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Sarah Capelupe Simõesd, Natália Volgarine Scarabotob,c, Felipe Freitas-Castrob,c,
Cibele Cardosob,c, Josane de Freitas Sousab and Wilson Araújo Silva Jra,b,c,∗
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Abstract.
BACKGROUND: Expression dysregulation of HOX homeobox genes has been observed in several cancers, including head
and neck squamous cell carcinoma (HNSC). Although characterization of HOX gene roles in HNSC development has been
reported, there is still a need to better understand their real contribution to tumorigenesis.
OBJECTIVE: The present study aimed to evaluate the contribution of the protein-coding HOX genes (HOXA10, HOXC9,
HOXC10, and HOXC13) in cellular processes related to carcinogenesis and progression of the HNSC.
METHODS: Expression of HOX genes was analyzed in HNSC RNA-Seq data from The Cancer Genome Atlas (TCGA)
and by RT-qPCR in different tumor cell lines. siRNA-mediated knockdown of HOXA10, HOXC9, HOXC10 or HOXC13 was
performed in HNSC cell lines, and predicted transcriptional targets HOX genes was analyzed by bioinformatic.
RESULTS: Thirty-one out of the 39 mammalian HOX genes were found upregulated in HNSC tissues and cell lines. The
HOXC9, HOXC10 or HOXC13 knockdown attenuated cell migration, and lead to downregulation of epithelial-mesenchymal
transition (EMT) markers, which were predicted as transcriptional targets of these three HOX genes. Diminished colony
formation and cell cycle arrest after HOXC10 or HOXC13 knockdown were also observed, corroborating the fact that there
was an enrichment for genes in proliferation/cell cycle pathways.
CONCLUSIONS: In summary, we revealed roles for HOXC9, HOXC10, and HOXC13 in cell migration and proliferation/cell
cycle progression in HNSC cells and suggested that those HOX members contribute to HNSC development possibly by
regulating tumor growth and metastasis.
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1. Introduction

As other genes from the Homeobox superfamily, HOX genes encode for transcription factors char-
acterized by having a DNA-binding domain, called homeodomain. They are crucial regulators of
metazoan embryogenesis [1, 2], through the orchestration of several biological processes such as pro-
liferation, migration, differentiation, adhesion and cell death [3]. Aberrant expression in adult tissues
of genes involved in embryonic development contributes to the development of cancer [4]. In general,
HOX genes have a diminished expression during adult lifetime, but reactivation of some of these genes
may occur during carcinogenesis [5]. Upregulation of HOX gene expression, leading to increased
proliferation, migration and cell invasion, has been reported in several tumors including pancreatic
cancer, lung cancer, ovarian cancer, breast cancer, and among others [6–10]. Therefore, understanding
how the aberrant expression of HOX genes affects the development and progression of tumors is of
paramount importance, both for understanding their carcinogenic role and for new forms of treatments
and therapies to be developed.

Head and neck squamous cell carcinomas (HNSC) represent a group of cancers originating in the
mucosa inside the mouth, nose, and throat, and also include tumors derived from the salivary glands.
[11]. The Global Burden of Disease (GBD) study estimated 890 000 new head and neck cancers world-
wide in 2017, representing 5.3% of all cancers [12]. About 75% of this type of cancer cases are related to
alcohol or tobacco consumption, but other risk factors include human papillomavirus (16 and 18 types)
and Epstein-Barr virus infections [11, 13]. A rising number of studies on molecular changes in HNSC
have identified specific cytogenetic abnormalities (chromosome gain or loss) and genetic alterations,
such as activation of proto-oncogenes (cyclin D1, MYC, RAS, EGFR) and inactivation of tumor suppres-
sor genes (p161INK4A and p53) [13]. The epidermal growth factor receptor (EGFR) is the only molec-
ular therapeutic target established so far [14]. Therefore, a deeper understanding of the cellular and
molecular biology of this cancer will facilitate the development of more effective therapeutic strategies.

A previous study conducted by our group found eight members of the HOX gene family (HOXA10,
HOXA11-AS1, HOXC8, HOXC9, HOXC10, HOXC13, HOXD10, and HOXD11) overexpressed in laryn-
geal squamous cell carcinoma (LSCC) [15]. Cell functional assays upon esiRNA-mediated knockdown
against the most upregulated ones: HOXC8, HOXD10, and HOXD11, revealed a role for those three
genes in the regulation of colony formation and cell migration capacity of HNSC cell lines [15]. The
present study aimed to evaluate the contribution of the other protein-coding HOX genes (HOXA10,
HOXC9, HOXC10, and HOXC13) in cellular processes related to carcinogenesis and progression of
the HNSC.

