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Aim: To characterize the miRNA expression profile in head and neck squamous cell carci-
noma (HNSSC) accounting for a broad range of cancer subtypes and consequently identify
an optimal miRNA signature with prognostic value.

Background: HNSCC is consistently among the most common cancers worldwide. Its mortal-
ity rate is about 50% because of the characteristic aggressive behavior of these cancers and
the prevalent late diagnosis. The heterogeneity of the disease has hampered the develop-
ment of robust prognostic tools with broad clinical utility.

Materials and methods: The Cancer Genome Atlas HNSC dataset was used to analyze level
3 miRNA-Seq data from 497 HNSCC patients. Differential expression (DE) analysis was
implemented using the limma package and multivariate linear model that adjusted for the
confounding effects of age at diagnosis, gender, race, alcohol history, anatomic neoplasm
subdivision, pathologic stage, T and N stages, and vital status. Random forest (RF) for survival
analysis was implemented using the randomForestSRC package.

Results: A characteristic DE miRNA signature of HNSCC, comprised of 11 upregulated (i.e.,
miR-196b-5p, miR-1269a, miR-196a-5p, miR-4652-3p, miR-210-3p, miR-1293, miR-615-3p,
miR-503-5p, miR-455-3p, miR-205-5p, and miR-21-5p) and 9 downregulated (miR-376c-3p,
miR-378c, miR-29c-3p, miR-101-3p, miR-195-5p, miR-299-5p, miR-139-5p, miR-6510-3p, miR-
375) miRNAs was identified. An optimal RF survival model was built from seven variables
including age at diagnosis, miR-378c, miR-6510-3p, stage N, pathologic stage, gender, and
race (listed in order of variable importance).
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Conclusions: The joint differential miRNA expression and survival analysis controlling for
multiple confounding covariates implemented in this study allowed for the identification
of a previously undetected prognostic miRNA signature characteristic of a broad range of

HNSCC.

© 2017 Greater Poland Cancer Centre. Published by Elsevier Sp. z o.0. All rights reserved.

1. Background

Head and neck squamous cell carcinomas (HNSCC) are malig-
nancies of epithelial origin that are consistently among the
most common cancers worldwide, with one of the highest
mortality rates. The peak incidence occurs at the ages of 50-70
years, however, the proportion of elderly patients with HNSCC
is increasing.! Worldwide, an estimated 650,000 new cases
occur per year’ and approximately half of all patients with
the disease die after exhausting multiple treatment efforts
including surgery, radiation, and chemotherapy.>* Among the
main reasons for this high mortality are the characteristic
aggressive behavior of these cancers and the prevalent late
diagnosis of the disease.” Regarding the disease etiology, it is
currently known that human papillomavirus (HPV) infection
and smoking are two important factors implicated (possi-
bly synergistically) in the development of HNSCC.® However,
because of the heterogeneity of this type of malignancy, there
is currently a lack of specific molecular biomarkers with rele-
vant clinical utility.

Recentinitiatives implementinglarge scale genomics, such
as The Cancer Genome Atlas (TCGA), have generated impor-
tant insights for classification of HNSCC and identification of
potential prognostic biomarkers including microRNAs.>>7~?
MicroRNAs (miRNAs) are a type of small noncoding RNA that
play major roles in maintaining cellular and tissue homeosta-
sis often via post-transcriptional and translational regulatory
processes. In addition, accumulating evidence suggest that
miRNAs function in cell-to-cell communication both in nor-
mal physiology and pathological processes.'%1? Other studies
on HNSCC suggest that miRNAs present in altered concen-
trations in the patients’ circulation may be useful biomarkers
of cancer development and tumor stage.'>'* However, most
of these studies have circumvented the need for adjus-
ting for confounding effects by limiting their analyses to
subsets of cancer subtypes based, for example, on the orig-
inal tumor location or alternative characteristics of interest
such as human papillomavirus infection, among others. Such
approaches have produced valuable information on a variety
of subtype comparisons, yet our knowledge of a characteristic
miRNA signature covering the broad range of HNSCC subtypes
is lacking. Such a characteristic signature would identify miR-
NAs that potentially represent drivers of this type of cancer,
provided that a growth advantage for the tumor cells and
positive selection of the particular miRNA alteration in the
tumor microenvironment can be additionally demonstrated.'”
We reason that miRNAs found to be both prognostic of sur-
vival and robustly differentially expressed between normal
and tumor samples from a broad range of anatomical subdivi-
sions and pathological stages, after accounting for potential

confounding effects of additional covariates, are suggested
to play important roles in disease development and progres-
sion. Therefore, characteristic miRNAs that track with survival
could represent important potential targets for novel thera-
peutic strategies.

2. Aim

The aim of this study was to identify a characteristic
and prognostic miRNA signature of HNSCC by implemen-
ting a comprehensive differential miRNA expression analysis
(DEA) that accounted for cancer-specific and dataset-specific
confounders and by modeling survival using an iteratively-
evolved semi-exhaustive Random Forest approach, using the
complete TCGA-HNSC miRNA-Seq dataset.

