV(−) HNSCC Smokers in order to 

minimize confounding clinical variables in the patient cohort and directly evaluate the 

clinical relevance of the candidate piRNAs in smoking-related HNSCC.

Using the Kruskal-Wallis test (p < 0.05), we found that NONHSAT123636, transcript 

piRNA downregulated in smoking-related HNSCCs, exhibited lowered expression with 

increasing clinical stage and with lymphovascular invasion, while upregulated piRNAs 

NONHSAT113708 and NONHSAT015828 demonstrated elevated expression in patients 

with higher clinical stages. NONHSAT081250, downregulated in smoking-induced 

HNSCCs, displayed reduced expression with greater nodal extracapsular spread and variable 

expression in HPV(−) Nonsmoking HNSCCs of different anatomical sites (Figure 2a – 2d).

We then analyzed all 58 candidate piRNAs to assess the relationship between piRNA 

expression level and overall survival among all HPV(−) Smoking HNSCC patients with 

available data (n=140). Modeling piRNA expression as a binary variable (high/low), we 

found that low expression of NONHSAT067200, a piRNA downregulated in smoking-

induced HNSCCs, was significantly associated with poor survival in patients (p=0.0361, 

hazard ratio [HR] = 1.897, Figure 2e). We also performed multivariate Cox regression on 

NONHSAT067200 and found that association with patient outcome was independent of 

prognostic factors in HNSCC such as age, gender, clinical stage, and tumor grade (Table 1).

We present our five piRNAs displaying clinical correlations (NONHSAT123636, 
NONHSAT113708, NONHSAT015828, NONHSAT081250, and NONHSAT067200) in 

Table 2a.

Determination of commonly dysregulated piRNA transcripts in smoking-induced HNSCC

Next, we further analyzed the 58 dysregulated piRNAs (Figure 1c) by identifying transcripts 

displaying common dysregulation in multiple Smoker vs. Nonsmoker comparisons. Our 

analyses revealed a panel of 8 commonly dysregulated transcripts, presented in Table 2b, 

which are likely to exhibit general involvement in smoking-induced HNSCC pathogenesis.

PIWI Protein dysregulation in HPV-related HNSCC and Smoking-related HNSCC

We then evaluated the dysregulation of PIWIL1, PIWIL2, PIWIL3, and PIWIL4 mRNA in 

smoking-induced HNSCC, utilizing all available TCGA head and neck mRNA datasets for 

current smoking and lifelong nonsmoking patients (dataset IDs in Supplementary Table 3). 

We performed negative binomial-based differential expression testing between the same 

patient cohorts as initially used to evaluate piRNA dysregulation. We filtered these 

differential expression data to only retain PIWIL genes significantly dysregulated in the 

HPV(−) Cancer Smoker vs. HPV(−) Normal Nonsmoker comparison and verified that they 

exhibited consistent differential expression, if applicable, in additional smoker vs. 
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nonsmoker comparisons (p < 0.05, FDR < 0.05, Supplementary Table 4). Our analyses 

revealed PIWIL1 to be upregulated by 9.55 fold (p = 0.0035, FDR = 0.014) in the HPV(−) 

Cancer Smoker vs. HPV(−) Normal Nonsmoker comparison and 5.30 fold (p = 0.010, FDR 
= 0.015) in the HPV(+) Cancer Smoker vs. HPV(+) Cancer Nonsmoker comparison.

Correlation of individual piRNAs to PIWIL1 upregulation

To investigate the potential molecular roles of individual piRNAs in relation to PIWIL1, we 

correlated the expression of each of 58 piRNAs to the expression of PIWIL1 in all HPV(−) 

HNSCC Smoking patients. We categorized PIWIL1 expression (in cpm) into intervals by 

powers of 10, and using Kruskal-Wallis tests (p < 0.05) found NONHSAT081250, a 

downregulated piRNA in smoking-induced HNSCC, to exhibit significantly reduced 

expression in patients with increased expression of PIWIL1 (Figure 3a).

Association of smoking-dysregulated piRNAs and PIWIL1 with known genomic alterations 
in HNSCC

Existing studies propose that piRNA/PIWI complexes mediate epigenetic regulation of the 

genome, altering gene expression and the behavior of transposable elements [26–28]. In 

order to more thoroughly understand the role of piRNAs and PIWI proteins in these 

processes, we analyzed the association of all 13 key smoking-dysregulated piRNAs (Table 2) 

and PIWIL1 with frequent somatic mutations and copy number variations documented in 

HNSCC (Supplementary Table 5a/5b). Analyses were performed using data from all 

HPV(−) HNSCC Smoking patients, with mutation and copy number calls obtained from The 

Broad Institute Firehose database.