Here we report that HOXA10, HOXC9, HOXC10 and HOXC13 genes are overexpressed in HNSC
tissues, based on data from The Cancer Genome Atlas (TCGA) database and also in HNSC cell lines.
Knockdown of HOXC9, HOXC10, and HOXC13 significantly reduced in vitro cell migration and
colony formation. Target prediction analysis showed the involvement of those selected HOX genes in
cell cycle control and epithelial-mesenchymal transition (EMT) pathways, which was corroborated by
observation of cell cycle arrest and altered expression of EMT markers after HOXC10 and HOXC13
knockdown.

2. Materials and methods

2.1. TCGA data analysis

Gene expression profile Level 3 restricted to IlluminaHiSeq RNASeqV2 for 44 normal tissue and 520
primary tumor samples of patients with head and neck squamous cell carcinoma (HNSC) available up
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to July 2017 were downloaded from The Cancer Genome Atlas (TCGA) database by R/Bioconductor
package TCGAbiolinks [16]. A total number of 265 low expressed genes with less than 2 CPM across all
samples were removed. The differential expression analysis was conducted using the R/Bioconductor
package edgeR [17] with the quasi-likelihood method, a glm approach. An FDR (False Discovery
Rate) adjusted p-value threshold of 0.01 with a fold-change cutoff of 2 was used to determine the
differentially expressed genes (DEGs) (Supplementary tables 1 and 2). The R/Bioconductor package
ComplexHeatmap [18] was used to generate gene expression heatmaps. The boxplots showing HOX
gene expression values in normal and tumor samples from TCGA dataset were customized from those
generated in the interactive web server GEPIA (Gene Expression Profiling Interactive Analysis) [19].

2.2. Cell lines

FaDu and UMSCC-1 cell lines are derived from pharynx carcinoma and mouth floor carcinoma,
respectively, and were used as representatives of the human head and neck squamous cell carci-
noma. Both cell lines were kindly provided by Dr. Eloiza H. Tajara of the School of Pharmaceutical
Sciences–UNESP. Certification of cell lines authenticity was done by short tandem repeat polymor-
phisms (STRs) analysis, performed by the Human Identification Service in the Department of Genetics,
Ribeirão Preto Medical School, University of São Paulo.

2.3. Cell culture

Cell lines were cultured under standard conditions in low glucose Dulbecco’s modified Eagle’s
medium (Thermo Fisher Scientific) for FaDu, or high glucose Dulbecco’s modified Eagle’s medium
(Thermo Fisher Scientific) for UMSCC-1, supplemented with 10 % fetal bovine serum and without
antibiotics. Cells were maintained in an incubator at 37◦C and 5 % CO2.

2.4. RNA extraction and quantitative real-time PCR

RNA extraction was performed using Trizol reagent (Thermo Fisher Scientific). High Capac-
ity cDNA Reverse Transcription kit (Thermo Fisher Scientific) was used to generate cDNAs from
1 �g of extracted RNA according to the manufacturer’s instructions. RT-qPCR was performed in an
Applied Biosystems 7500 Real-Time PCR System, using TaqMan® assays (Thermo Fisher Scientific),
PrimeTime® qPCR Probe Assays or custom designed primers (IDT - Integrated DNA Technologies)
(Supplementary table 3), and Taqman® Universal PCR Master Mix (Thermo Fisher Scientific) or
SYBR Green® PCR Power Mix 2x (Thermo Fisher Scientific) following the supplier’s protocol. For
all RT-qPCR reactions the housekeeping GAPDH gene was used for RNA input normalization. Nor-
malized expression levels and relative expression values (fold-change) were calculated using the 2–�Ct

or 2–��Ct methods, respectively.