3. Materials and methods
3.1.  Study design

Level-3 miRNA-Seq and clinical data from 524 HNSCC cases
from the TCGA project was downloaded (on December 7, 2016)
using the TCGAbiolinks R package. Samples missing tumor
stage T or stage N information (extracted from the variable
containing the TNM category information) were removed. In
total, tumor samples from 497 patients, 44 of which had
normal adjacent tissue samples/data were kept for the final
analyses. Differential expression analysis comparing tumor
and normal tissue miRNA expression and survival analysis
using a machine learning approach were implemented as
described below.

3.2.  Differential expression analysis

DEA of miRNA profiles was implemented using level 3 miRNA-
Seq data from the TCGA HNSC Project. Confounding effects
of several known covariates for which data was existent
(i.e., age at diagnosis, gender, race, alcohol history, anatomic
neoplasm subdivision, pathologic stage, T and N stages, and
vital status) were accounted for using multivariate linear
modeling. Only miRNAs with expression levels greater than
5 count per million reads (CPM) in more than 50% of the
samples were included in the analysis. Filtered CPM data
was subjected to voom normalization'® using the limma R
package!” followed by multivariate linear modeling of the
expression of each detected miRNA as a function of the
sample group and the above-mentioned covariates. A fold
change (FC) filter was implemented to remove miRNAs show-
ing relatively small changes in expression levels (FC<2) from
further analyses. Expression differences were considered
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significant at P <0.01. P values were corrected for multiple
testing using the Benjamini-Hochberg correction.’®

3.3. Iterative semi-exhaustive random forest (iseRF)
for survival analysis

To identify which miRNAs from the characteristic DE miRNA
signature may have prognostic value, we implemented a
machine learning strategy that uses the random forest (RF)
approach for survival analysis'® in an iteratively evolving fash-
ion. The RF approach is based on the construction of many
decision (classification) trees that are used to classify a given
input data vector. To build each decision tree, the RF algo-
rithm uses different bootstrapped and randomly split samples
of the original dataset. Approximately 33% of the samples are
left out of the bootstrapped training set and used as a cor-
responding cross-validation set (test set). The ensemble of
bootstrapped test sets (different for every tree construction)
is called the out-of-bag (OOB) sample set and is used for an
unbiased estimation of the prediction error of the model gen-
erated in the corresponding ensemble of training sets (“in-bag”
sample set). A variable importance (VIMP) measure can be
calculated based on the impact that each variable effect on
the OOB prediction error as the respective variable values are
randomly permuted.?*??

Our specific strategy was comprised of three main stages
(described below). At each tree construction step of the first
2 stages, the number of trees in the forest (ntree value) was
set to 5000, whereas in the last (longer) stage ntree was
set to 2000. The mtry number of variables to be randomly
sampled at each split was set equal to the default mtry =
v'total number of variables in all stages.

Step 1. Iterative backward elimination step: Using the random-
ForestSRC package in the R.3.3.2 environment, an RF survival
model was built on the complete study cohort (primary tumor
data) starting with the normalized logCPM values for all 20
characteristic and differentially expressed (DE) miRNAs and
the values for 31 clinical variables available for the TCGA-
HNSC dataset (accounting for a total of 51 variables). An
iterative backward elimination process was implemented??
by successively eliminating the less informative (lower VIMP)
variable, one at a time, after each of 51 iterations of the RF
modeling approach until a single variable remain. The OOB
prediction error rates calculated for each RF iteration are com-
pared and the instance of the RF classifier generating the lower
error rate selected as the optimal RF model from this step.

Step 2. Iterative forward incremental step: Starting with the
variables selected in step 2, each single variable was indepen-
dently used to generate single variable RF models. The single
variable generating the RF instance with the lowest OOB pre-
diction error rate was then selected and tested in combination
with every other single non-selected variable. The pair gener-
ating a new instance of the RF model with the lowest OOB error
rate for the specific iteration was then selected and tested in
combination with every single non-selected variable. This iter-
ative incremental process is repeated until a last model testing
the combination of all variables from step 2 are tested. The
combination of variables contributing the RF model with the
lowest OOB prediction error rate is then selected as the optimal

combination of variables from this step and used in step 3 to
identify the final optimal model.

Step 3. Exhaustive combinatorial step: Starting with the best
combination of variables selected in step 2, an exhaustive
search will build RF models with every possible combination
of those variables. The combination of variables producing the
RF model with the lower OOB prediction error rate will then
be selected as the optimal iseRF model.

3.4.  Advanced Gene Set Enrichment Analysis (GSEA)
of lists of validated miRNA-target genes

Validated target genes of specific differentially expressed miR-
NAs were identified using the multiMiR package.?* Functional
enrichment analysis for the list of validated miRNA-targeted
genes was then performed using the SetRank package,?
a novel advanced GSEA algorithm. Enriched categories are
defined by the SetRank score (a value that reflects the promi-
nence of a gene set in a gene set network and is calculated
using the PageRank algorithm).?® SetRank setPCutoff was set
to 0.05 and fdrCutoff to 0.2.

