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Hsa-miR-139-5p is a prognostic thyroid cancer marker involved
in HNRNPF-mediated alternative splicing
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It is critical to identify biomarkers and functional networks associated with aggressive thyroid cancer to anticipate disease
progression and facilitate personalized patient management. We performed miRNome sequencing of 46 thyroid tumors
enriched with advanced disease patients with a median follow-up of 96 months. MiRNome profiles correlated with tumor-
specific histopathological and molecular features, such as stromal cell infiltration and tumor driver mutation. Differential
expression analysis revealed a consistent hsa-miR-139-5p downexpression in primary carcinomas from patients with
recurrent/metastatic disease compared to disease-free patients, sustained in paired local metastases and validated in publicly
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Additional Supporting Information may be found in the online version of this article.
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Hsa-miR139-5p role in thyroid cancer

available thyroid cancer series. Exogenous expression of hsa-miR-139-5p significantly reduced migration and proliferation of
anaplastic thyroid cancer cells. Proteomic analysis indicated RICTOR, SMAD2/3 and HNRNPF as putative hsa-miR-139-5p targets
in our cell system. Abundance of HNRNPF mRNA, encoding an alternative splicing factor involved in cryptic exon
inclusion/exclusion, inversely correlated with hsa-miR-139-5p expression in human tumors. RNA sequencing analysis revealed
174 splicing events differentially regulated upon HNRNPF repression in our cell system, affecting genes involved in
RTK/RAS/MAPK and PI3K/AKT/MTOR signaling cascades among others. These results point at the hsa-miR-139-5p/HNRNPF axis
as a novel regulatory mechanism associated with the modulation of major thyroid cancer signaling pathways and tumor virulence.

What’s new?

Recurrent or metastatic thyroid cancer generally leads to worse outcomes and higher mortality. To search for a prognostic marker
in such cases, these authors sequenced the microRNA expression profile, or miRNome, of 46 thyroid samples. They compared
differential expression between patients with recurrent/metastatic disease and those who remained cancer free over the 8-year
follow-up. One miRNA, hsa-miR-139-5p, was associated with recurrent disease independent of genetic background. Expression of
hsa-miR-139-5p, they found, influences expression of an alternative splicing factor, HNRNPF, which in turn controls the transcript
balance of genes involved in key cancer-related pathways, a novel mechanism associated with tumor virulence.

Introduction

Around 15% of patients with differentiated thyroid carcino-
mas (DTCs) suffer distant metastases or recurrent disease.
These patients frequently lose the ability to trap radioiodine
(RAI) and present worse outcome with a substantially
increased mortality (10-year survival rate of 10-30%)." Fur-
thermore, dedifferentiated anaplastic and poorly differentiated
thyroid cancers (ATCs and PDTCs, respectively) are RAI
refractory and are mostly lethal within 5 years of follow-up.>

Aggressive thyroid tumors frequently harbor BRAF and
RAS (N-, H- and K-) proto-oncogene-activating mutations,>*
which constitutively turn on the mitogen-activated protein
kinase (MAPK) signaling pathway, leading to abnormal cell
growth and survival. In the thyroid, the output intensity of
the MAPK signal negatively regulates the expression of key
genes involved in RAI uptake and retention.® This in combi-
nation with other undefined factors can transform thyroid
tumors into highly aggressive RAI-resistant entities.

The first stage of The Cancer Genome Atlas Project (TCGA)
comprehensively described the genomic landscape of the most
prevalent DTC histotype, papillary thyroid carcinoma (PTC).”
However, patient follow-up was restricted and the most aggres-
sive histopathologies were excluded, limiting the identification
of molecular events with prognostic value. Later studies of RAI-
refractory-enriched carcinoma series identified genetic hallmarks
associated with tumor virulence.>* Still, there are genomic traits
barely explored for poor outcome tumors. MiRNome profiling
has uncovered markers associated with specific clinicopathologi-
cal features for many cancer types, including thyroid cancer.®’
Identification of their direct targets has led to deciphering their
functional effects and their promise as therapeutic targets.'!!