We employed the Wilcoxon rank-sum test to correlate piRNA and PIWI protein expression 

values (cpm) to mutation and copy number status. Our analyses revealed that 

NONHSAT108298 and NONHSAT123636, piRNAs downregulated in smoking-induced 

HNSCCs, exhibit significantly lower expression in the presence of TP53 mutations 

compared to the wild type, while upregulated piRNAs NONHSAT015828, 
NONHSAT077364, and NONHSAT077463 displayed elevated expression in the presence of 

mutated oncogenes (p < 0.05, Figure 4a). Amplification of 3q26, 8q24, 11q13, and 5p15.33 
and deletion of 10q23.31 and 17q25.4, commonly observed aberrations in HNSCC, were 

significantly associated with reduced expression of NONHSAT081250, NONHSAT108298, 
NONHSAT123636, piRNAs underexpressed in smoking-induced HNSCCs (p < 0.05, 

Figures 4b–4c). In addition, HNSCC-associated CNVs of 10p15.3, 11p23.1, and 13q22.1 
correlated not only with lowered expression of piRNAs NONHSAT108298 and 

NONHSAT081250, but also with elevated expression of PIWIL1 (p < 0.05, Figure 4d, 

Figure 3b).

Recent studies indicate that TP53 mutation is frequently accompanied by 3p chromosomal 

loss in HNSCC, and that co-occurrence of these alterations associates with a decrease in 

HNSCC survival rates [31]. We therefore attempted to identify whether our 13 smoking-

dysregulated piRNAs and PIWIL1 correlated with combined TP53-3p alteration. We found 

that NONHSAT081250 and NONHSAT108298, transcripts downregulated in smoking-

induced HNSCCs, displayed significantly lowered expression in the presence of TP53-3p 

Krishnan et al. Page 5

Oral Oncol. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



co-occurrence, suggesting an interaction between these piRNAs and alterations (p < 0.05, 

Figure 4e).

The remaining correlations of piRNA and PIWIL1 to mutations and CNVs are presented in 

Table 3.

Discussion

Smoking is the most prevalent cause of HNSCC, which remains a dangerous and intractable 

malignancy due to its vast clinical, etiological, and genetic heterogeneity [8, 9]. However, 

recent findings suggest that epigenetic factors, particularly ncRNA alterations, may reveal 

specific signatures of HNSCC subtypes and provide insights into the pathogenesis of distinct 

HNSCCs, including smoking-induced HNSCCs [23].

To our knowledge, we are the first to comprehensively investigate piRNA alterations in 

smoking-induced HNSCC. Past studies of smoking-dysregulated ncRNAs have focused 

primarily on miRNAs and lncRNAs, with virtually no investigation of smoking-associated 

piRNA alterations, possibly due to the difficulty of elucidating the mechanisms of piRNA-

mediated genomic regulation and transformation [32].

Through RNA-seq analysis of 265 current smoker vs. lifelong nonsmoker datasets from The 

Cancer Genome Atlas, we identified 58 piRNAs significantly dysregulated between HPV(−) 

HNSCC Smoker and Normal Nonsmoker tissues (p < 0.05, FDR < 0.05). Taking into 

account the heterogeneity of HNSCC, we performed a multi-tiered analysis on all 58 

transcripts to more thoroughly filter for those exhibiting greatest implication in this disease. 

First, we identified all piRNAs displaying clinical correlation in smoking-induced HNSCCs 

and found four transcripts (NONHSAT113708, NONHSAT081250, NONHSAT123636, and 

NONHSAT015828) associated with tumor stage, metastasis, and/or anatomic site, as well as 

one transcript (NONHSAT067200) associated with patient survival (Kruskal-Wallis and Cox 

regression analyses, all p < 0.05). These piRNAs may contribute to various clinical 

phenotypes and potentially serve as prognostic biomarkers for smoking-induced HNSCCs. 

Second, we identified eight piRNAs displaying directly consistent dysregulation among 

multiple smoking vs. nonsmoking patient cohorts. Despite not exhibiting the same clinical 

significance as the five transcripts identified previously, these piRNAs may be more 

generally involved in smoking-associated HNSCC pathogenesis, perhaps by promoting 

initial induction of the disease, and may potentially function as diagnostic biomarkers.