4. Results
4.1. Characteristics of study cohort and dataset

Demographic and clinical characteristics of the study cohort
are presented in Table 1. The age of the cancer patients ranged
from 19 years of age (yoa) for the youngest to 90 for the old-
est, with an average of 61 (95% CI: 53 to 69) yoa. The majority
of patients were male (N =360 out of 497, 72%), white (N=427,
86%), not of hispanic origins (438, 88%), and with documented
alcohol drinking (N =330, 66%). The most common primary
tumors in this cohort (accounting for 74% of all) were located
in the tongue (N =126, 25%), the larynx (N=112, 23%), the oral
cavity (N=70, 14%), and the floor of the mouth (N=59, 12%).
Over a quarter of the samples contributing data to this study
were sourced from MD Anderson Cancer Center in Texas, USA
[tissue source site (TSS) code: CV, N =134, 27%]|. Other two main
sourcing sites were University of Pittsburgh in Pennsylvania,
USA (TSS code: CN, N=72, 14%) and Vanderbilt University in
Tennessee, USA (TSS code: CR, N=53, 11%).

4.2.  Profiling of miRNA expression identify a
characteristic HNSCC signature

DEA using mirnome-wide data (level 3 miRNA-Seq data) col-
lected from the TCGA HNSC project was used to identify
a characteristic miRNA signature of HNSCC. For this, we
implemented the limma-voom normalization approach on
the count-per-million reads (CPM) data followed by multivari-
ate linear modeling of the expression of each detected miRNA
as a function of the sample group (Tumor or Normal) and select
covariates (see Section 3.2 for details). Out of 1870 miRNAs
detected by miRNA-Seq in the TCGA HNSC dataset, 334 were
detected with greater than 5 CPM in more than 50% of the
samples. Of these filtered subset, 20 miRNAs were found to be
differentially expressed between the tumor and normal tis-
sue with a fold change greater than 2, P<0.01, and FDR <0.17
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Table 1 - Clinical characteristics of the study cohort.

Table 1 - (Continued)