Here, we sequenced the miRNome of a long-term follow-up
thyroid cancer series enriched with poor prognosis cases and found
hsa-miR139-5p downregulation as a bona fide poor-prognostic

factor. Exogenous hsa-miR-139-5p expression repressed procancer
features of thyroid cancer (TC) cells. Proteomic analysis
revealed that the alternative splicing factor HNRNPF was
significantly regulated by hsa-miR-139-5p. Subsequent RNA
sequencing analysis showed that the modulation of hsa-miR-
139-5p/HNRNPF axis affected alternative splicing outcome of
genes related to MAPK and PI3K signaling cascades. The axis
represents a novel putative mechanism of regulation of key
cancer pathways.

Materials and Methods

Human thyroid tissues

A total of 49 fresh frozen-thyroid tissues including 25 carcinomas
from patients with aggressive disease (8 differentiated thyroid
carcinomas from persistent/recurrent disease patients, 2 lymphade-
nopathies from a papillary thyroid carcinoma, 5 poorly differenti-
ated carcinomas and 10 anaplastic thyroid cancers), 17 carcinomas
from disease-free patients, 4 benign tumors (follicular adenomas
[FAs]) and 3 normal thyroids (NTs) from patients with non-
thyroid pathologies were analyzed by miRNome sequencing.
Associated clinicopathologic data are detailed in Supporting Infor-
mation Table S1. Formalin-fixed paraffin-embedded (FFPE) tissue
sections of local metastases from 14 patients were also collected.
Triplets of normal, primary tumor and local metastasis were avail-
able for 7 of these 14 patients. Frozen and FFPE specimens were
first evaluated by a pathologist. All tumors included in the study
held a tumor content superior to 80%.

Cell lines

CAL-62 (RRID:CVCL_1112) and 8505C (RRID:CVCL_1054)
cell lines derived from human anaplastic thyroid carcinomas
were kindly provided by Dr. JA Fagin (MSKCC, NY). Both cell
lines were mycoplasma-free and authenticated by an STR-based
method within the last 3 years at the CNIO Genomics Unit.

Int. J. Cancer: 146, 521-530 (2020) © 2019 UICC

85U8017 SUOWILLOD 3A 18810 3dfedl|dde 8y} Aq peusenob a1e s9oile O ‘8sn Jo SNl 10} ArIqi]8UIIUQ A1 UO (SUONIPUCD-PUR-SLLBYWOD AB| 1M AlRIq 1 BU1UO//:SANY) SUORIPUOD PUe SWIB | 81 88S *[7202/20/02] Uo Aiqiauliuo A8|IM ‘PUPRIN Usdew |y OIND A 229z€ 2(1/200T 0T/10p/wod" As | Ake.djpul|uoy//sdny wo.j pepeojumoq ‘Z ‘0202 ‘STZ0.60T



Montero-Conde et al.

Their respective driver mutations (CAL-62: KRAS“'*® and
8505C: BRAF"*"%) were confirmed by Sanger sequencing. Cells
were maintained at 37°C and 5% CO, in a humidified atmo-
sphere and grown in RPMI-1640 growth medium (Sigma) sup-
plemented with 10% (v/v) Fetal Bovine Serum (FBS; Sigma,
St. Louis, MO). CAL-62 isogenic cell lines expressing either
mature hsa-miR-139-5p or a nontargeting control under a
doxycycline-inducible promoter were established following the
manufacturer’s protocol (Dharmacon, shmimic-inducible-man-
ual). Briefly, CAL-62 cells were infected with lentiviral particles
containing either shMIMIC inducible hsa-miR-139-5p mCMV-
Turbo GFP vector (Prrpsg-tGFP-hsa-miR139-5p, Dharmacon
VSH6904-224633476) or SMARTvector inducible nontargeting
control mCMV-Turbo GFP vector (Prrpsg-tGFP-nontargeting
control, Dharmacon VSC11651). These systems also encode the
Tet-On® 3G transactivator protein, which expression is under
the control of a constitutive RNA pol II promoter. Both hsa-
miR-139-5p or nontargeting control expression and GFP
expression are regulated by the Tet 3G promoter, which is acti-
vated by the Tet-On® 3G transactivator only in the presence of
doxycycline. The induction of GFP signal upon doxycycline
treatment was monitored with a fluorescence microscope
(Nikon Eclipse Ti-U). Hsa-miR-139-5p expression was quanti-
fied by Q-PCR at experiment end-points as experiment control.

