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Abstract

SOX14 is a member of the SOX family of transcription factors mainly involved in the regula-

tion of neural development. Recently, it became evident that SOX14 is one of four hyper-

methylated genes in cervical carcinoma, considered as a tumor suppressor candidate in this

type of malignancy. In this paper we elucidated the role of SOX14 in the regulation of malig-

nant properties of cervical carcinoma cells in vitro. Functional analysis performed in HeLa

cells revealed that SOX14 overexpression decreased viability and promoted apoptosis

through altering the expression of apoptosis related genes. Our results demonstrated that

overexpression of SOX14 initiated accumulation of p53, demonstrating potential cross-talk

between SOX14 and the p53 signaling pathway. Further analysis unambiguously showed

that SOX14 triggered posttranslational modification of p53 protein, as detected by the signif-

icantly increased level of phospho-p53 (Ser-15) in SOX14-overexpressing HeLa cells.

Moreover, the obtained results revealed that SOX14 activated p53 protein, which was con-

firmed by elevated p21Waf1/Cip1, a well known target gene of p53. This study advances our

understanding about the role of SOX14 and might explain the molecular mechanism by

which this transcription factor could exert tumor suppressor properties in cervical

carcinoma.

Introduction

SOX family of genes encode for transcription factors that are conserved across species and par-

ticipate in important developmental processes [1–3]. In addition, members of this group of

genes are involved in malignant phenotypes through their ability to regulate numerous cancer

hallmarks, including cell proliferation, apoptosis, survival, invasion, migration, stemness, dif-

ferentiation, senescence and angiogenesis [4]. Almost all members of the SOX family have
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been found to be deregulated in a wide variety of tumors, where they have either oncogenic or

tumor suppressor properties [4].

SOX14 transcription factor is mainly involved in the regulation of neural development

[5,6]. Although its pivotal role is associated with developmental processes, there are several

studies suggesting that SOX14 is involved in cancerogenesis, but its significance has not been

clearly determined. SOX14 expression studies revealed that this gene is downregulated in

MCF7 breast adenocarcinoma cells through a still unexplained mechanism [7]. Genome-wide

analysis of aberrant DNA methylation has shown that SOX14 is one of the genes methylated in

patients with chronic lymphocytic leukemia [8]. Recently, it became evident that SOX14 is

involved in cervical cancerogenesis, but there are conflicting data regarding its function in

cells derived from this type of neoplasm. One group showed that SOX14 can promote prolifer-

ation and invasion capacity of cervical cancer cells by activating the Wnt/β-catenin pathway

[9]. However, others have revealed that SOX14 gene is one of four hypermethylated markers

applicable for screening of both adeno- and squamous-cell cervical carcinoma and is unmethy-

lated in normal tissue [10]. In cervical carcinoma samples it has been shown that the genomic

region where SOX14 is located (chromosome 3q23) encompasses several tumor suppressor

genes [11].

Having in mind the inconsistent data regarding the function of SOX14 in cervical carci-

noma, our aim was to evaluate its role in the regulation of malignant properties of cervical car-

cinoma cells in vitro. This included analysis of methylation status and its regulatory influence

on cell migration, invasion, viability, apoptosis and the cell cycle. Our analysis revealed that

SOX14 induced apoptosis, changed the cell cycle distribution and inhibited the viability of cer-

vical cancer cells in vitro. Moreover, we have demonstrated that SOX14 overexpression stabi-

lized p53 and induced p21Waf1/Cip1 protein expression, suggesting that SOX14 alone is able to

upregulate the p53 signaling pathway. Furthermore, we have revealed that SOX14 induced p53

stabilization by increasing the amount of phosphorylated p53 at position Serine 15. The results

presented here advance our understanding of SOX14 as a novel tumor suppressor candidate in

cervical cancer cells.

Material and methods

Cell culture and transfection

HeLa (ATCC1, CCL-2) cells were maintained in Dulbecco’s Modified Eagle’s medium

(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% non-essential amino acids

(NEAA) (all from Invitrogen™, NY, USA), at 37˚C in 5% CO2. Transfection of HeLa cells was

carried out as previously described [6]. NT2/D1 cells, kindly provided by Prof. P.W. Andrews

(University of Sheffield, UK) were maintained in Dulbecco’s Modified Eagle’s medium

(DMEM) supplemented with 10% fetal bovine serum (FBS) 4500 mg/L glucose, 2 mmol/L L-

glutamine and penicillin/streptomycin (all from Invitrogen™, NY, USA), at 37˚C in 10% CO2

as previously described [12]. For 5-azacytidine treatment (5-azaC, Acros Organics, Belgium),

cells were grown for 72 h in 5 μmol/L 5-azaC.

Generation of expression constructs

Fragments F1R3 and F1R4 encompassing +196/+529 and +196/+676 of the human SOX14
sequence respectively (333 and 480 bp in length, 279 and 426 bp of the coding sequence

respectively) were amplified by PCR from genomic clone SOX14P32.2XbaI [13], using primers

F1 5´-CTCGTCTGCAGAACCCTTGCAC-3´ (forward), R3–5´-GCTCAAGAAGGACAGGT
ATGTC-3´ (reverse) and R4 5´-CTCCCTGCTGGACCCCGCGC-3´ (reverse). The PCR reac-

tion was performed using KAPA 2G Fast HotStart Ready Mix (Kapa Biosystems, MA, USA)
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according to the manufacturer’s protocol. The PCR products were eluted from agarose gel and

cloned into pJET1.2 vector using a CloneJET PCR Cloning Kit (Fermentas, Thermo Fisher Sci-

entific, USA). The selected clones were fully sequenced in order to verify that no mutations

were introduced by PCR. Using BglII digestion, the F1R3 or F1R4 fragment was released from

pJET1.2 and then subcloned into pcDNA3.1 vector using BamHI compatible ends, generating

pcDNA3.1SOX14DN1 (SOX14DN1) and pcDNA3.1SOX14DN2 (SOX14DN2) constructs

respectively.