2.5. Gene knockdown assay

Knockdown assays were performed using esiRNAs against HOXA10 (esiHOXA10 – EHU131511),
HOXC9 (esiHOXC9 – EHU038931), HOXC10 (esiHOXC10 – EHU038091) or HOXC13 (esiHOXC13
– EHU034171) or a negative control esiRNA (esiEGFP - EHUEGFP) provided by Sigma Aldrich. Cells
were transfected with specific esiRNAs (20 nM final concentration) using Lipofectamine RNAiMAX
reagent (Thermo Fisher Scientific) according to manufacturer’s instructions. Subsequent experiments
were performed 48 h after transfection.
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2.6. Cell viability assay

Cell viability and apoptosis were evaluated using Annexin V-FITC apoptosis detection kit (BD -
Becton Dickinson) and Propidium Iodide (PI). All experiments were performed according to the manu-
facturer’s guidelines. FACSCalibur flow cytometer was used for all analysis (BD - Becton Dickinson).
Double-negative cells were considered viable. Annexin V-positive cells were determined as apoptotic
cells.

2.7. Colony formation assay

Cells were harvested 48 h after transfection, and the cell suspension was settled into six-well plates
(500 cells/ well) (Greiner Bio-One). After 14 days, cells were fixed in 4 % formaldehyde and stained
with 0.5 % crystal violet solution. The number of colonies was counted with the open-source software
ImageJ (National Institutes of Health).

2.8. Transwell migration assay

Cell motility was evaluated by transwell migration assays performed in 24-well plates with
inserts containing a filter membrane with 8 �m pores (Greiner Bio-One). FaDu and UMSCC-1 cells
(1 × 105cells/ 200 �L serum-free medium) were seeded in the upper chambers of the transwell plates
48 h after transfection with individual esiRNAs. The lower chambers were filled with 500 �L of medium
containing 10 % FBS. Cells were allowed to migrate for 24 h at 37◦C. Then, the cells from the upper
compartment were removed with a cotton swab, and the cells that migrate to the lower face of the
filter were fixed in 4 % formaldehyde and stained with 0.5 % crystal violet solution. The number of
migrating cells was manually counted using the open-source software ImageJ (National Institutes of
Health).

2.9. Western blot

Transfected cells were lysed with Radioimmunoprecipitation Assay Buffer (RIPA buffer), supple-
mented with protease inhibitors (SigmaFast™ protease inhibitor -S8820) and phosphatase inhibitors
(1 mM sodium orthovanadate and 10 mM sodium fluoride). Protein extracts were quantitated using a
Bio-Rad Protein Assay according to the manufacturer’s instructions (Bio-Rad). 50 �g of total protein
per sample were resolved in 12% polyacrylamide gel by SDS-PAGE and transferred to nitrocellu-
lose membranes. Membranes were probed with anti-E-Cadherin (EP700Y - Abcam) and anti-GAPDH
(ab9485 - Abcam). Bands were visualized on ImageQuant (GE Healthcare) by chemiluminescence
using Enhanced chemiluminescent ECL™ Prime Western Blotting System (GE Healthcare) following
the manufacturer’s instructions.

2.10. Target analysis

For identification of putative transcriptional targets of HOX genes, CHIP-seq peaks were extracted
from the CistromeDB platform [20]. Peaks intersecting ENCODE DNAse clusters were used to iden-
tify DNA binding motifs through the MEME v4.11.4 program [21]. The motif scanning in the human
reference genome GRCh38.p7 was performed by the FIMO tool [22]. Peaks and motifs mapped in gene
promoters (2000 pb) and intragenic regions were associated with the closest gene, according to ensem-
ble human genome GRCH38 release 90, and this gene considered a possible target of the HOX genes.
Also, peaks and motifs mapped to enhancer regions were associated with genes by known interactions
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between enhancers and promoters or intragenic regions, available at GeneHancer. Described targets
from the literature, available at R package TFTargets (https://github.com/slowkow/tftargets), were also
used for targets identification. Pearson’s correlation was applied to indicate HOX association with the
putative target in head and neck squamous cell carcinoma. More detailed description of this method
for HOX target prediction is found elsewhere [23].

2.11. Pathway enrichment analysis

Overrepresentation enrichment analysis of pathways based on REACTOME, or Gene Ontology
databases were performed using the online tool WebGestalt GSAT (WEB-based Gene SeT AnaLysis
Toolkit) (http://www.webgestalt.org/option.php). Analysis of overrepresentation of specific gene sets
(gene signatures) deposited in the Molecular Signature Database (MSigDB) was done using the GSEA
(Gene Set Enrichment Analysis) webpage (http://software.broadinstitute.org/gsea/msigdb/index.jsp).
[24–28]. A q-value < 0.05 was considered significant.