Study approval

Tumors and normal thyroid tissues were collected from the
Hospitals 12 de Octubre, Mdstoles, La Paz, Vall d’Hebron,
Germans Trias i Pujol and the CNIO Tumor bank with the
approval of the respective institutional review boards and Bio-
ethics and animal welfare committee of the Carlos III Health
Institute. Patients completed a written informed consent prior
to inclusion in the study.

Statistical information

General statistical analyses were conducted using Fisher’s
exact test for categorical variables, and a two-tailed ¢-test for
continuous variables (GraphPad Prism v5.03 and SPSS v19).
Relapse/death-free survival rates (Supporting Information
Table S1) were calculated by the Kaplan-Meier test, and log-
rank tests were used to examine the differences in disease-free
survival rates between the two groups. Pearson’s x° test was
used to analyze the associations of hsa-miR-139-5p expression
with indicated clinicopathological variables. Values of p < 0.05
were considered as statistically significant.

Data availability

The human samples miRNome sequencing data and CAL-62
RNA sequencing data are deposited in the Gene Expression
Omnibus (GEO) and are accessible through accession number
GSE124653 and GSE123680, respectively. The proteomic analy-
sis data are deposited in EBI ProteomeXchange and are accessi-
ble through accession number PXD011901. The remaining data
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and methods are available within the article and Supporting
Information files or from the authors upon request.

Results and Discussion

MiRNome profiling patterns correlate with specific
molecular and clinicopathological features

To discover novel putative biomarkers associated with persistent
or recurrent disease we sequenced the miRNome of a fresh-
frozen thyroid tissue series including 3 normal tissues (NT), 4 ade-
nomas (FA) and 42 carcinomas (Supporting Information
Table S1). Unsupervised analysis clustered the tumors into two
main groups, subdivided into a total of five subclusters (Fig. 1a).
The subclusters were enriched with specific histotypes and molec-
ular classes: Subcluster 1 compiled most dedifferentiated carcino-
mas (10/15 ATCs or PDTCs, p < 0.0001); Subcluster 2 gathered
BRAF-mutant tumors (8/11 BRAF-mutant primary tumors,
P < 0.0001); Subcluster 3 was enriched in the DTC histotype fol-
licular thyroid carcinoma (5/8 FTCs, p = 0.0074); Subcluster 4 in
RAS-mutant tumors (8/13 RAS-mutant, p = 0.0002); and Sub-
cluster 5 compiled normal thyroids and tumors negative for
BRAF and RAS mutations.

MiRNome profiles are conditioned by the stromal cell
component of the tumor
Dedifferentiated TCs contain infiltrating inflammatory cells,"?
which can represent up to 50% of the tumor mass. These non-
cancer cells are mainly tumor-associated macrophages (TAMs).
TAM:s represent a major constituent of the tumor microenvi-
ronment and support cancer cells in malignant processes such
as invasion, metastasis and evasion of the immune response.
This tumor component can affect miRNome profiles and may
lead to a misinterpretation of the results. Hence, we decided to
quantify stroma infiltration in our series, to determine the cor-
relation of this trait with tumor cluster yielded by hierarchical
miRNome analysis. We developed a stromal cell score (SCS),
which summarize the expression of the stromal cell markers
CD68, CD163 and CSFRI (Supporting Information Table S2).
SCS score (Fig. 1a) showed a significant association with
miRNome clustering (Subclusters 1-5; Kruskal-Wallis test,
statistics = 27.93, p < 0.0001). Remarkably, Subcluster 2 assem-
bled differentiated TCs with mainly positive SCS including all
poor-prognosis BRAF-mutant TCs. SCS was consistently
lower (median SCS = 0.84) in these tumors than in those from
Subcluster 1 (median SCS = 2.14), suggesting that these differ-
entiated carcinomas harbor molecularly detectable grades of
stroma infiltration. The specificity of the SCS score was con-
firmed by assessing the noncancer cell component of selected
tumors (Supporting Information Fig. S1a) by an independent
approach (Supporting Information Figs. S1b and Slc).