Transfection assays

For immunocytochemical analysis of phospho-p53, cells were cultured in 24 well dishes and

empty vector, SOX14wt or DN1 were co-transfected with pEGFP-C1 (Clontech Laboratories,

Mountain View, CA, USA). For the luciferase assay HeLa cells were co-transfected with

pcDNA3.1, pcDNA3.1SOX14 (SOX14wt) [6], SOX14DN1 or SOX14DN2, as previously

described [6]. For the luciferase assay with p53 and p21 promoters, HeLa cells were seeded in

24-well plates and grown for 1 day until they reached approximately 90% confluency. Cells

were co-transfected with 500 ng of PGL2-356bp (gift from Wafik El-Deiry, Addgene plasmid #

16292), pGL2-200bp (gift from Wafik El-Deiry, Addgene plasmid # 16293), PGL2- 100bp (gift

from Wafik El-Deiry, Addgene plasmid # 16294), PGL2- 50bp (gift from Wafik El-Deiry,

Addgene plasmid # 16295), p21-Luc, and 300 ng of pcDNA3.1, SOX14wt, SOX14DN1 or

p53wt using Lipofectamine1 2000 and 3000 reagent (Invitrogen™, USA) or PEI transfection

reagent (Polyethyleneimine “MAX”, Polysciences.Inc, Cat No 24765) according to the manu-

facturer’s protocol. Transfection efficiency was normalized with 5 ng of pRLSV40 plasmid

(Promega, USA). Cells were harvested and lysed in Reporter Lysis Buffer (Promega, USA) 24 h

after transfection and extracts were assayed for luciferase activity using a Dual-luciferase1

Reporter Assay System (Promega, USA).

RT-PCR and qRT-PCR

Total RNA was isolated, treated with DNase I and subjected to cDNA synthesis as described

earlier [6]. The synthesized cDNAs were used as templates for amplification with primers spe-

cific for SOX14 and GAPDH. Primers for SOX14 amplification were as follows: 5´-CTCGTC
TGCAGAACCCTTGCAC-3´ (forward), 5´-GCTCAAGAAGGACAGGTATGTC-3´ (reverse).

GAPDH was amplified with 50-GGACCTGACCTGCCGTCTAG-30 (forward) and 50-CCACCA
CCCTGTTGCTGTAG-30 (reverse) to control for equivalent amounts of cDNA per reaction.

RT-PCRs were performed in 20 μl reaction mixtures using KAPA 2G Fast HotStart Ready Mix

(Kapa Biosystems, MA, USA) according to the manufacturer’s protocol. The relative level of

SOX14 expression was presented as a percentage of mRNA expression in HeLa cells transfected

with empty vector (mock).

For quantitative PCR analysis, cDNAs were subjected to real time PCR using Power SYBR

Green PCR Master Mix (Applied Biosystems1) in 7500 Real Time PCR Systems (Applied Bio-

systems1). Primers for TP53 amplification were as follows: 5'-CCCCTCCTGGCCCCTGT
CATCTTC-3' (forward) and 5'-GCAGCGCCTCACAACCTCCGTCAT-3' (reverse). Bax was

amplified using primers 5’-TGGCAGCTGACATGTTTTCTGAC-3’ (forward) and 5’-TCAC
CCAACCACCCTGGTCTT-3’(reverse), while for Bcl2 amplification we used 5’-TCGCCC
TGTGGATGACTGA-3’ (forward) and 5’- CAGAGACAGCCAGGAGAAATC-3’ (reverse)

primers. CDKN1A/p21Waf1/Cip1 was amplified using primers 5'-GACACCACTGGAGGGTGA
CT-3' (forward) and 5'-CAGGTCCACATGGTCTTCCT-3' (reverse). GAPDH was amplified

using primer sets, as mentioned above. All samples were analyzed in triplicate and mean

values recorded. The relative level of each analyzed gene was calculated using a comparative
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quantification algorithm where the resulting ΔΔCt value was incorporated to determine the

fold difference in expression (2−ΔΔCt).

Methylation-specific PCR

Direct sodium-bisulfite conversion of DNA from HeLa and NT2/D1 cells was performed

using EZ DNA Methylation-Direct™ Kit (Zymo Research Corporation, CA, USA). For conver-

sion 105 cells were used and the protocol provided by the manufacturer was strictly followed.

The converted DNA sample was employed as the template for PCR amplification using KAPA

2G Fast HotStart Ready Mix (Kapa Biosystems, MA, USA) and cycling conditions 95˚C for 5

minutes, 95˚C for 30 seconds, 60˚C for 20 seconds, 72˚C for 2 minutes, for 35 cycles. The fol-

lowing primers were used for amplification of the methylated (M) versus unmethylated (U)

SOX14 gene promoter sequence:

M1:

5'-TAAGGGTTTATTAATTAGGGTTCGA-3'

5'-ACGATACTTTAACAATATTCTCCCG-3'

U1:

5'-TAAGGGTTTATTAATTAGGGTTTGA-3'

5'-AATACTTTAACAATATTCTCCCAAA-3'

M2:

5'-ATAGTGTTCGAGATAATGTGGAATC-3'

5'-AAAAAACGCGACTAATAAAAACG-3'

U2:

5'-AGTGTTTGAGATAATGTGGAATTGA-3'

5'-CAAAAAACACAACTAATAAAAACAAA-3'

The obtained products were separated by electrophoresis on 2% agarose gel and visualized

using ethidium bromide staining.