2.12. Cell cycle analysis

Cell cycle analysis was performed by propidium iodide staining and flow cytometry sorting. FaDu
or UMSCC-1 cells (1 × l05) were fixed in 70% ethanol for 24 h and then, incubated with RNAse
A (0.1 mg/ml) (Sigma Aldrich) diluted in PBS-EDTA at 37◦C for 30 minutes. The cell pellet was
resuspended in 160 �L of PBS-EDTA and 40 �L of propidium iodide (PI). Samples submitted to the
FACScalibur Flow Cytometer (BD - Becton Dickinson) and resulting data were analyzed using ModFit
LT 5.0 software.

2.13. Statistical analysis

Data were analyzed using GraphPad Prism 7.0 software package (Graph Pad Software Inc.).
Statistical significance was determined by Kruskal-Wallis test followed by Dunn as a post hoc
test. A probability of p < 0.05 was considered to be statistically significant. All data are shown as
mean ± standard deviation.

3. Results

3.1. HOX genes are upregulated in head and neck squamous cell carcinoma (HNSC)

Extending a previous study of our group which detected upregulation of eight members of HOX
genes using a microarray analysis [15], we assessed the expression profile of all mammalian HOX
genes in head and neck squamous cell carcinoma tissues in comparison with normal adjacent tissues
from the most updated RNA-seq data from TCGA database. Among the 39 HOX genes known to
be expressed in mammalian cells, we found that 31 were significantly overexpressed in HNSC tissue
(Fig. 1A - red dots) and only one (HOXA2) was found downregulated (blue dot). For better visualization
of the expression profile of these HOX genes in HNSCC tissues, we built a heatmap plot (Fig. 1B).
Since our previous work started the characterization of the functional role in oncogenic phenotypes of
three out of the eight HOX members found upregulated in HNSC, in this work we focused in a more
detailed expression profile and functional characterization of the other four protein-coding members
(HOXA10, HOXC9, HOXC10, and HOXC13). Figure 1C displays the expression levels of the four
HOX genes in HNSC tissue in comparison with the normal adjacent tissue from the TCGA RNA-seq
data, as assessed through the platform GEPIA (http://gepia.cancer-pku.cn/).

https://github.com/slowkow/tftargets
http://www.webgestalt.org/option.php
http://software.broadinstitute.org/gsea/msigdb/index.jsp
http://gepia.cancer-pku.cn/
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Fig. 1. Analysis of HOX gene expression in HNSC and normal tissue samples from public databases. (a) Volcano plot
showing the comparison of gene expression between normal margin and head and neck squamous cell carcinoma (HNSC)
samples. The x-axis represents fold change values (FC; log2) and Y-axis q-value adjusted (– log10). A threshold cutoff (2-FC
vs p-value 0.01) was applied for selection of genes downregulated (right side) or upregulated (left side) in HNSC samples.
The red and blue dots show the HOX genes upregulated or downregulated, respectively. (b) Hierarchical clustering of HOX
genes differentially expressed in HNSC by ward.d2 distance is illustrated in the heatmap. Each column represents a sample,
and each row indicates a gene. Sample clustering tree is shown at the top, while that for genes appears on the right. Across
all samples, relative gene expression levels are shown in color scales (red, above the mean; blue, lower than the mean; white,
median expression). (c) Boxplots represent the individual expression of the HOXA10, HOXC9, HOXC10, and HOXC13 genes
between HNSC and nontumoral tissues. The y-axis represents fold change values (FC; log2) and the x-axis shows the number
of tumor samples and normal adjacent tissue.