Differential expression analysis of the miRNome reveals
prognostic thyroid cancer markers

To discover putative prognostic biomarkers, we categorized tumors
as persistent/recurrent disease-related or disease-free-related; the
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BRAF
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Figure 1. MiRNome profiling analysis identifies potential persistent/recurrent disease biomarkers. (a) Hierarchical clustering analysis and
miRNome heatmap for 49 thyroid tissues. Sample histology, disease status and tumor driver gene information are included. Stromal cell
score (SCS) is shown below. Scale bars show log,-normalized median-centered miRNA counts. (b) Number of patients included in miRNome
differential expression analyses considering disease prognosis, histology and cancer driver gene. Abbreviation: DF, disease-free-related
tumors with a median follow-up of 96 months. (c) Venn diagram of established comparisons of significant miRNAs.

latter category refers to tumors from disease-free patients with a
median follow-up of 96 months (Fig. 1a, “Disease status,” and
Supporting Information Table S1). We performed differential
expression analysis between the prognostic classes considering all
thyroid carcinomas (all TCs), only DTCs, or only tumors from the
same genetic class (BRAF-mutant, RAS-mutant; Fig. 1b). MiRNAs
with an FDR value <0.1 and Log, Fold-change >1.5 or FDR value
<0.05 were considered significantly differentially expressed. A total
of 72 miRNAs passed the threshold for at least one of the compar-
isons (Supporting Information Table S3). Eleven miRNAs were
significantly associated with prognosis for both “All TCs” and
“DTCs” (Supporting Information Table S3), indicating that dereg-
ulation of these miRNAs was already present in less advanced
histotypes, and thus pointing at them as putative prognostic bio-
markers for earlier cancer stages. Among them, we found the
upregulation of onco-miRNA hsa-miR-21-5p'>'* and six miRNAs
encoded by the 14q32 region, which contains two miRNA clusters
located within an imprinted locus.'> Remarkably, the upregulation

of these miRNA clusters has been previously associated with poor
outcome disease in other solid tumors.'*!”

Twenty nine miRNAs were associated with the prognosis
of RAS-mutant tumors (Supporting Information Table S3 and
Fig. S2a). These miRNAs hold special clinical interest since
RAS-mutations occur in benign tumors (FAs), DTCs (FTCs
and PTC follicular variant) and dedifferentiated carcinomas,
and thus their quantification could facilitate discrimination
between these entities at diagnosis and anticipate the outcome
of early-stage RAS-mutant cancers. MiRNAs showing a signif-
icant correlation with SCS score were considered stroma infil-
tration markers rather than bona fide prognostic factors
(Supporting Information Figs. S2a and S2b).

Hsa-miR139-5p is downregulated in persistent/recurrent
disease-related primary tumors and local metastases
Hsa-miR-139-5p was the only miRNA that showed significant
association with persistent/recurrent disease, independently of

Int. ). Cancer: 146, 521-530 (2020) © 2019 UICC
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Figure 2. Hsa-miR-139-5p is a bona fide marker of persistent/recurrent disease in thyroid cancer. (a) Hsa-miR-139-5p DESeq,-normalized read
counts relative to median expression of normal thyroid sample series. Grand median values, sample size and Mann-Whitney t-test p values
for indicated comparisons are shown. Abbreviations: DF, disease-free related tumors with a follow-up =36 months; Persis/Recurrent,
persistent/recurrent related disease tumors. (b) Kaplan—-Meier disease-free survival (DFS) plot. Hsa-miR-139-5p median expression value of
miRNome-seq primary carcinomas was used to separate DTC patients into two groups: low expressors (dashed line) and high expressors

(solid line).

the genetic background and stroma-component/tumor dedif-
ferentiation stage (Fig. 1lc and Supporting Information
Table S3). In addition, we evaluated the clinicopathological
variables in thyroid cancer to determine the clinical relevance
of hsa-miR-139-5p expression. A significant association of
hsa-miR-139-5p with age at diagnosis (Pearson’s > = 8.046,
p-value = 0.005), lymph node metastasis (Pearson’s y* = 9.079,
p-value = 0.003) and TNM stage (AJCC 8th edition; Pearson’s
x° = 20.501, p < 0.001) was observed (Supporting Information
Table S4).