Normal Tumor P value Normal Tumor P value
(N=44) (N=497) (N=44) (N=497)
Vital status: Dead 70% (31) 33% (165) <0.001 cQ 0% (0) 7% (34)
Age at diagnosis 64 (54 to 68) 61 (53 to 69) 0.377 CR 0% (0) 11% (53)
Gender: Male 68% (30) 72% (360) 0.547 cv 86% (38) 27% (134)
Race: Black or African 5% (2) 9% (45) 0.866 CX 0% (0) 1% (4)
American (AA) D6 0% (0) 4% (20)
American Indian or 0% (0) 0% (2) DQ 0% (0) 3% (14)
Alaskan Native (AI) F7 0% (0) 1% (6)
Asian (As) 2% (1) 2% (10) H7 5% (2) 1% (6)
White (W) 91% (40) 86% (427) HD 7% (3) 2% (12)
Not Reported (NR) 2% (1) 3% (13) HL 0% (0) 0% (1)
Ethnicity: Hispanic or 7% (3) 5% (25) 0.876 1Q 0% (0) 2% (12)
Latino (HLA) KU 0% (0) 1% (4)
Not Hispanic or 86% (38) 88% (438) MT 0% (0) 1% (6)
Latino (NHLA) MZ 0% (0) 1% (3)
Not Reported (NR) 7% (3) 7% (34) P3 0% (0) 3% (14)
Alcohol history 43% (19) 32% (159) 0.097 QK 0% (0) 3% (17)
documented: NO RS 0% (0) 0% (2)
YES 52% (23) 66% (330) T2 0% (0) 1% (4)
Not Reported (NR) 5% (2) 2% (8) T3 0% (0) 0% (2)
Tobacco smoking 26% (11) 24% (118) 0.656 TN 0% (0) 0% (1)
history: 1 UF 0% (0) 4% (18)
2 26% (11) 34% (165) UP 0% (0) 0% (1)
3 21% (9) 14% (67) WA 2% (1) 0% (1)
4 28% (12) 27% (132)
5 0% (0) 0% (2) Bold fonts highlight P values lower than 0.1, which were consid-
Anatomic Neoplasm 0% (0) 4% (18) 0.057 ered indicative of baseline imbalance between the normal and tumor
Subdivision: samples.
AlveolarRidge (Fig. 1A). Considering the direction of the change, 9 miRNAs
Base_of tongue 5% (2) 5% (23) were downregulated and 11 miRNAs were upregulated.
Buccal Mucosa 0% (0) 4% (20)
Floor_of_mouth 7% (3) 12% (59)
E;;i’;ﬁ;?nx gy: Eg; ;;; Eg; 4.3. Random forest survival analysis identifies
Larynx 27% (12) 23% (112) miR-378c and miR-6510-3p among the most important
Lip 0% (0) 1% (3) variables comprising a prognostic survival model
Oral_Cavity 32% (14) 14% (70)
8;2;?:;5:}3 Zg:/"(é)l 3 ;(1%(9()1 26) To efficiently identify characteristic DE miRNAs with prog-
Tonsil 0% (0) 8% (42) nostic value, we implemented an iteratively-evolving and
Stage T: 0 100% (44) 0% (0) <0.001 semi-exhaustive random forest-based approach for survival
1 0% (0) 7% (35) analysis (herein dubbed iseRF) using consecutive cycles of
2 0% (0) 29% (144) backward elimination,'® forward incremental modeling, and
3 0% (0) 28% (138) exhaustive combinatorial modeling on a multimodal com-
& 0% (0) 36% (180) bination of demographic, clinical, and molecular variables.
Stage N: 0 100% (44) 48% (241) <0.001 . . L . .
1 0% (0) 17% (84) Sev'en variables 1nc.1ud1ng, in order of 1mpor’Far}ce, age :'at diag-
9 0% (0) 33% (164) nosis, the tumor tissue levels of characteristic DE miR-378c
3 0% (0) 2% (8) and miR-6510-3p, stage N, pathologic stage, gender and race
Stage M 0% (0) 1% (6) 0.459 comprised the iseRF model producing the lowest OOB error
Stage event 0% (0) 15% (73) N/A rate (OOB=0.28, Fig. 1B-D). The corresponding Harrell’s con-
pathologic stage: cordance C index was equal to 0.72 and the Somers’ Dxy rank
LR B ez pitia) i i correlation for the censored response variable equal to 0.43
:t:g::il goﬁ Eg; iﬁ,/ﬁg)g) (P<0.0001, as.empirically determined fafter 10,000 iterations
Stage_III 0% (0) 14% (72) of a permutation test), as calculated using the rcorr.cens func-
Stage_IVA 0% (0) 49% (246) tion from the Hmisc package, Fig. 1E. This instance of the iseRF
Stage_IVB 0% (0) 2% (12) model is denominated hereafter as the “optimal” iseRF model.
Stage IVC 0% (0) 0% (1) Of note, the first five variables are shown to be very informa-
Tissue source site: 4P 0% (0) 0% (1) <0.001 tive (with the two characteristic DE miRNAs highlighted as the
BA oty 7% (34) hird most informative variables, only surpassed
BB 0% (0) 4% (19) second and t 1.r . , only surp
o 0% (0) 0% (2) by the age at diagnosis), whereas gender and race appear less
CN 0% (0) 14% (72) informative.
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A Average Average Fold
Expression logCPM Change logFC P Value FDR
(cpm) (as in plots) (FC)
hsa-miR-196b-5p 99.8 6.6 11.3 3] 3.54E-13  1.18E-10
hsa-miR-1269a 8.3 B so 9.0 3. 3.34E-03 0.08
hsa-miR-196a-5p 31.8 M so 8.3 3. 1.93E-05  7.16E-04
hsa-miR-4652-3p 2.0 | 1.0 6.6 2, 1.88E-06 1.05E-04
hsa-miR-210-3p 7513 gk 5.9 2) 6.47E-06  3.09E-04
hsa-miR-1293 7.6 . 2.9 4.8 2, 4.42E-03 0.10
hsa-miR-615-3p 1.5 | 0.6 4.8 2. 3.07E-05 1.03E-03
hsa-miR-503-5p 6.7 . 2.7 4.6 2, 1.58E-07 2.63E-05
hsa-miR-455-3p 3465 N84 4.5 2) 1.26E-06  8.39E-05
hsa-miR-205-5p 12022.8  [NESEN 3.0 1) 8.68E-03 0.15
hsa-miR-21-5p 255876.1 L8O 3.0 1) 1.76E-05  7.16E-04
hsa-miR-376¢-3p 5.5 B s -2.9 5 0.010 0.17
hsa-miR-378c¢ 8.4 | R -3.1 7 7.07E-03 0.13
hsa-miR-29¢c-3p 1465.2  INA0K Y 7  7.25E-03 0.13
hsa-miR-101-3p 36.6 B os2 -3.3 7  180E-04 5.47E-03
hsa-miR-195-5p 23.5 B 46 3.3 7  4.07E-04 0.01
hsa-miR-299-5p 5.4 B 24 3.6 8  8.09E-04 0.02
hsa-miR-139-5p 50.1 56 -4.0 0  4.41E-07 3.68E-05
hsa-miR-6510-3p 6.5 . 2.7 -4.6 2 5.41E-03 0.11
hsa-miR-375 389.5 86 -13.4 7 2.55E-07  2.84E-05
B Sample size: 497 '5:‘:\3 C
Number of deaths: 165 3.&
Was data imputed: yes b % Q
Number of trees: 2000 gco ]
Minimum terminal node size: 3 glgm
Average no. of terminal nodes: 133.8 298 7]
No. of variables tried at each split: 3 8%0
Total no. of variables: 7 g£23 7 —
Analysis: RSF &= . T T T T T
Family: surv ng.l 0 500 1000 1500 2000
Splitting rule: logrank *random* NiifbeF ol Trees
Number of random split points: 10 E
D Error rate: 28.34%
Harrell's Concordance C Index: 0.72
age_at_diagnosis Somer's Dxy Rank Corr.: 0.43
hsa.mir.378c
hsa.mir.6510 Corr. St. Dev.: 0.04
stage_N —_— Non-missing n: 497
stage_event_pathologic_stage | e=————— . -
gender - Missing n: 0
race_list . Uncensored n: 165
ottt Relevant Pairs: 78220
0.005 0015 0025 0.035 -
Concordant Pairs: 56054
Variable Importance: censored_days_to_death . . .
Variable Importance: death_event Randomization P value: <0.0001