3.2. HOX genes HOXA10, HOXC9, HOXC10, and HOXC13 are upregulated in head and neck
cancer cell lines

We also evaluated the gene expression profile of the four selected HOX genes by quantitative reverse
transcription PCR (RT-qPCR) in a panel of 14 tumoral cell lines: two from head and neck cancer,
four from colorectal cancer, four from glioblastoma and four from breast cancer. We found the highest
expression levels for all four HOX genes in head and neck cancer cells in comparison with the other
tumor cell lines (Fig. 2A).
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Fig. 2. Gene expression profile and efficiency of transient knockdown of selected HOX genes. (a) HOXA10, HOXC9, HOXC10
e HOXC13 gene expression levels in HNSC-derived cell lines FaDu and UMSCC-1 cell lines and in additional thirteen cell
lines derived from three different tumor types (CRC: colorectal cancer, GBM: glioblastoma and BRCA: breast cancer).
Expression levels were calculated according to the 2–�Ct method using the mean Ct value of GAPDH gene (endogenous
control) amplification for normalization. (b) The efficiency of knockdown induced by esiRNA against HOXA10, HOXC9,
HOXC10 and HOXC13 genes at RNA level, assessed by RT-qPCR, in FaDu and UMSCC-1 cell lines. Fold-change difference
in the expression of each HOX gene upon knockdown was calculated with the 2–��Ct method, using GAPDH as endogenous
control and the expression in the sample from control cells (transfected with esiEGFP) as reference/calibrator.
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3.3. HOXA10, HOXC9, HOXC10, and HOXC13 were efficiently knocked down in HNSC cell lines

To elucidate possible contributions of the selected HOX genes to oncogenic phenotypes we performed
functional cancer assays upon knockdown of the genes by the interfering RNA technique (esiRNA).
FaDu and UMSCC-1 cell lines were chosen as experimental models because they are representatives
of the human head and neck squamous cell carcinoma. RT-qPCR evaluated gene knockdown efficiency
after 48 h of transfection with esiRNA against HOXA10, HOXC9, HOXC10 or HOXC13 genes. Expres-
sion levels, detected by RT-qPCR, of any of those genes were reduced over 80% in both cell lines in
comparison with the cultures transfected with non-targeting control esiRNA (Fig. 2B).

3.4. HOXC9, HOXC10, and HOXC13 knockdowns inhibit in vitro migration of HNSC cell lines

A possible role of the four selected HOX genes in cell migration was evaluated by a cell motility
assay, in which esiRNA-transfected cells were allowed to migrate for 24 h through transwell chambers.
Results showed a significant decrease in cell migration after HOXC10 or HOXC13 knockdown. HOXC9
knockdown decreased cell migration rates only in the UMSCC-1 cell line (Fig. 3A, B). Moreover, HOX
knockdown increased the expression of epithelial marker E-cadherin and decreased that of Vimentin,
a mesenchymal marker (Fig. 3C, D). These results suggested that HOX knockdown could inhibit in
vitro migration of HNSC cells via disrupting epithelial-mesenchymal transition (EMT) process.

3.5. HOXC9, HOXC10, and HOXC13 knockdowns suppress colony formation capacity of HNSC
cell lines via cell cycle arrest at G1/S transition

We conducted a cell colony formation assay to determine if the cell proliferative capacity in low-
density cultures would be affected by the selected HOX genes. The knockdown of HOXC9, HOXC10
or HOXC13, in UMSCC-1 cells, significantly reduced their ability to establish colonies after 14 days
of culturing (Fig. 4A,B, lower left panel). Both the number of colonies and their sizes were affected
by HOX gene knockdowns. On the other hand, knockdown of HOXC9 in FaDu cells increased the
formation of colonies (Fig. 4A,B, lower right panel). Neither HOXC10 nor HOXC13 knockdown
affected the colony formation rate of FaDu cells.

We also evaluate the effect of the HOXC9, HOXC10 or HOXC13 genes in cell cycle progression.
Knockdown of HOXC10 or HOXC13 in UMSCC-1 lead to a significant increase in the proportion of
cells in G0-G1 phase and a reduction in the percentage of cells in S phase. There were no significant
changes in the cell cycle progression of FaDu cells (Fig. 4C, lower left panel), in partial agreement
with the results observed in the colony formation assay (also no effect for HOXC10 and HOXC13).
HOXC9 knockdown did not change cell cycle progression rates in any of the cell lines. At least for
HOXC13, the mechanism involved in the cell cycle control may be linked to the regulation (direct
or indirect) of cyclin levels since we detected a reduction of Cyclin D1 mRNA levels after HOXC13
knockdown in UMSCC-1 cell line (Supplementary figure 1).