Downregulation of this miRNA was previously described
in TCs as
thyroids,'®"®

and aggressive disease in multiple cancer types.’*** To

compared to benign tumors or normal
and has been proposed as a marker of diagnosis

Int. ). Cancer: 146, 521-530 (2020) © 2019 UICC

determine if hsa-miR-139-5p downregulation was detectable
in early stages of thyroid tumor development, we enriched
our series with the Mancikova et al. series.® Hsa-miR-139-5p
analysis showed a gradual reduction of its abundance from
normal thyroid to FA (p = 0.0003), DTC (p = 0.0001 for FTCs
and p <0.0001 for PTCs) and dedifferentiated carcinomas
(p = 0.0022 for PDTCs and p = 0.0001 for ATCs; Fig. 2a).
Prognosis-associated significant differences were also detected
for both series considering only DTCs (p < 0.0001), BRAF-
mutant (p = 0.0209) or RAS-mutant (p = 0.0005) tumors
(Fig. 2a). Furthermore, we validated hsa-miR-139-5p down-
regulation in the thyroid cancer TCGA series.” Hsa-miR-
139-5p was significantly downregulated in the persistent disease
tumor class, independently of the genetic background (either
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BRAF-mutant or RAS-mutant; Supporting Information Fig. S3a).
Disease-free survival (DFS) analysis showed significant differ-
ences in the time to relapse or death between hsa-miR-139-5p
high-expressors and low-expressors DTC patients (Supporting
Information Table S1 and Fig. 2b).
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Finally, we evaluated hsa-miR-139-5p expression in 15 lymph
node metastases of 14 patients with DTC. Normal thyroid tis-
sue, primary tumor and metastases triplets were available for
6 of the 11 persistent/recurrent disease patients and a disease-
free patient with a short follow-up (17 months) and an
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aggressive histology (tall cell PTC). As in primary tumors, hsa-
miR-139-5p was significantly downregulated in the metastases
from poor prognosis patients compared to those from disease-
free patients (=91 months follow-up; p = 0.0364; Supporting
Information Fig. S3b, left panel), and the magnitude of dereg-
ulation was comparable in primary tumor and paired metas-
tasis (Supporting Information Fig. S3b, right panel). Altogether,
these findings discard hsa-miR-139-5p downregulation as a
passenger aberration, and suggest that this miRNA has a func-
tional role in early acquisition stages of virulent attributes.

In vitro induction of hsa-miR-139-5p expression inhibits cell
proliferation and migration

To explore if hsa-miR-139-5p expression could inhibit procancer
features in thyroid cancer cells, we selected the RAS-mutant
anaplastic cancer cell line CAL-62, with an almost undetectable
hsa-miR-139-5p expression, and established a cell line with a
doxycycline-dependent expression of the mature miRNA and a
second one with a doxycycline-dependent expression of a non-
targeting sequence. Induction of hsa-miR-139-5p expression in
CAL-62 significantly inhibited cell proliferation compared to
nontargeting control cells, as shown by counting the viable cells
(Fig. 3a). However, cell proliferation reduction did not reach 25%,
suggesting a minor effect of hsa-miR-139-5p on cell proliferation
in thyroid cancer. Conversely, a transwell migration assay showed
that induction of hsa-miR-139-5p expression inhibited cell migra-
tion to almost 40% (p-value = 0.0127) of the nontargeting control
condition (Fig. 3b), indicating that cells with low hsa-miR-139-5p
expression have a migratory advantage. Similar results were
observed by scratch assay (Supporting Information Fig. S5).

Hsa-miR-139-5p regulates the expression of proteins

related to poor-survival cancer

To identify hsa-miR-139-5p-regulated genes related to previously
observed phenotypic changes, we measured hsa-miR-139-5p reg-
ulatory output with an unbiased strategy able to detect both
miRNA-mRNA destabilized targets and miRNA translation-
inhibited targets. We used the quantitative mass spectrometry
(LC-MS/MS)-based technique isobaric tags for relative and abso-
lute quantitation (iTRAQ)* to detect proteomics differences