Western blot

Western blot analysis was performed as previously described [6]. For Western blot analysis of

phospho-p53, we added phosphatase inhibitors in lysis buffer (PhosSTOP, Roche). The pri-

mary antibodies were: rabbit polyclonal antibody against SOX14 (Abcam, Cambridge, UK,

ab149047, diluted 1:400), mouse monoclonal anti-α-Tubulin (Calbiochem, MA, USA, CP06,

diluted 1:30000), mouse monoclonal antibody against GAPDH (Abcam, Cambridge, UK,

ab9484, diluted 1:5000), mouse monoclonal antibody against cleaved PARP (Cell Signaling,

Technology, Danvers, MA, USA, Asp214, diluted 1:1000), mouse monoclonal antibody against

p53 (DO-1) (Santa Cruz Biotechnology, Texas, USA, sc-126X, diluted 1:1000), rabbit mono-

clonal antibody against p21Waf1/Cip1 (Cell Signaling, Technology, Danvers, MA, USA, 2947,

diluted 1:1000) and rabbit antibody against phospho-p53 (Cell Signaling, Technology, Dan-

vers, MA, USA, diluted 1:1000). Secondary antibodies used for Western blot were: horseradish

peroxidase-conjugated anti-mouse and anti-rabbit IgG (Amersham Biosciences, NJ, USA,

diluted 1:10000 or Active motif, La Hulpe, Belgium, 1:5000). Immunoreactive bands were
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detected by chemiluminescence (Immobilion substrate, Millipore, MA, USA). The density of

protein bands on Western blots was quantified using ImageJ software.

Immunocytochemistry (ICC)

Twenty-four hours following the transfection, cells were fixed in 4% paraformaldehyde (PFA,

Merck, Germany) for 20 minutes at RT. Cells were permeabilized in 0.1% Triton X-100 and

blocked in 1% bovine serum albumin (BSA, Sigma-Aldrich, MO, USA), 10% normal goat

serum, 0.1% Triton X-100 in PBS for 1 h at RT. Primary antibodies were diluted in PBS con-

taining 1% BSA, 0.1% Triton X-100 and incubated overnight at 4˚C as follows: rabbit poly-

clonal anti-SOX14 (Abcam, Cambridge, UK, ab149047, diluted 1:200), mouse monoclonal

anti-p53 (Santa Cruz Biotechnology, sc-126X, diluted 1:200), rabbit antibody against phospho-

p53 (Cell Signaling, Technology, Danvers, MA, USA, diluted 1:50) or rabbit monoclonal anti-

body against p21Waf1/Cip1 (Cell Signaling, Technology, Danvers, MA, USA, 2947, diluted 1:50).

Coverslips were washed 3×10 minutes in 0.1% Triton X-100 in PBS (PBT) and incubated with

anti-rabbit guinea-pig secondary antibody conjugated with Alexa Fluor1 488 (Invitrogen™,

diluted 1:500 in 1% BSA-PBT) or Alexa Fluor1 594 (Invitrogen™, diluted 1500 in 1%

BSA-PBT) for 60 minutes at room temperature (RT). The p53 and phospho-p53 antibodies

were first labeled with biotinylated goat anti-mouse or anti-rabbit IgG (Vector, Burlingame,

CA, USA) for 1 h at RT in 1% BSA in PBT followed by DyLight1594-streptavidin (Vector,

Burlingame, CA, USA diluted 1:1000) diluted in PBS for 1 h at RT.

Nuclei were stained with 0.1 mg/ml diamino phenylindole (DAPI; Sigma-Aldrich, MO,

USA). Samples were viewed and images were taken using a Leica TCS SP8 confocal micro-

scope and Leica Microsystems LAS AF-TCS SP8 software (Leica Microsystems).

Apoptosis assay

Cells were transfected with empty vector, SOX14wt or SOX14DN1 and 24 h after transfection

the cells were washed twice with cold PBS, resuspended in 1× Annexin binding buffer at a final

number of 1 × 106 cells/ml. 5 μl of Annexin V (Annexin V, Alexa Fluor1 488 conjugate, Invi-

trogen™) and 5 μl of propidium iodide (PI—Invitrogen) were added. The cells were gently

mixed, incubated for 10 minutes in the dark at RT and examined in a BD LSRFortessa™ cell

analyzer (BD Biosciences, USA). The flow cytometer collected 100.000 events, which were ana-

lyzed using FACSDiva Software and FCS Express, Version 3, Research Edition.

MTS assay

The MTS viability and proliferation test was performed 24 h after transfection of HeLa cells

with empty pcDNA3.1, SOX14wt or SOX14DN1 using Promega CellTiter 961 AQueous One

Solution Cell Proliferation Assay (Promega, USA) according to the manufacturer’s

instruction.

Cell cycle analysis

Cells were trypsinized and washed with cold 1xPBS twice. Opened tubes with 106 cells were

placed in 1 ml of cold 1xPBS, vortexed and during vortexing 4 ml of chilled ethanol was added

dropwise to a final concentration of 80%. The cells were incubated in ethanol for 30 minutes

and stained with DAPI at 0.01mg/ml final concentration, followed by examination in a BD

LSRFortessa™ cell analyzer (BD Biosciences, USA). The flow cytometer collected 100.000

events, which were evaluated using FACSDiva Software and FCS Express, Version 3, Research

Edition.

SOX14 activates the p53 signaling and induces apoptosis in a cervical carcinoma cell line

PLOS ONE | https://doi.org/10.1371/journal.pone.0184686 September 19, 2017 5 / 21

https://doi.org/10.1371/journal.pone.0184686


Wound-healing assay

A total of 3x105 cells were plated in 35 mm2 dishes and transfected with pcDNA3.1, SOX14wt

or SOX14DN1 1 day before the experiment. Cell migration was analyzed as previously

described [14]. Cell migration rate was recorded by capturing two different parts of the

wounded area, at two time points (0 h and 5 h after wounding).

Transwell migration and invasion assay

Transwell polycarbonate membrane cell culture inserts with 8.0 μm pores (Corning, NY,

USA) were uncoated for the migration assay or coated with 50 μl Matrigel Basement Mem-

brane Matrix (Corning, NY, USA) (at the final concentration 1μg/μl) for the invasion assay.