3.6. HOXC9/C10/C13 putative transcriptional targets in HNSC are involved with cell
proliferation pathways and epithelial-mesenchymal transition

HOX family genes encode transcription factors and are involved in a variety of biological processes,
such as cell proliferation, differentiation, and migration. To act in these biological roles, HOX genes
activate or inhibit the transcription of target genes related to these processes [3]. Thus, we searched
for putative target genes of the HOXC9, HOXC10, and HOXC13 using a bioinformatic approach
combining information publicly available in ChIP-Seq datasets and Transcription Factor databases



G. de Moura Aguiar et al. / Upregulation of HOX genes promotes cell migration and proliferation 271

Fig. 3. HOXC9, HOXC10 or HOXC13 knockdown reduced cell migration and affected the expression of epithelial-
mesenchymal transition (EMT) markers. (a) Representative images of the bottom surface of transwell inserts showing
stained migrating cells from FaDu (upper panel) and UMSCC-1 (bottom panel) cell lines transfected with esiRNA against the
indicated HOX genes. (b) Bar graph showing the quantitation of migrating cells; FaDu (left) or UMSCC-1 (right). (c) Rela-
tive mRNA expression levels of the epithelial marker, E-cadherin, and the mesenchymal marker, Vimentin, after transfection
of FaDu (left) or UMSCC-1 (right) cells with esiHOXC9, esiHOXC10 or esiHOXC13 in comparison with the esiEGFG-
transfected cells (control). mRNA level was detected by RT-qPCR and the relative expression was calculated with the 2–��Ct
method, using GAPDH as endogenous control and the expression in the sample from control cells (transfected with esiEGFP)
as reference/calibrator. (d) (Left) A western blot representative image confirming the increase of the E-cadherin protein
levels after knockdown of HOX genes in the UMSCC-1 cell line. (Right) Bar graph with the quantitation of E-cadherin
protein level normalized by GAPDH level in esiHOX-transfected cells in comparison to esiEGFP-control cells (considered
as 100%). Full-length blots are presented in supplementary Fig. 4. Kruskal-Wallis followed by Dunn’s post hoc test was used
for statistical analysis. Each experiment was performed three times and each time in triplicate. ns: not significant, ∗p < 0.05,
∗∗p < 0.01 and ∗∗∗p < 0.001.
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Fig. 4. HOXC9, HOXC10 and HOXC13 knockdown reduced colony formation via cell cycle arrest at G1/S. (a) Representative
images showing colonies formed by FaDu cells (upper panel) or UMSCC-1 cells (bottom panel) after 14 days of transfection
with control esiRNA (esiEGFP) or HOXA10, HOXC9, HOXC10, or HOXC13 esiRNAs. (b) Bar graph showing the quantitation
of cell colony numbers; FaDu (left) and UMSCC-1 (right). (c) Cell cycle progression of FaDu (left) or UMSCC-1 (right)
cells, transfected with esiEGFG (control), esiHOXC9, esiHOXC10 or esiHOXC13. The graphs show the proportion (%) of
cells in each cell cycle phase, as detected by propidium iodide staining and flow cytometry. Kruskal-Wallis followed by
Dunn’s post hoc test was used for statistical analysis. Each experiment was performed three times and each time in triplicate.
ns: not significant, ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001.
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Fig. 5. Putative positive transcriptional targets of the selected HOX are involved with cell proliferation pathways and epithelial-
mesenchymal transition. (a) Enriched Reactome pathways of the putative transcriptional targets of each HOX. The number
of genes involved in each pathway is presented. (b) Overlap of Molecular Signatures Database hallmark gene sets with the
putative transcriptional targets of each HOX. The number of target genes overlaped in each HOX set is presented. FDR ≤ 0.05.

with expression level correlations (R > 0.4 or < –0.4) between the selected HOX and their predicted
targets using the HNSC RNA-seq data from TCGA, chip-seq data and motif analysis. The list of putative
targets transcriptionally activated (R > 0.4) or inhibited (R < –0.4) in HNSC for each of the selected
HOX (HOXC9/C10/C13) can be found at supplementary table 4–9. We excluded HOXA10 from this
analysis since no effect on the oncogenic phenotypes investigated was observed in the HNSC cells
after its knockdown. To gain insights on the molecular processes regulated by the putative targets of the
selected HOX, we performed a pathway enrichment analysis. Corroborating the results observed for
HOXC9/C10/C13 on the colony formation capacity and cell cycle progression of UMSCC-1 cells, there
was an enrichment for several processes related to cell proliferation and cell cycle control in the lists of
predicted positively regulated targets of all three HOX, using different molecular pathway databases
(Fig. 5 and Supplementary figure 2). In agreement with the results observed for the migration assays,
epithelial-mesenchymal transition (EMT) was one of the top ten enriched pathways for the putative
positively regulated target genes for all three selected HOX, according to the MSigDB platform. For
the negatively correlated target genes, we only detected enriched pathways (KRAS and IL2 / STAT5
signaling) for HOXC9 predicted targets (Supplementary figure 3).
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Fig. 6. Effect of selected HOX gene knockdowns on the expression of their putative transcriptional targets involved with
the EMT process. Relative expression of HOX target genes (SNAI2, TWIST1, TGFB1, and TGFBR1), after transfection with
esiEGFG (control), esiHOXC9, esiHOXC10 or esiHOXC13. The mRNA level was detected by RT-qPCR, in FaDu (left) and
UMSCC-1 (right), and the relative expression was calculated with the 2–��Ct method, using TBP as endogenous control and
the expression in the sample from control cells (transfected with esiEGFP) as reference/calibrator. Kruskal-Wallis followed by
Dunn’s post hoc test was used for statistical analysis. Each experiment was performed three times and each time in triplicate.
ns: not significant, ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001.