Fig. 1 - Characteristic and prognostic characteristic HNSCC miRNA signature identified by differential expression (DE)
analysis and iterative semi-exhaustive random forest (iseRF) survival analysis. (A) Characteristic DE miRNA signature:

miRNAs are sorted by logFC value. Red color indicates upregulation and blue indicates downregulation; green bars represent
the average logCPM values for each miRNA in the complete dataset, including tumor and control data. (B) Summary report
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4.4.  The optimal iseRF model performs well by a
variety of external validation measures

Performance measures based on external validation (OOB-
based) measures are presented in Fig. 2. In the OOB mortality
plot shown in Fig. 2A we can observed that the optimal iseRF
model performed suitably by assigning higher mortality rates
to patients that die (blue dots) earlier. Note the higher den-
sity of blue dots at higher mortality probabilities and earlier
observed times and the negatively sloped fitting curve (dis-
continuous blue line), which contrast with the flat fitting line
for the group with censored observations (black dots). Simi-
larly, the survival probabilities predicted by the optimal iseRF
model on the OOB validation set (presented for every patient
in Fig. 2B and for each of the risk quartile subsets in Fig. 2E),
show that the patients experiencing a death event (blue lines
in Fig. 2B) were predicted to have, in general, a lower survival
probability than those not experiencing death (black lines)
while on trial or follow up. The related plot in Fig. 2E shows
that the four distinct mortality risk quartiles have significantly
different survival profiles over time, as indicated by the strat-
ified Kaplan-Meier estimates and corresponding log-rank test
P value <0.0001. In addition, the plot of the time-dependent
OOB Brier score (shown in Fig. 2C, the s score measures the
average discrepancies between the true vital status and the
estimated predictive values over time - the higher the score,
the lower the model accuracy, with a score of 0.25 equivalent
to random guess) demonstrates that the iseRF model perform
particularly well for predicting survival of the low risk quar-
tile sample set (0-25% line) in the first 5 years, for predicting
survival of the 25-50% risk quartile in the first 3 years, and for
predicting survival of the two higher risk quartiles (50-75%
and 75-100%) in first 2 years after diagnosis. Survival pre-
dictions for the highest risk (75-100%) quartile are also very
accurate after 3 years from diagnosis. Furthermore, the time-
dependent area under the receiver operating characteristic
curves (AUC) in Fig. 2D, demonstrated good overall perfor-
mance of the optimal iseRF model to predict survival in the
cross-validation OOB ensemble set during the first 5 years
(0-1824 days, AUCs >0.5). The overall performance was par-
ticularly sensitive and specific during the first two years after
diagnosis, with AUCs ranging from over 0.60 to approximately
0.80.

4.5. Partial dependence plots underscore the impact of
age at diagnosis, miR-378c, and miR-6510-3p on overall
mortality and time-dependent survival probabilities

To assess the predicted risk-adjusted responses we evalu-
ated the partial dependence plots for each of the variables
comprising the optimal iseRF survival model. These plots
are generated by “integrating out” the effects of variables
beside the covariate of interest.”’ The partial dependence
of the standardize mortality plots are shown in Fig. 3, and
the partial dependence of survival at 6-month, 1-year, and

5-year are shown in Supplementary Figs. SF1, SF2, and SF3.
On one hand, note the strong non-linear contribution of the
select variables. On the other, note how the first three most
important variables, namely age at diagnosis, miR-378c, and
miR-6510-3p, display the largest risk-adjusted impact on over-
all mortality and survival over a time range, as compared to
the other less informative variables. By comparing the risk
adjusted estimates of mortality shown in Fig. 3 with the corre-
sponding non-adjusted plots shown in Fig. 4, we can observe
that the effect of stage N, pathologic stage, gender, and race
on mortality become flatten when the risk-adjusted partial
dependence estimates are considered. Furthermore, by com-
paring the shape of the partial dependence survival curves at
the three different times (6-month, 1-year, and 5-year, Sup-
plementary Figs. SF1, SF2, and SF3), we can observe that the
hazard responses are generally not proportional as the time
progresses.