For both assays cells were transiently transfected 24 h before seeding with SOX14wt or the cor-

responding empty vector as a control. Both assays were further performed as previously

described [14].

Results

SOX14 is methylated in the cervical cancer cell line

Recently it has been shown that human SOX14 is methylated in cervical cancer samples from

patients [10,11]. Our first step was to evaluate its methylation status in HeLa cells, a commonly

used cervical cancer model system derived from a cervical adenocarcinoma. For prediction of

the CpG islands, the human SOX14 promoter sequence 1382 bp in length [15] was examined

using the web-based MethPrimer tool [16]. Conducted using default criteria for CpG island

prediction, this analysis identified the presence of four CpG islands within the human SOX14
promoter designated as CpG islands 1 to 4 (Fig 1A). DNA extracted from HeLa and NT2/D1

cells was subjected to bisulfite conversion followed by methylation-specific PCR (MSP) reac-

tions. Specific PCR products were obtained for CpG islands 1 and 3. As shown in Fig 1B, prod-

ucts obtained with primer sets corresponding to methylated DNA were detected in the HeLa

cells, while no products with primer sets corresponding to unmethylated DNA were obtained

for either CpG island. In contrast, for NT2/D1 cells we obtained PCR products with primer

sets corresponding to both methylated and unmethylated CpG island 1, while for CpG island 3

only an unmethylated product was detected (Fig 1C). These results demonstrated that SOX14
promoter is methylated in the cervical cancer cell line, particularly in regions encompassed by

CpG islands 1 and 3, while in the embryonal carcinoma NT2/D1 cell line the SOX14 promoter

has a lower methylation rate. In accordance with these results, we detected weaker expression

of SOX14 in HeLa cells compared to that for NT2/D1, using both RT-PCR and immunocyto-

chemistry (Fig 1D and 1E). Furthermore, following treatment of HeLa cells with the DNA

demethylation agent, 5-azacytidine (5-azaC) [17], we observed a significant increase in SOX14
mRNA level (Fig 1F). These results showed that induced demethylation activated transcription

of SOX14, which further underlines our finding that SOX14 is methylated in HeLa cells.

Construction and characterization of novel human SOX14 dominant

negative mutants

In order to evaluate the role of SOX14 in basic cellular processes we used transient overexpres-

sion of SOX14wt protein. Having in mind the close homology among SOX family proteins

and previously described functional redundancy [18,19], studying the role of any SOX protein

function using a knockdown strategy might be challenging. Instead, use of a dominant-nega-

tive mutant is a more promising approach. The major advantage of a dominant-negative

mutant is its ability to block the binding site for the wild type protein which could
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Fig 1. SOX14 methylation status and expression analysis in the HeLa cell line. A- Schematic illustration of SOX14 promoter and

positions of CpG islands 1, 2, 3 and 4 (presented in blue); positions of methylation specific PCR products 1 and 2 (MSP1 and MSP2) are

shown in black lines. B- Methylation analysis of the SOX14 promoter by methylation specific PCR (MSP) in HeLa cells. C- Methylation

analysis of the SOX14 promoter by MSP in NT2/D1 cells. M- primer pairs that anneal only to sequences that are methylated before bisulfite

treatment; U—primer pairs that anneal only to sequences that are unmethylated. The product corresponding to MSP1 is 183 bp in length,

while that corresponding to MSP2 is 118 bp in length. D- RT- PCR analysis of SOX14 expression in HeLa and NT2D1 cells. GAPDH was

used as a loading control. Three independent experiments were performed and one representative PCR is shown. NT2/D1 cells were used

as a positive control for SOX14 expression. m- DNA ladder, C- PCR negative control. E–Immunocytochemical analysis of SOX14

expression in HeLa and NT2/D1 cells. NT2/D1 cells were used as the positive control for SOX14 expression. Scale bar: 50 μm. F–

Expression of SOX14 following treatment with 5-azaC. HeLa cells were treated with 5μM 5-azaC for 72 h. Total RNA was subjected to

RT-PCR in order to analyze SOX14 mRNA expression. GAPDH was used for normalization. Three independent experiments were

performed, and one representative PCR is shown. m- DNA ladder, C- PCR negative control.

https://doi.org/10.1371/journal.pone.0184686.g001
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consequently lead to inhibition of the effect of both SOX14wt and related SOX proteins able to

bind the same target sequence. For that purpose we generated two truncated forms of SOX14

protein consisting of 93 (SOX14DN1) and 142 (SOX14DN2) amino acids in length (Fig 2A).

Both truncated forms of SOX14 retained an intact HMG DNA binding domain and the SOXB

homology region (Fig 2A) [20], while their trans-activation/repression domain was removed.

Ectopic expression of SOX14wt and the truncated forms was confirmed by RT-PCR (Fig 2B).

In our previous study we showed that SOX14wt acts as a transcriptional activator of SOX-

responsive luciferase reporter gene in HeLa cells [6]. We have used the same experimental

approach in order to analyze functional properties of SOX14DN1 and SOX14DN2. Co-

Fig 2. Generation and analysis of dominant negative forms of SOX14. A- Schematic representation of human SOX14wt

protein and two truncated forms of SOX14 protein, lacking the C-terminal domain, SOX14DN2 (142 amino acids in length)

and SOX14DN1 (93 amino acids in length). B—PCR analysis of SOX14 expression upon transient transfection with empty

vector (mock) and vectors expressing SOX14wt or truncated SOX14 protein (SOX14DN1 and SOX14DN2), as indicated.