527

upon induction of hsa-miR-139-5p expression in CAL-62 cell
line. A total of 6,139 proteins were identified. We observed a sig-
nificant differential expression (Log, ratio >0.3 or <—0.3; p-value
<0.05) for 71 proteins at 96 hr hsa-miR-139-5p expression induc-
tion, and 50 proteins at 120 hr induction with an overlap of
12 proteins between the two time points (Supporting Information
Table S5). We reasoned that protein abundance kinetics of
true miRNA-targets should display a significant decrease at
96 hr being sustained or more acute at 120 hr (log, ratio at
120 hr < log, ratio at 96 hr). Among proteins fitting these
criteria, we found RICTOR, SMAD2/3, HNRNPF and PAM
(Fig. 3¢ and Supporting Information Table S5). Notably, quantifi-
cation of RICTOR, SMAD2/3 and HNRNPF protein level was
based on the measurement of multiple peptides (i.e., number of
spectra; Supporting Information Table S5), which confers robust-
ness to the findings (Fig. 3¢). These candidates are key proteins in
the cancer-related pathways/processes mTOR2/AKT, TGFbeta
and alternative splicing, respectively, and their expression has
been shown to mediate poor outcome®*?> and resistance to ther-
apy”® in different cancer types including thyroid cancer.”’ >’

We used TargetScan version 7.0°° to search for hsa-miR-
139-5p-matched sites within the 3'UTR sequence of the candidate
genes and found one 7 mer-seed matched-site for each of them
(Supporting Information Fig. S4a). The HNRNPF site showed the
highest probability value (Pcr) of being selectively conserved
rather than by chance. Q-PCR analysis indicated that HNRNPF
mRNA abundance was acutely reduced upon hsa-miR-139-5p
expression induction (r = —0.9364, p = 0.0059), showing a maxi-
mal reduction of 54% at 96 hr (Fig. 3d); this was validated by west-
ern blot (Fig. 3e). Conversely, HNRNPF mRNA and protein
abundance exhibited a modest but consistent increase when
endogenous hsa-miR-139-5p expression was inhibited with a hsa-
miR-139-5p hairpin inhibitor in a thyroid cancer cell line (8505C)
with detectable expression of the miRNA as compared to the
nontargeting control condition (Figs. 3f and 3g).

Finally, we analyzed the expression of HNRNPF in our tumor
series. Correlation analysis of HNRNPF mRNA abundance and
hsa-miR-139-5p expression revealed a significant inverse associa-
tion (Pearson r = —0.3258, p = 0.0290; Supporting Information
Fig. $4b), which was also significant for the papillary thyroid cancer

Figure 3. Exogenous hsa-miR-139-5p expression inhibits procancer features and regulates proteins involved in known cancer-related
pathways. (a) Viable cell number of CAL-62 doxycycline-inducible hsa-miR-139-5p and nontargeting control cell lines at indicated days of
doxycycline treatment (1 pg/ml). Data were represented as relative to the untreated condition (doxycycline treatment days = 0). Differences
between cell lines for each time point were estimated by t-test; significant p values are shown. (b) Percentage of migrating cells of
nontargeting control and hsa-miR-139-5p inducible cells for indicated conditions. Differences were estimated by t-test. Abbreviation: Dox:
Doxycycline. Images of representative microscope fields (10x) for each experimental condition are shown. Abbreviation: Dox —/+: doxycycline
untreated/treated. (c) Protein levels for hsa-miR-139-5p potential targets as determined by LC—-MS/MS using iTRAQ. (d) Abundance kinetics
of hsa-miR-139-5p (upper panel) and mRNAs of iTRAQ top-candidates (lower panel) for hsa-miR-139-5p inducible cells treated with
doxycycline for indicated times. Data is represented relative to doxycycline untreated condition. (e) Immunoblot of HNRNPF protein from
nuclear extracts of nontargeting control and hsa-miR-139-5p inducible cells treated with doxycycline for indicated times. TBP1 was used as
loading control. (f) Hsa-miR-139-5p and HNRNPF mRNA abundance in 8505C cells transfected either with a nontargeting control inhibitor
(black bar) or hsa-miR-139-5p hairpin inhibitor (white bar). Bars represent means + SD of three independent transfection experiments each
measured in triplicate. (g) Immunoblot of HNRNPF protein from total protein extracts of 8505C cells at different conditions: untransfected
(wt), 72 hr posttransfection with a negative control inhibitor (Neg Ctr INH) or 72 hr posttransfection with the hsa-miR-139-5p inhibitor (hsa-
miR-139-5p INH). Replicates of each experimental condition were included. p-Actin was used as loading control.
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Figure 4. Hsa-miR-139-5p/HNRNPF regulatory axis modulates gene-transcripts balance. (a) Workflow of alternative splicing analysis