RT-qPCR was applied to evaluate the effect of HOX gene knockdowns on four EMT markers (Snail
Family Transcriptional Repressor 2 (SNAI2), Twist Family BHLH Transcription Factor 1 (TWIST1),
Transforming Growth Factor Beta 1 (TGFB1), and Transforming Growth Factor Beta Receptor 1
(TGFBR1)) indicated by the bioinformatic analysis as putative transcriptional targets for one or more
of our selected HOX. Knockdown of HOXC9 decreased the expression of all of them in both cell lines.
Regarding HOXC10 knockdown, there was a reduction in the expression of TGFB1 and TGFBR1
in FaDu cell line and SNAI2 and TGFBR1 in UMSCC-1 cell line. As TGFB1 and TGFBR1 were
not considered direct targets of HOXC10 by our bioinformatic analysis, it is possible that they are
under an indirect regulation of HOXC10. After HOXC13 knockdown, SNAI2, TWIST1 and TGFBR1
decreased their mRNA levels in FaDu cells, whereas only TWIST1 and TGFBR1 were downregulated
in UMSCC-1 (Fig. 6).

4. Discussion

Several studies have reported the dysregulation of HOX gene expression in various tumors. There
are multiple mechanisms by which this dysregulation occurs, and dysregulated expression patterns are
usually tissue-specific [29]. A previous study from our group found eight HOX genes overexpressed
in laryngeal squamous cell carcinoma (LSCC) and in vitro assays suggested the association of three
of them (HOXC8, HOXD10 and HOXD11) with this tumor development [15]. Here, we confirmed the
upregulation of several HOX genes in head and neck tumors in general by analyzing gene expression
using RNA-Seq data available in TCGA database. In fact, HNSC is marked by a global upregulation
of HOX family members (31 out of the 39 known mammalian HOX genes), supporting the notion that
this family of transcription factors contributes to the development of HNSC.

By using in vitro assays, we assessed the roles on oncogenic phenotypes of four HOX genes iden-
tified previously by our group as upregulated in LSCC: HOXA10, HOXC9, HOXC10, and HOXC13.
Knockdown of HOXC9, HOXC10 or HOXC13 impacted cell proliferation and migration in at least
one of the cell lines used. Although HOXA10 knockdown has been reported to cause decreased cell
migration and proliferation rates in oral and bladder carcinoma, respectively [30, 31], in our study, it
did not show any effects on the biological processes analyzed in FaDu or UMSCC-1 cells.
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Regarding cell proliferation, we found that the knockdown of HOXC9 suppressed in vitro colony for-
mation in UMSCC-1 cells, indicating that in this cell line, HOXC9 acts positively on cell proliferation.
However, in FaDu cell line, the results observed are suggestive of a negative control of cell prolifera-
tion. Influence of HOXC9 on cell proliferation has been reported. A study of HOXC9 roles in breast
cancer showed results in agreement with the one observed in our assay with FaDu cell line, suggestive
of a negative control on cell proliferation. Also, in neuronal tissue and neuroblastoma, HOXC9 seems
to have a negative impact on cell cycle progression and proliferation by directly repressing several
cell cycle-related genes [32, 33]. Although we had different effects for HOXC9 on cell proliferation,
depending on the HNSC cell line used, the results on the analysis of putative targets and co-expression
are indicative of a HOXC9 positive influence on cell cycle progression in HNSC. Although the link
between HOXC9 and cell cycle genes appear to be consistent, additional studies will be necessary
to uncover how HOXC9 impacts cell cycle and proliferation and if its action on these processes is
cell-type dependent. Knockdown of either HOXC10 and HOXC13 reduced colony formation capacity
and induced cell cycle arrest in the G1-S transition in UMSCC-1 cell line. In addition, among their
predicted transcriptional targets there was an enrichment for genes involved in DNA replication and
cell-cycle control. Participation of these two HOX in the cell cycle control and proliferation has been
reported. HOXC10 was associated to increased proliferation in gastric cancer [34] and with cell-cycle-
regulation, facilitating the transition from G1 to S phase and increasing drug resistance [35]. HOXC13
was reported to promote cell proliferation of lung adenocarcinoma via modulation of cyclin D1 and
cyclin E1 [36]. Thus, evidence from our results in UMSCC-1 cell line, target prediction and data from
the literature supports a role for HOXC10 and HOXC13 in inducing cycle progression and prolifer-
ation, through the transcriptional activation of key genes involved in those process in different types
of tumors. The lack of effect of HOXC10 and HOXC13 knockdown on FaDu cell proliferation may
be related to the disruption of specific gene function or pathways in this particular cell line. Although
the global mutational status of UMSCC-1 cell line is not currently available, the one form FADU cells
is and it shows that there are indeed several mutations in genes regulating cell cycle progression and
proliferation in this cell line (https://portals.broadinstitute.org/ccle) [37, 38].