GAPDH was used as the loading control. Three independent experiments were performed, and one representative PCR is

shown. M- DNA ladder, C- PCR negative control. C–Functional analysis of dominant negative SOX14 forms, a SOX

responsive luciferase reporter plasmid 3xSXluc was transfected into HeLa cells in combination with either empty vector—

pcDNA3.1 (mock), pcDNA3.1SOX14 (SOX14), pcDNA3.1SOX14DN1 (DN1) or pcDNA3.1SOX14DN2 (DN2). Normalized

luciferase activities were calculated relative to the 3xSXluc activity in cells co-transfected with empty vector, which was set as

100% and relative to the 3xSXluc activity in cells co-transfected with SOX14. Data are presented as the means ± SEM of at

least three independent experiments. Mean values of relative luciferase activities were compared with Student’s t-test and P-

values calculated *** p� 0.001. D- Competition assay. Increasing amounts of DN1 or DN2 expression vectors (1: 1 and 1: 2)

were co-transfected with a fixed amount of SOX14wt expression vector and the luciferase reporter plasmid 3xSXluc.

Normalized luciferase activities were calculated as percentages of the 3xSXluc activity in cells co-transfected with SOX14,

which was set as 100%. Data are presented as the means ± SEM of at least three independent experiments. Mean values of

relative luciferase activities were compared with Student’s t-test and P-values calculated *p� 0.05, **p� 0.01,

***p� 0.001.

https://doi.org/10.1371/journal.pone.0184686.g002
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transfection experiments of 3xSXluc vector with empty pcDNA3.1, SOX14wt or dominant

negative constructs revealed decreased transactivation ability of the truncated proteins com-

pared to SOX14wt in HeLa cells (Fig 2C). In particular, while SOX14wt led to approximately

5-fold activation of reporter gene activity, dominant negative mutants exhibited low or no

trans-activation activity.

The dominant negative effect of SOX14DN1 and SOX14DN2 was further tested in competi-

tion experiments where an increasing amount of either SOX14DN1 or SOX14DN2 expression

constructs was co-transfected with a fixed amount of SOX14wt (Fig 2D). These data confirmed

that both truncated forms of SOX14 protein were able to compete successfully for the binding

site with SOX14wt protein. Besides its HMG box domain, each SOX protein has one or two

other functional domains with transactivation, transrepression, or homodimerization features

associated with control of target gene transcription [21,22]. By functional testing of SOX14

dominant negative forms, we identified that the region between amino acids 142 to 240,

deleted within SOX14DN2, is crucial for full SOX14wt transactivation activity. Since both con-

structs showed similar dominant negative activity, construct SOX14DN1, which lacks most of

the SOX14wt protein, was selected for further experiments.

SOX14 overexpression had no effect on migration and invasion of HeLa

cells

It is widely known that tumor progression is associated with cell migration, invasion and

metastasis. Our aim was to assess the effect of SOX14 protein on migration and invasion of

HeLa cells. We used wound scratch healing methodology to examine the effect of SOX14wt

and SOX14DN1 overexpression on the ability of HeLa cells to close the wounded area. No sig-

nificant changes in cell motility were observed upon transient overexpression of both wild

type and dominant negative SOX14 proteins in HeLa cells (Fig 3A). These results indicated

that neither SOX14wt nor its dominant negative counterpart affected the migration potential

of HeLa cells in the wound scratch assay. In addition, we performed the Transwell migration/

invasion assay in order to elucidate whether overexpression of SOX14wt is able to affect cell

migration through an uncoated membrane or a membrane coated with extracellular matrix

proteins. As expected, SOX14wt had no effect on cell migration or invasion through extracellu-

lar matrix (S1A and S1B Fig). Considering these results, we concluded that SOX14 is not

involved in the regulation of migration of Hela cells.

SOX14 overexpression reduces viability and promotes apoptosis in

HeLa cells

We then analyzed whether SOX14wt overexpression affects proliferation and apoptosis in

HeLa cells. By MTS assay, we observed that SOX14wt overexpression decreased cell viability

by approximately 20% (Fig 3B), while SOX14DN1 gave a similar percentage of viable cells as

mock transfection (Fig 3B).

Next, we tested whether SOX14 ectopic expression could affect cell cycle distribution.

Twenty-four hours after transfection with SOX14wt, flow cytometry analysis revealed a slight

increase of cell percentage in S phase of the cell cycle, together with a decrease in the G2/M

phase (Fig 3C). These results suggest that SOX14 overexpression induced minor accumulation

of cells in S phase of the cell cycle.

Annexin V/propidium iodide double staining analysis revealed that SOX14wt overexpres-

sion led to an increase in cell death (Fig 4A). The number of both apoptotic (early apopototic-

Annexin V+ and late apoptotic- Annexin V+/PI+) and necrotic cells (PI+) was raised approxi-

mately 2-fold, 24 h after SOX14 transfection (Fig 4A). SOX14DN1 failed to activate apoptosis
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and the number of cells in each quadrant was similar to mock transfection (Fig 4A). In addi-

tion, following DAPI staining, we observed more cells with misshaped or fragmented nuclei in

cultures transfected with SOX14wt compared to mock or SOX14DN1 treatment (Fig 4B).

To further examine SOX14 involvement in apoptosis, we analyzed the effect of SOX14 on

expression of several apoptosis related markers. The results of qRT-PCR showed increased

expression of the proapoptotic Bax gene and no changes in anti-apoptotic Bcl2 gene expression

24 h after transfection with SOX14wt (Fig 4C). At the same time SOX14DN1 had no effect on

either Bax or Bcl2 gene expression (Fig 4C). These findings imply that overexpression of

SOX14 enhances the ratio of Bax/Bcl-2 at the transcriptional level (Fig 4C), leading to apopto-

sis in HeLa cells. An additional hallmark of apoptosis, cleaved-PARP, was analyzed by Western

blot, which revealed that SOX14wt increased cleaved-PARP level in HeLa cells approximately

2- fold, while SOX14DN1 had no effect (Fig 4D).

The presented results indicate that SOX14 initiated the process of apoptosis in HeLa cells as

revealed by Annexin V/PI staining, increased expression of the pro-apoptotic Bax gene and

cleaved PARP.