Our past investigations of ncRNA alterations in generic HNSCCs have indicated that four 

out of our five clinically significant piRNAs (NONHSAT015828, NONHSAT081250, 
NONHSAT113708, and NONHSAT123636) exhibit directionally consistent dysregulation 

between generic and smoking-induced HNSCCs [25]. On the other hand, among the eight 

piRNAs commonly dysregulated between multiple smoker vs. nonsmoker cohorts, only 

three transcripts (NONHSAT077463, NONHSAT069719, and NONHSAT108298) were 

mutually altered. Moreover, NONHSAT108298 and NONHSAT069719 displayed 

directionally inconsistent dysregulations in smoking-induced HNSCCs compared to 

HNSCCs in general. Cumulatively, these suggest that while some transcripts may be 
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commonly implicated between smoking-related and generic HNSCCs, smoking-induced 

HNSCCs still preserve a distinct piRNA landscape that must be analyzed separately from 

HNSCCs of different origin.

In addition, NONHSAT105870 was previously identified to be implicated in breast cancer, 

suggesting the ability of the same piRNAs to modulate other malignancies [26]. To the best 

of our knowledge, four of our transcripts are completely novel, and all 13 remain 

uncharacterized in any malignancy beyond previous reports of their dysregulation. To further 

investigate the functional potential of these piRNAs, we assessed these piRNAs in the 

context of PIWI proteins. Using mRNA expression data for 253 patients from The Cancer 

Genome Atlas, we identified PIWIL1 to be significantly upregulated in current smoker vs. 

lifelong nonsmoker samples, in accordance with previous studies identifying overexpression 

of this gene in other carcinomas (p < 0.05, FDR < 0.05) [33–36]. Correlations of our 13-

member piRNA panel to PIWIL1 indicated that NONHSAT081250, a piRNA downregulated 

in smoking-associated HNSCCs, exhibited significantly reduced expression with 

upregulation of PIWIL1, suggesting a potential mechanistic interaction between these 

elements (p < 0.05). As piRNA/PIWI complexes are known to mediate epigenetic and 

transcriptional alterations to the genome, we also associated our 13 piRNA candidates and 

PIWIL1 with frequent chromosomal aberrations in HNSCC. Notably, we found CNVs in 

11p23.1 and 13q22.1 to correlate not only with downregulation of NONHSAT081250 but 

also with upregulation of PIWIL1, further substantiating the presence of genomic interplay 

between the two transcripts.

In addition, NONHSAT081250 and NONHSAT123636 were found to associate with other 

frequent CNVs in HNSCC, including amplification of 3q26 and 8q24, loci of the PIK3CA 
oncogene and the c-MYC proto-oncogene respectively [37]. Current theory suggests that 

these alterations occur early in cancer development, suggesting the potential of these 

piRNAs to regulate the preliminary stages of malignant transformation and serve as 

diagnostic or prognostic biomarkers [38–40]. Among a range of piRNA correlations with 

HNSCC-related somatic mutations, our analyses revealed NONHSAT108298 and 

NONHSAT123636 to associate with TP53 mutations as well as with TP53 mutation-3p 
deletion co-occurrence, a phenomenon associated with drastically reduced HNSCC patient 

survival [31]. Taken together, these findings reveal the potential of our piRNA candidates to 

assume a vast array of roles in smoking-related HNSCC induction and to modulate the 

effects of well-established HNSCC-associated genomic aberrations.

Despite our comprehensive evaluation of piRNA dysregulation and their PIWI protein and 

genomic interactions, some phenomena still remain unexplored. For example, CDKN2A, a 

gene near-universally mutated in smoking-induced HNSCCs, did not display correlations 

with either of our 13 piRNA candidates or PIWIL1 [9]. PIWL1 itself, shown to induce 

epigenetic silencing of PTEN in endometrial carcinomas, did not exhibit the same 

correlation in smoking-associated head and neck malignancies [41]. Finally, piR-34376, the 

transcript identified previously to correlate with smoking status in generic HNSCCs, was not 

significantly differentially expressed in our present analyses [25]. Cumulatively, these 

suggest that even etiology-specific HNSCCs remain diverse with multiple synergistic and 
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disparate molding factors, substantiating the heterogeneous nature of the disease and the 

necessity to further investigate its genetic and epigenetic mediators.