4.6. miR-378c and miR-6510-3p levels correlate with
the cancer T stage

To gain additional insight into the pathophysiological roles
of miR-378c and miR-6510-3p downregulation, we conducted
correlation analysis between the miRNA expression levels and
available clinicopathological measures. As shown in Fig. 5A
and B, both miRNAs demonstrated significant (Spearman’s
P« 0.001) association with the cancer T stage, one of the
cancer descriptors comprising the TNM classification system
of malignant tumors.?®?° The T stage describes the size of
the primary tumor and the presence (or absence) of invasion
into surrounding tissue. Note that the mean expression of
these miRNAs is the highest in the normal tissue (assigned
to a “dummy” stage 0 for the purpose of the correlation
analysis to indicate the non-cancerous state of the tissue)
and progressively decreased as the cancer T stage increased.
The effect was stronger for miR-378c (r=0.31, P=7.5 x 107%).
Importantly, miR-378c and miR-6510-3p displayed a signif-
icant co-expression pattern between themselves (Pearson’s
r=0.34,P=5.9 x 10~1%, Fig. 5C). However, differences in specific
correlations with other characteristic DE miRNAs (e.g., miR-
205, miR-299, and miR-376¢c, among others) were also detected
(Fig. 5D and Supplementary Figs. SF4 and SF5).

4.7.  Novel HNSCC-related miR-6510-3p and
miR-4652-3p target cancer-relevant pathways

To predict functional roles of novel HNSCC-related miR-
6510-3p and miR-4652-3p, we identified validated target
genes of these two miRNAs using the multiMiR package
(which represents a comprehensive compilation of predicted
and validated miRNA-target interactions from 14 differ-
ent databases) and conducted GSEA using the R package
SetRank. SetRank implements an advanced GSEA algorithm
that eliminate many false positive hits, a common prob-
lem to functional enrichment tools based on gene sets

Fig. 1 - (continued) for the iseRF survival model. (C) Plot of the out of bag (OOB) prediction error rate for each tree constructed
in the iseRF model. (D) Plot of variable importance in the iseRF model (blue color is irrelevant). (E) Summary report of

Harrell’s concordance and Somer’s rank correlation.
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Fig. 3 - Partial dependence OOB mortality curves for each variable comprising the optimal iseRF model. These plots are the
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compiled from gene and pathway annotation databases.
multiMiR identified 35 and 93 validated target genes for
miR-6510-3p and miR-4652-3p, respectively (Supplementary
Tables ST1-ST2). The GSEA identified significantly enriched
ontologies and pathways relevant to cancer development
and anti-cancer drug resistance (Table 2). Relevant gene
memberships are presented in Table 2 and Supplementary
Table ST3.

5. Discussion

Differential expression analysis using mirnome-wide data
(miRNA-Seq) collected from TCGA (HNSC Project, level 3 data)
and random forest survival analysis were used to identify
a characteristic and prognostic miRNA signature in HNSCC
that may contribute to the development and progression of
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Fig. 4 - Variable dependence OOB mortality curves for each variable comprising the optimal iseRF model. Each point in the
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reported.

the disease. We reasoned that the most biologically relevant
miRNAs specifically involved with HNSCC development and
progression are likely those with a common altered expression
profile along the different cancer subtypes and tumor stages,
which in addition associate with a prospective measure of

survival. Such a signature could provide insight into the spe-
cific cancer-driving miRNA biology.

The first part of our strategy included the identifica-
tion of a characteristic (common) differentially expressed
miRNA signature relevant to a broad range of HNSCC, as
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Fig. 5 - Correlations between prognostic miRNAs and clinicopathological measures. (A and B) Significant Spearman’s
correlation between stage T and miR-378c and miR-6510-3p, respectively. (C) Pearson’s correlation between miR-378c and
miR-6510-3p. Blue dots represent the observations for normal samples and red dots, for the primary tumor samples. Blue
lines represent the smooth loess (A and B) or the linear (C) fit with 95% confidence interval. Correlation and corresponding P
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compared to normal tissue. Our hypothesis with this approach
was that, given the diversity of tissue types and cancer
locations involved, such a characteristic miRNA expres-
sion signature must be enriched for cancer-driving miRNAs,
not only with biomarker potential but with real functional
roles in cancer development and progression. Remarkably,
sixteen (80%) of the identified DE miRNAs, including miR-
21-5p,3%3% miR-101-3p,>* 3¢ miR-139-5p,>’° miR-195-5p,***?
miR-196a/b,3434" miR-205-5p,484% miR-210-3p,°*-52 miR-299-
5p,°>** miR-375,°°% miR-376¢-3p,”*°! miR-378¢,°?% miR-
455-5p,%’~%9 miR-503-3p,”%’! and miR-1269a,’?’3 have been
indeed reported to be functionally involved in the reg-
ulation of important cancer-driving pathways. Two other
miRNAs, namely miR-615-3p and miR-1293, have also recently
started to accumulate some evidence for a functional role in
cancer.”*7% Importantly, our approach was capable of identi-
fying two novel miRNAs (i.e., miR-4652-3p and miR-6510-3p),
for which no single report is yet found in the scientific lit-
erature. One of these miRNAs (i.e., miR-6510-3p) additionally
demonstrated high importance in our random forest survival
analysis and was one of the only two miRNAs that comprised
the optimal iseRF survival model. These results underscore
the efficiency of the data analysis approach presented in this
work to suitably identify true cancer-driving miRNA-related
events.