SOX14 overexpression increased p53 protein in HeLa cells

Since SOX14wt overexpression induced apoptosis in HeLa cells, we analyzed whether this

activity could be mediated through p53 signaling. First, we tested whether p53 protein is

affected by SOX14 overexpression. By Western blot we revealed significant accumulation of

Fig 3. Assessment of the role of SOX14 in HeLa cell migration, viability and cell cycle. A- The effect of wt or DN1 SOX14

overexpression on migration of HeLa cells, wound-scratch migration assay. Representative images of cell migration are presented.

The graph quantifies migration of the transfected cells 5 h after scratching. The changes in migration distance were quantified by

measuring the difference in gap closure where gap width at 0 h was set as 100%. The results are presented as the means ± SEM of

at least three independent experiments. B—MTS viability assay performed 24 h after transient transfection of HeLa cells with

SOX14wt or SOX14DN1. Relative cell viability was calculated as a percentage of mock transfected HeLa cell viability that was set

as 100%. Results are presented as the means ± SEM of at least three independent experiments. P-values were calculated using

Student’s t-test, ***p�0.001. C—Flow cytometry analysis of cell cycle distribution in HeLa cells 24 h after transfection with empty

vector (mock), SOX14wt or SOX14DN1. One representative analysis is shown in the left panel, while the results of three

independent experiments for cell cycle distribution are presented on dot plot.

https://doi.org/10.1371/journal.pone.0184686.g003
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Fig 4. Assessment of the role of SOX14 in HeLa cell apoptosis. A. Flow cytometry analysis of Annexin-FITC staining and propidium

iodide (PI) accumulation in HeLa cells 24 h after transfection with empty vector (mock), SOX14wt or SOX14DN1. Upper panel: One

representative analysis is presented in each quadrant. Q1: PI-/Annexin- cells (live cells); Q2: PI-/Annexin V+ cells (early apoptosis); Q3: PI

+/Annexin+ cells (late apoptosis); Q4: PI+/Annexin- cells (necrotic cells). Lower panel: Quantitative analyses of PI and Annexin V positive

cells are shown on the histograms relative to the control (mock), which was set as 1, as means ± SEM of three independent experiments.

Mean values were compared with Student’s t-test and P-values calculated, *p� 0.05. B- DAPI staining of HeLa cell nuclei after mock,

SOX14wt or SOX14DN1 transient transfection. Cells with fragmented nuclei are indicated by arrows. C- qRT-PCR analysis of Bax and Bcl2

gene expression after transient transfection with empty vector (mock) and vectors expressing SOX14wt or truncated SOX14 protein

(SOX14DN1), as indicated. GAPDH was used as the loading control. The effect of SOX14 overexpression on Bax and Bcl2 genes is shown

in graphs. The quantities of Bax and Bcl2 genes in transfected cells were calculated as percentages of their respective expression levels in

mock transfected cells, which were set as 100%. The Bax/Bcl-2 ratio was calculated from their relative mRNA expression. Data are
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p53 protein in HeLa cells 24 h upon transfection with SOX14wt, while the dominant negative

mutant of SOX14 did not induce this level of p53 accumulation (Fig 5A). The effect of

SOX14wt overexpression on p53 protein level was also confirmed immunocytochemically (Fig

5B).

SOX14 overexpression induced stabilization of p53

In order to assess whether SOX14 activates p53 transcriptionally we analyzed putative tran-

scription factor binding sites within the TP53 promoter (GenBank: J04238.1) in silico [23].

Using the Jaspar program (http://jaspar.genereg.net/) [24] we found two SOX14 binding

motifs in the TP53 promoter region (Fig 6A). In order to test whether SOX14 could regulate

TP53 promoter activity, we performed luciferase reporter gene assays using the TP53 pro-

moter, (pGL2-356bp), together with three p53 promoter deletion constructs (pGL2-200bp,

pGL2-100bp and pGL2-50bp) (schematic representation in Fig 6B) [25]. We observed that

SOX14wt significantly enhanced activity of the pGL2-356bp construct (encompassing the

whole TP53 promoter) (Fig 6B). Significant luciferase activity was also observed in co-transfec-

tion experiments with SOX14wt and pGL2-200bp or pGL2-100bp constructs (Fig 6B), while

no luciferase activity was observed in co-transfection with the pGL2-50bp construct (Fig 6B)

which lacks the SOX14 binding site. At the same time, SOX14DN1 protein exhibited no effect

either on TP53 promoter reporter activity, or on TP53 promoter deletion constructs (Fig 6B).

It is well known that p53 regulates its own expression [26] and for that reason we used the

p53wt expression construct as a positive control. The obtained results showed that p53 overex-

pression increased luciferase activity of constructs bearing the p53 binding site (pGL2-356bp

and pGL2-200bp constructs) (Fig 6B), while no luciferase activity was observed for co-trans-

fection with constructs lacking the p53 binding site (pGL2-100bp and pGL2-50bp) (Fig 6B).

These experiments showed that SOX14 was able to activate TP53 promoter reporter con-

structs in a manner that correlates with the number and position of putative SOX14 binding

sites, as was shown for p53 itself.

Furthermore, we analyzed TP53 expression upon transient transfection of SOX14wt or

SOX14DN1. Surprisingly, qRT-PCR evaluation of TP53 expression revealed that TP53 gene

expression did not change (Fig 6C). It is well known that p53 is an unstable protein, the

amount of which is known to be regulated by the Mouse double minute 2 homolog-Mdm-2–

ubiquitin—proteasome degradation pathway [16]. We determined the level of p53 upon trans-

fection of SOX14wt for 72 h and revealed significant p53 accumulation up to 48 h. Overexpres-

sion of SOX14wt induced the expression of p53 protein in HeLa cells, approximately 4-fold, 24

h after transfection (Fig 6D). At 48 h after transfection, the expression of p53 was still increased

approximately 2- fold when compared to mock transfected HeLa cells, while 72 h after trans-

fection expression of p53 was at the basal level (Fig 6D). This finding argues that SOX14 could

contribute to p53 stability (Fig 6D).