Materials and Methods

RNA-seq datasets and clinical data

MapSplice-aligned TCGA BAM files were obtained from the UCSC Cancer Genomics Hub 

(https://cghub.ucsc.edu/) on 11 March 2015. To investigate piRNA expression, we 

downloaded RNA-seq datasets for all 256 current smoker and lifelong nonsmoker head and 

neck tissue samples. 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).

piRNA expression analysis

piRNA read counts were generated from sequencing datasets via BEDtools coverageBed 

(https://github.com/arq5x/bedtools2) using piRNA annotation files. The piRNA BED file 

containing 27,127 piRNA transcripts was obtained from NONCODEv4 (http://

www.bioinfo.org/NONCODEv4/), a database integrating ncRNA data from RefSeq, 

Ensembl, and published literature. Read count tables were imported into edgeR v3.0 (http://

www.bioconductor.org/packages/release/bioc/html/edgeR.html), and lowly expressed 

piRNAs were filtered from the analysis. Following TMM normalization, pairwise 

comparisons were applied to identify significantly differentially expressed piRNAs between 

the Current Smoking and Lifelong Nonsmoking patient cohorts, as visualized in Figure 1a.

Association of piRNA expression with clinical covariates and patient survival

All 58 piRNAs dysregulated between HPV(−) Smoking HNSCC and HPV(−) Nonsmoking 

Normal cohorts were evaluated for clinical significance. Employing the Kruskal-Wallis test, 

we investigated piRNA association with anatomic neoplasm subdivision, tumor stage and 

grade, lymphovascular and perineural invasion, and extracapsular nodal spread, using 

clinical data and piRNA expression values (cpm) from HPV(−) smoking HNSCC patients. 

Patients with no available information for a given characteristic were filtered from analyses 

involving that variable.

Survival analyses were performed on the 58 piRNAs using Cox proportional hazards 

models, with piRNA expression in tumors (cpm) modeled 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 

age (grouped into 10-year intervals), gender, and tumor grade and stage.

Krishnan et al. Page 8

Oral Oncol. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://cghub.ucsc.edu/
https://tcga-data.nci.nih.gov/tcga/findArchives.htm
https://github.com/arq5x/bedtools2
http://www.bioinfo.org/NONCODEv4/
http://www.bioinfo.org/NONCODEv4/
http://www.bioconductor.org/packages/release/bioc/html/edgeR.html
http://www.bioconductor.org/packages/release/bioc/html/edgeR.html


Assessment of PIWI protein dysregulation

Level 3 mRNA expression data containing pre-generated read counts for all 253 available 

current smoker and lifelong nonsmoker head and neck tissue samples were obtained from 

the UCSC Cancer Genomics Hub (https://cghub.ucsc.edu/) on 16 June 2016 (dataset IDs in 

Supplementary Table 3). Read counts for PIWIL1-4 were imported into edgeR v3.0 (http://

www.bioconductor.org/packages/release/bioc/html/edgeR.html). Following filtering of lowly 

expressed genes and TMM normalization, pairwise comparisons were applied to identify 

significantly differentially expressed PIWI proteins between the same Current Smoking and 

Lifelong Nonsmoking patient cohorts as used earlier to evaluate piRNA differential 

expression (Figure 1a).

We filtered this data to select all PIWI protein candidates dysregulated in the HPV(−) 

Smoking HNSCC vs. HPV(−) Nonsmoking Normal comparison that, if differentially 

expressed in other smoker vs. nonsmoker comparisons, exhibited directionally consistent 

dysregulation.

Correlation of individual piRNA dysregulation to PIWI protein dysregulation

We assessed all 13 piRNAs showing significant clinical associations and common 

dysregulation between smoker and nonsmoker cohorts for correlation with dysregulated 

PIWI proteins. We grouped PIWI protein expression values (cpm) for each patient into 

exponential intervals increasing by powers of 10. Using the Kruskal-Wallis test, we 

evaluated the correlation between piRNA expression levels (cpm) and PIWI protein 

expression intervals.

Association of ncRNA expression with tumor mutations and copy number aberrations

TCGA tumor mutation calls were obtained from mutation annotation files (maf) generated 

by the Broad Institute GDAC Firehose on 20 August 2016. We focused our analysis on 26 

most frequently mutated genes in HNSCCs, as determined by whole exome sequencing of 

an independent tumor cohort by Stransky et al. [42] (Supplementary Table 5a). Wilcoxon 

rank sum tests were employed to test for significant associations between piRNAs and 

PIWIL1 expression level (cpm) and mutational status.