experiment. Log, FC = —1.058 refers to DESeq; differential expression analysis of HNRNPF upon hsa-miR-139-5p expression induction. rMATS
was used to identify differences in splicing. (b) Pie chart of events with significantly different inclusion levels (FDR < 0.05) upon hsa-miR-

139-5p/HNRNPF axis regulation. Junction counts and reads on target exon counts from RNA sequencing data were considered in the analysis.
Abbreviations: SE, skipped exon; RI, retained intron; MXE, mutually exclusive; A5SS, alternative 5’ splice site; A3SS, alternative 3’ splice site.

(¢) Q-PCR validation of hsa-miR-139-5p/HNRNPF regulated alternative splicing events for indicated genes. Graphic schemes of the
exons/introns involved in each event are included. Blue color represents event outcomes corresponding to the canonical protein-coding
transcript; red color represents event outcomes corresponding to either an alternative protein-coding (alternative), intron-retained or
unknown transcript. Connecting lines represent the kinetics of the specific isoforms (canonical in blue and alternative in red) and exon/intron
inclusion/skipping ratios (black dashed line) upon HNRNPF inhibition. Error bars represent SD of each time point (0, 48, 72 and 96 hr)
measured in quadruplicate. Mann—-Whitney t-test between 48 hr, 72 hr, 96 hr and basal condition (0 hr) was performed. *p < 0.05.

3SPAG9-event was previously described in 293T cells.>?

TCGA series and other cancer types, as observed by the starBase
Pan-Cancer analysis platform®" (Supporting Information Fig. S4c).

The hsa-miR-139-5p/HNRNPF axis modulates
gene-transcripts balance

HNRNPF is an alternative splicing factor with a major role in
cryptic exons inclusion/exclusion.’® It has been reported to
mediate the alternative splicing of multiple genes involved in
different cancer-related processes, such as the epithelial to
mesenchymal transition® and resistance to therapy.*® Recent
reports have shown that the activity of alternative splicing

regulators is recurrently altered in cancer,”**” and this
affects transcripts balance of key genes involved in cancer-
related pathways.>****®

To explore the alternative splicing changes upon hsa-miR-
139-5p/HNRNPF axis regulation, we performed an RNA-
sequencing assay with the established CAL-62 isogenic cell lines
expressing either mature hsa-miR-139-5p or a nontargeting
control under a doxycycline-inducible promoter, and used
the Multivariate Analysis of Transcript Splicing (rMATS)
computational tool to analyze the data (Fig. 44). Differential
analysis of major splicing events outcomes between untreated
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and doxycycline-treated condition for both cell lines revealed
174 events significantly activated or repressed (FDR < 0.05)
only upon hsa-miR-139-5p expression induction (Fig. 4b and
Supporting Information Table S6). Exon skipping was the most
frequent event, as previously reported®® (Fig. 4b). In concor-
dance with a pre-mRNA processing regulation mechanism,
affected genes only showed significant differences in the abun-
dance of splicing event outcomes (Supporting Information
Table S6a) but not in the merged transcript abundance
(Supporting Information Table S6b). “Skipped exon” and
“retained intron” events occurred in genes related to thyroid
cancer signaling cascades RTK/RAS/MAPK (KSRI, MAPKI12,
SPAGY9) and PI3K/AKT/mTOR (PHKA, AKT2, MLSTS,
EIF4G2; Supporting Information Table S6a and Fig. 4c); which
could modulate pathway outputs. Finally, we validated by
Q-PCR several of the identified events, which further supports
the rMATS analysis results (Fig. 4c).

In summary, miRnome profiles of thyroid tumors correlate
with tumor histopathology and tumor driver gene, highlighting
the clinical potential of miRnome profiling to classify patients
according to certain clinicopathological features. Moreover,
miRnome differential expression analysis between prognostic
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