It is widely known that phosphorylation of serine at position 15 is one of the mechanisms

for p53 stabilization [27,28]. Therefore, we performed Western blot analysis with a specific

phospho-p53 (Ser15) antibody and showed that overexpression of SOX14wt increased phos-

pho- p53 protein level approximately 10-fold, 24 h after transfection (Fig 6E). On the other

presented as the means ± SEM of three independent transfection experiments. Mean values were compared with Student’s t-test and P-

values calculated *p� 0.05,**p� 0.01 D—Western blot analysis of cleaved PARP expression in HeLa cells transfected with either empty

vector (mock), SOX14wt or DN1 expression construct for 24 h. α- Tubulin was used as the loading control. The effect of SOX14

overexpression on cleaved PARP protein level is presented in the graph. The quantities of cleaved PARP protein in transfected cells were

calculated as a percentage of cleaved PARP in mock transfected cells which was set as 100%. Data are shown as the means ± SEM of

three independent transfection experiments. Mean values were compared with Student’s t-test and P-values calculated, ***p� 0.001.

https://doi.org/10.1371/journal.pone.0184686.g004
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hand, the dominant negative mutant of SOX14 had no effect on phospho-p53 protein 24 h

after transfection (Fig 6E). This effect of SOX14wt overexpression on phospho-p53 Ser15 was

also confirmed immunocytochemically (Fig 6F). The findings indicated that, although SOX14

was able to induce p53 promoter activity, no effect on transcription was detected. Instead, we

have shown that SOX14 overexpression contributed to stabilization of p53 protein in HeLa

cells by increasing the amount of phosphorylated p53 at position Ser15.

SOX14 overexpression transactivates CDKN1A/p21Waf1/Cip1 promoter

and increases the expression of CDKN1A/ p21 Waf1/Cip1 in HeLa cells

In order to test the functional relevance of SOX14 induced p53 accumulation, we analyzed the

effect of SOX14 overexpression on the well-known p53 target gene CDKN1A/p21Waf1/Cip1.

This gene encodes an inhibitor of cyclin-dependent kinases that control cell cycle progression

and negatively regulate cellular proliferation [29–34]. For this purpose we used a promoter

luciferase reporter construct of CDKN1A/p21Waf1/Cip1 (p21-Luc) in transient co-transfection

experiments with pcDNA3.1, SOX14wt or SOX14DN1. Luciferase activities were measured 24

h after transfection and the obtained results showed that SOX14 transactivated CDKN1A/

p21Waf1/Cip1 promoter activity approximately 30-fold (Fig 7A). In contrast, the truncated form

of SOX14 did not stimulate this level of CDKN1A/p21Waf1/Cip1 promoter activation (Fig 7A).

Fig 5. The effect of SOX14wt and SOX14DN1 on p53 protein in HeLa cells. A- Western blot analysis of p53

protein expression in HeLa cells transfected with either empty vector (mock), SOX14wt or SOX14DN1. GAPDH was

used as the loading control. Quantification of the effect of SOX14 overexpression on p53 protein level is presented in

the graph. Amounts of p53 protein in transfected cells were calculated as a percentage of the p53 in mock

transfected cells, which was set as 100%. Data are given as the means ± SEM of three independent transfection

experiments. Mean values were compared with Student’s t-test and. P- values calculated, *p� 0.05. B—The effect

of SOX14 overexpression on p53 protein level detected by immunocytochemistry. Cells were transfected with empty

vector (mock), SOX14wt or SOX14DN1. Cell nuclei were counterstained with DAPI. Scale bar: 20 μm.

https://doi.org/10.1371/journal.pone.0184686.g005
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Fig 6. The effect of SOX14wt overexpression on p53 transcription and stability in HeLa cells. A-The TP53 promoter

sequence (fragment −344 to +12 relative to the first transcription initiation site) with labeled consensus binding sites for SOX14

(white) and p53 (black); core sequences are underlined. B- Luciferase assay and schematic representation for TP53 luciferase

promoter constructs. Position of SOX14 (white) and p53 (black) binding sites are indicated. Each of the represented TP53

promoter constructs was transfected in combination with either empty vector (mock), SOX14wt, SOX14DN1 or p53 expression

vector. Normalized luciferase activities were calculated in relation to the adequate TP53 luciferase promoter vector activity in cells

co-transfected with empty vector, which was set as 100%. Data are presented as the means ± SEM of at least three independent

experiments. Mean values of relative luciferase activities were compared with Student’s t-test. P-values are *p� 0.05, **p�0.01

and ***p�0.001. C- qRT-PCR analysis of TP53 gene expression upon transient transfection with empty vector (mock) and

vectors expressing SOX14wt or truncated SOX14 protein (SOX14DN1), as indicated. GAPDH was used as the loading control.

The effect of SOX14 overexpression on TP53 gene level is presented in the graph. TP53 gene expression in transfected cells is

calculated as a percentage of the amount in mock transfected cells, which was set as 100%. Data are presented as the

means ± SEM of three independent transfection experiments. Mean values were compared with Student’s t-test. D- Western blot

analysis of p53 expression in HeLa cells transfected with either empty vector (mock) or the SOX14wt expression construct after 24

h, 48 h and 78 h. α- Tubulin was used the loading control. The effect of SOX14 overexpression on p53 protein level is shown in the
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These results showed that SOX14 could induce promoter activity of the p53 target gene,

CDKN1A/p21Waf1/Cip1. Interestingly, this promoter gave greater activation by SOX14 overex-

pression than did p53 (Fig 7A). These results open the possibility that CDKN1A/p21Waf1/Cip1

could be a direct target of the SOX14 transcription factor and that SOX14 and p53 display syn-

ergism in regulation of CDKN1A/p21Waf1/Cip1 expression.