Copy number variations for the TCGA tumors were obtained from the GISTIC2 pipeline in 

Firehose on 20 August 2016. Similarly, 73 significant (99% confidence) focal amplifications 

and deletions, along with all amplifications on 3q26, 8q24, and 11q13 (the most frequent 

CNVs in HNSCC), were analyzed for correlation to piRNAs and PIWIL1 expression level 

using Wilcoxon rank sum tests [43] (Supplementary Table 5b).

Supplementary Material

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

• RNA-seq analysis implicated a 13-member piRNA panel in smoking-related 

HNSCC

• 5 piRNAs correlated with clinical variables, such as tumor stage and survival

• mRNA expression analysis revealed dysregulation of PIWIL1 in smoking-

related HNSCC

• 6 piRNAs as well as PIWIL1 associated with common genomic alterations in 

HNSCC
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Figure 1. 
(A) Schematic detailing the RNA-seq analysis pipeline used to identify smoking-

dysregulated piRNA candidates (p < 0.05, FDR < 0.05). (B) Comparison of piRNA 

dysregulation between generic HNSCC vs. normal tissues and piRNA dysregulation in 

smoking-related HNSCC vs. nonsmoking normal tissues with piRNAs color-coded by fold 

change, highlighting the etiological heterogeneity of HNSCCs. Boxes with no color indicate 

that the piRNA was not found dysregulated in that comparison. (C) Schematic of method 

used to identify piRNA candidates commonly dysregulated in smoking-induced HNSCCs.
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Figure 2. 
(A–D) Boxplots indicating downregulation of piRNAs NONHSAT123636 and 

NONHSAT081250 and upregulation of piRNAs NONHSAT113708 and NONHSAT015828 
with increased clinical stage and tumor metastasis, as well as significant variation in 

NONHSAT081250 expression based on tumor site (Kruskal-Wallis, p < 0.05). (E) Kaplan-

Meier curve depicting survival outcomes based on relative high and low expression of 

NONHSAT067200.
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Figure 3. 
(A) Boxplot showing consistent decrease in NONHSAT081250 expression with increased 

expression of PIWI protein PIWIL1 (Kruskal-Wallis p < 0.05). (B) Boxplots depicting 

correlations between PIWIL1 expression and specific CNVs commonly found in HNSCC 

(Wilcoxon rank sum, p < 0.05).
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Figure 4. 
Boxplots correlating expression of smoking-dysregulated piRNAs to (A) specific somatic 

mutations, (B) specific copy number amplifications, (C) specific copy number deletions, and 

(D) to CNVs previously associated with elevated PIWIL1 expression in HNSCC (Wilcoxon 

rank sum, p < 0.05). (E) Association of smoking-dysregulated piRNA expression with 

concurrent loss of TP53 and 3p in HNSCCs (Wilcoxon rank sum, p < 0.05).
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Table 1

Multivariate Cox regression analysis on NONHSAT067200 reveals significant association between low 

transcript expression and poor prognosis.

HR Lower 95% Upper 95% P-value

NONHSAT067200 (low vs. high) 2.523706 1.2066 5.279 0.0139

Age 0.996979 0.9661 1.029 0.8505

gender (Male vs. Female) 0.443991 0.1969 1.001 0.0504

Clinical Stage (relative to Stage I)

StageII 1.787716 0.2394 13.35 0.5712

StageIII 0.890394 0.1535 5.166 0.897

StageIV 1.366213 0.2598 7.185 0.7126

Neoplasm Histologic Grade (relative to
G1)

G2 2.89568 0.6743 12.435 0.1527

G3 2.95133 0.5963 14.606 0.1847
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Table 3

Additional correlations between piRNA expression and common genomic alterations in HNSCC.

piRNA
Mutated
Gene p-value

NONHSAT015828 PTEN 0.04500568

NONHSAT077463 SYNE1 0.046761032

piRNA CNV p-value

NONHSAT108298 20p12.2 0.010639047

NONHSAT108298 2q21.2 0.016429416

NONHSAT123636 8q11.21 0.041808507

NONHSAT123636 20p12.2 0.035671195

NONHSAT123636 20q11.22 0.020166353

NONHSAT123636 2q21.2 0.036380564

NONHSAT081250 7p11.2 0.048063426

NONHSAT081250 8q11.21 0.040061748

NONHSAT081250 18q23 0.00114509
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