The second part of our strategy comprised the implemen-
tation of an iteratively evolved semi-exhaustive random forest
strategy, dubbed iseRF, to generate an unbiased survival model
with validated performance. We chose an approach based on
randomized tree ensembles because this methodology has
been proven highly effective to evaluate right-censored sur-
vival data, because it does not rely on restrictive assumptions
(e.g., such as the proportional hazards assumption in classical
Cox regression) and model the associations between covari-
ates and hazards coherently and automatically.'®?%’7 The
application of such an approach to the TCGA-HNSC miRNA-
Seq data, as in this particular study, proved importantly
productive and clinically relevant by identifying an efficient
signature with only 7 variables that can produce the lowest
and more reliable (2000-fold cross-validated) prediction error
estimates reported to date (as to the best of our knowledge) in
a heterogeneous cohort affected by a broad range of HNSCC
subtypes. Of note, our approach accounted for a variety of con-
founding effects, broad range of tumor subtypes and stages,
and elicited insight into the common and potentially cancer-
driving HNSCC biology.

Performance measures based on external validation
including the calculation of the OOB prediction error rate
and time-dependent Brier score, the OOB mortality plot,
the time-dependent AUC plots, and the risk-stratified sur-
vival plots, demonstrated the quality of the optimal iseRF
survival model. Altogether, these results underscore the clin-
ical value of the optimal iseRF classifier to predict the risk
of death in a broad range of HNSCC patients. The high

importance of three model variables, namely age at diagno-
sis, and tumor tissue levels of miR-378c and miR-6510-3p is
demonstrated. Notably, the expression levels of both these
miRNAs appeared to be significantly coregulated and to track
with the cancer T stage. However, the occurrence of signifi-
cant correlative differences between these miRNAs and other
characteristic DE miRNAs suggests subtle and complex rela-
tionships in the HNSCC-relevant miRNA regulatory network.
Based on these results and evidence from published liter-
ature, a mechanistic and potentially cancer-driving role for
these characteristic and prognostic miRNAs is suggested. Evi-
dence support a role for the downregulation of miR-378c as
an important prognostic marker and potential early cancer-
driving event.®26>% In particular, downregulated levels of
miR-378c together with changes in four other miRNAs identi-
fied in this work (i.e., miR-21, miR-196a, miR-205, and miR-210)
showed altered progressive expression that reflected progres-
sion of Barrett’s esophagus to esophageal adenocarcinoma.®?
No literature reports were available for miR-6510-3p, neither
in cancer nor in an alternative medical research field before
submission of this manuscript. Remarkably, while our article
was being peer-reviewed, an original research by Chen and
collaborators’® just reported that miR-6510-3p is significantly
downregulated (two-fold) in the oral mucosa of patients with
oral lichen planus (OLP), as compared to healthy controls. OLP
is a chronic mucocutaneous inflammatory disorder of strati-
fied squamous epithelium, of suspected autoimmune etiology,
which affects 0.1-4% of the general population.”*-#! Additional
studies report that areas of erosive OLP or lichenoid lesions
have increased risk of squamous cell carcinoma (SCC).8082-84
This evidence suggest that downregulation of miR-6510-3p,
early in the process of premalignant transformation, may rep-
resent a bona fide event related to SCC development. Our own
group has recently gathered additional confirmatory evidence
for downregulation of miR-6510-3p in independent cohort
of HNSCC samples (data not shown). We reason that the
effect of miR-6510-3p downregulation in cancer (particularly
in HNSCC) may have eluded confident detection due to the
modest effect size and the relatively low expression levels in
normal tissue. Therefore, our finding represents an important
first reference suggesting a potential tumor suppressor role
for human miR-6510-3p. Our GSEA implementing a highly spe-
cific (low rate of false positive) algorithm?” revealed that genes
ADHS5 and AKR7A2, both involved in the metabolism of cellu-
lar aldehyde and xenobiotics, may represent critical targets
of miR-6510-3p with a potential role in HNSCC development
and/or the development of resistance to anti-cancer drugs.
Supporting our findings, multiple ADH genes have previously
been implicated in upper aerodigestive cancer etiology.®>8 In
addition, elevated ADHS5 was reported to increase the risk of
death in patients with pancreatic adenocarcinoma indepen-
dent of a history of alcohol.?” Similarly, aldehyde reductase
AKR7A2 was reported to be highly expressed in pancreatic
cancer but not in normal adjacent tissue and benign tumors.®®