Our results also support the involvement of HOXC9, HOXC10 and HOXC13 in cell migration and
probably in the regulation of epithelial-mesenchymal transition. Knockdown of HOXC10 and HOXC13
reduced cell migration capacity in the two HNSC cell lines used here and lead to increase in E-cadherin
and decrease of Vimentin levels in UMSCC-1 cell line, whereas in FADU cell line a significant decrease
in Vimentin only was detected. HOXC9 only affected cell migration in UMSCC-1 cells, although there
was a trend for reduced migration and a significant decrease in Vimentin levels upon HOXC9 in FaDu
cells. To our knowledge, there are no reports showing the association between HOXC13 and cell
migration or invasion. Influence of HOXC9 on invasiveness was previously reported in one study,
showing that, similarly as in UMSCC-1 cells, in breast cancer cell lines silencing of HOXC9 lead to
decreased invasiveness [39]. Out of the three HOX genes only HOXC10 has consistently been reported
as being involved in tumor cell migration and invasion. It has been found overexpressed in several types
of cancer, such as lung cancer, osteosarcoma, and oral cancer, and in all of them, inhibition of HOXC10
expression resulted in a reduction of invasive and migratory capacity and also reported the contribution
of HOXC10 on the regulation of epithelial-mesenchymal transition markers [40–42]. In addition to
reveal the influence of HOXC9, HOXC10 and HOXC13 on cell migration and on the expression of
epithelial-mesenchymal markers, our work suggests for the first time putative direct transcriptional
targets regulated by those three HOX in the EMT process in HNSC. Although further experiments
will necessary for validation, our bioinformatic and knockdown experiments support the notion that
SNAI2 would be a transcriptional target of all three HOX (HOXC9, HOXC10 and HOXC13); TWIST1
is a probable target of HOXC9 and HOXC13; transcription of TGFB1 could be directly activated by
HOXC9 and TGFBR1 is a direct target of HOXC9 and HOXC13.

https://portals.broadinstitute.org/ccle
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The results found by our group, suggested that HOXC9, HOXC10, and HOXC13 gene are involved
with cell migration and proliferation of HNSC cells. Since migration and proliferation are central
main features of cancers and cell cycle alterations would be a hallmark to tumor development, our
data reveal that these genes may play a significant role in the pathogenesis of HNSC. Furthermore,
our study suggests, for the first time, the involvement of HOXC13 gene in the positive regulation of
mesenchymal markers.

In conclusion, based on data from The Cancer Genome Atlas (TCGA) database and also in HNSC
cell lines, we report that HOXA10, HOXC9, HOXC10 and HOXC13 genes are overexpressed in HNSC
tissues, and the knockdown of HOXC9, HOXC10, and HOXC13 significantly reduced in vitro cell
migration and colony formation. Cell cycle control and epithelial-mesenchymal transition (EMT)
pathways was showed regulated by those selected HOX genes, which was corroborated by observation
of cell cycle arrest and altered expression of EMT markers after HOXC10 and HOXC13 knockdown.
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