Fig. 5 - (continued) differentially expressed miRNAs. Top right panel displays the correlations as a pie chart, whereas the
bottom left panel displays the correlation value and the 95% confidence interval. The diagonal displays the miRNA ID and
the respective density distribution of the observed miRNA levels. Boxed pie charts highlight most striking correlative

differences between miR-378c and miR-6510-3p.
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Table 2 - Gene Set Enrichment Analysis results for miR-6510-3p and miR-4652-3p validated targets, using the SetRank package.
A. miR-6510-3p (downregulated in HNSCC)

Gene membership

Name Description Database Size SetRank score P value Adjusted P value ADHS5 AKR7A2 ABCF3
G0:0006081 Cellular aldehyde metabolic process GOBP 85 0.48 0.0178 0.0357 X X
hsa00980 Metabolism of xenobiotics by KEGG 74 0.26 0.0178 0.0357 X X
cytochrome P450
G0:0009158 Ribonucleoside monophosphate GOBP 388 0.26 0.0294 0.0357 . . X
catabolic process
B. miR-4652-3p (upregulated in HNSCC)

Name Description Database Size SetRank score P value Adjusted P value Gene membership
G0:0070898 RNA polymerase III transcriptional GOBP 2 0.13 0.0225 0.1798 Supplementary Table ST3

preinitiation complex assembly
WP2446 Retinoblastoma (RB) in Cancer WikiPathways 88 0.10 0.0112 0.1236 Supplementary Table ST3
hsa05216 Thyroid cancer KEGG 29 0.07 0.0112 0.1236 Supplementary Table ST3
G0:0000398 mRNA splicing, via spliceosome GOBP 288 0.07 0.0268 0.1803 Supplementary Table ST3
G0:0016579 Protein deubiquitination GOBP 290 0.07 0.0306 0.1803 Supplementary Table ST3
G0:0000126 Transcription factor TFIIIB complex GOCC 2 0.07 0.0225 0.1798 Supplementary Table ST3
G0:0001156 TFIIIC-class transcription factor binding GOMF 3 0.05 0.0225 0.1798 Supplementary Table ST3
WP2377 Integrated Pancreatic Cancer Pathway WikiPathways 197 0.04 0.0084 0.1006 Supplementary Table ST3
G0:0005200 Structural constituent of cytoskeleton GOMF 110 0.04 0.0112 0.1236 Supplementary Table ST3
WP2857 Mesodermal Commitment Pathway WikiPathways 157 0.04 0.0112 0.1236 Supplementary Table ST3
G0:0002072 Optic cup morphogenesis involved in GOBP 8 0.04 0.0199 0.1793 Supplementary Table ST3

camera-type eye development
R-HSA-76071 RNA Polymerase III Transcription REACTOME 29 0.04 0.0225 0.1798 Supplementary Table ST3

Initiation From Type 3 Promoter
G0:0017124 SH3 domain binding GOMF 124 0.04 0.0258 0.1803 Supplementary Table ST3
G0:0071013 Catalytic step 2 spliceosome GOCC 100 0.04 0.0268 0.1803 Supplementary Table ST3
R-HSA-5688426 Deubiquitination REACTOME 301 0.04 0.0306 0.1803 Supplementary Table ST3
WP3624 Lung fibrosis WikiPathways 63 0.04 0.0337 0.1803 Supplementary Table ST3
G0:0006412 Translation GOBP 433 0.04 0.0358 0.1803 Supplementary Table ST3
G0:0042472 Inner ear morphogenesis GOBP 100 0.04 0.0392 0.1803 Supplementary Table ST3
G0:0005216 Ion channel activity GOMF 432 0.04 0.0444 0.1803 Supplementary Table ST3

Rows sorted by SetRank Score (all P value <0.05, Adj. P value <0.2).

0c—9 (8 I0C ) € ¢ XAdV¥IHIOIAVY ANV ADOTODNO TVDILOVEd 40 S1Y0dTd

L1


https://doi.org/10.1016/j.rpor.2017.10.003

18 REPORTS OF PRACTICAL ONCOLOGY AND RADIOTHERAPY 23 (2018) 6-20

6. Conclusions

A characteristic HNSCC miRNA signature comprised of 20 DE
miRNAs is reported in this study. This signature is highly
enriched for miRNAs demonstrated to be involved in the reg-
ulation of important cancer-driving pathways and processes
common to multiple types of cancers. These miRNAs act as
tumor suppressors or oncomirs and are suggested to con-
tribute to the development and/or progression of the disease.
By association and highly specific GSEA, two novel HNSCC
characteristic miRNAs, namely miR-4652-3p and miR-6510-3p,
are suggested to function as oncomir and tumor suppressor,
respectively.

MicroRNAs miR-378c and miR-6510-3p were specifically
demonstrated to be among the three most important (most
informative) variables comprising an optimal iseRF survival
model with externally validated prognostic accuracy and sen-
sitivity. These miRNAs likely act as a tumor suppressors and
their downregulation in tissues might be involved in the car-
cinogenesis process leading to HNSCC.
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