Furthermore, by qRT-PCR we have shown that expression of CDKN1A/p21Waf1/Cip1 was

increased at the mRNA level 24 h after transfection with SOX14wt in comparison with the

mock control (Fig 7B). The Western blot revealed that 24 h after transfection, SOX14wt also

increased p21Waf1/Cip1 protein to a level 3x higher than with mock transfection (Fig 7C). The

level of p21Waf1/Cip1 protein remained elevated up to 72 h after transfection of SOX14wt (Fig

7C), probably due to p53 protein stabilization after SOX14wt overexpression. At the same

time, 24 h upon transfection, SOX14DN1 did not induce p21Waf1/Cip1 expression to the same

extent (Fig 7D). Upregulation of p21Waf1/Cip1 expression upon SOX14wt overexpression was

also confirmed by ICC (Fig 7E). These results indicate that SOX14-induced p53 stabilization

leads to activation of p21Waf1/Cip1 expression, but we cannot exclude the possibility that

CDKN1A/p21Waf1/Cip1 could also be a direct target of the SOX14 transcription factor.

Discussion

For many years the SOX14 gene was one of the least studied SOX genes, with a particular lack

of functional investigations regarding its role in cancerogenesis. Current literature data are

unclear whether this transcription factor acts as a tumor suppressor or oncogene in cervical

carcinoma. This paper presents a comprehensive analysis of the role of SOX14 in a variety of

cellular processes in cells derived from cervical adenocarcinoma. Our results shed light on its

activity in regulating programmed cell death, for the first time pointing to the influence of

SOX14 on stabilization of the well known genome keeper p53.

For more than a decade SOX14 was considered to be a transcriptional repressor [20]. Here

we have revealed that SOX14 protein has transactivation properties on both TP53/p53 and

CDKN1A/ p21Waf1/Cip1 promoter constructs, which supports our previous suggestion that the

strict division of SOXB proteins into activators and repressors needs to be reevaluated [6]. Its

methylation status in HeLa cells correlates with results obtained for cervical tumor samples

from patients [10,11]. These showed that, SOX14 cannot exert its potential tumor-suppressive

role due to hypermethylation. However, when overexpressed it triggers the accumulation of

p53 in HeLa cell nuclei, indicating a potential to overcome p53 degradation.

The p53 tumor suppressor is one of the most important proteins for preventing cancer [35–

37]. Wild type p53 is a key molecule that controls cell proliferation through cell cycle arrest or

apoptosis in response to a variety of stressors. Loss of these regulatory functions is a major

event contributing to genomic instability, transformation and malignancy [21,38]. The impor-

tance of TP53 in tumor suppression is reflected by the fact that it is the most frequently

mutated gene identified in human malignancies [39,40]. Therefore, discovery of genes

graph. Quantities of p53 protein in transfected cells were calculated as a percentage of that in mock transfected cells, which was

set as 100%. Data are shown as the means ± SEM of three independent transfection experiments. Mean values were compared

with Student’s t-test and P-values calculated, *p� 0.05, **p� 0.01. E- Western blot analysis of phospho-p53 (p-p53) expression

in HeLa cells transfected with either empty vector (mock), SOX14wt or SOX14DN1. α-Tubulin was used as the loading control.

The graph shows quantification of the effect of SOX14 overexpression on phospho-p53 protein level in transfected cells calculated

as a percentage of the phospho-p53 in mock transfected cells, which was set as 100%. Data are presented as the means ± SEM of

three independent transfection experiments. Mean values were compared with Student’s t-test and P-values calculated,

**p� 0.01. F-The effect of SOX14 overexpression on phospho-p53 protein level detected immunocytochemically. Cells were co-

transfected with pEGFP-C1 and empty vector (mock), SOX14wt or SOX14DN1. Cell nuclei were counterstained with DAPI.

Arrows indicate phospho-p53 immunoreactivity in transfected cells. Scale bar: 20 μm.

https://doi.org/10.1371/journal.pone.0184686.g006
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Fig 7. The effect of SOX14 ectopic expression on p21Waf1/Cip1 expression in HeLa cells. A- Effect of

SOX14 ectopic expression on activity of the CDKN1A/p21Waf1/Cip1 promoter. The plasmid p21-Luc was co-

transfected into HeLa cells with pcDNA3.1 vector, SOX14wt, SOX14DN1 or the p53 expression construct.

Normalized luciferase activities were calculated relative to the p21-Luc activity in cells co-transfected with

pcDNA3.1 vector, which was set as 100%. Data are presented as the mean ± SEM of at least three

independent transfections. Mean values of relative luciferase activities were compared with Student’s t-test

and P-values are ***p� 0.001. B- qRT-PCR analysis of CDKN1A/p21Waf1/Cip1 gene expression upon

transient transfection with empty vector (mock) and vectors expressing SOX14wt or truncated SOX14 protein

(SOX14DN1), as indicated. GAPDH was used as the loading control. Quantification of the effect of SOX14

overexpression on CDKN1A/p21Waf1/Cip1 gene level is presented in the graph. CDKN1A/p21Waf1/Cip1 gene

expression in transfected cells was calculated as a percentage of the expression level in mock transfected

cells, which was set as 100%. Data are given as the means ± SEM of three independent transfection

experiments. Mean values were compared with Student’s t-test. **p� 0.01. C—Western blot analysis of

p21Waf1/Cip1 expression in HeLa cells transfected with either pcDNA3.1 vector (mock) or SOX14wt expression

construct, for 24 h, 48 h and 78 h. α- Tubulin was used as the loading control. The effect of SOX14

overexpression on p21Waf1/Cip1 protein level is presented in graphs. The quantities of p21Waf1/Cip1 protein in

transfected cells were calculated reltive to the amount in cells transfected with pcDNA3.1 vector, which was

set as 100%. Data are presented as the means ± SEM of three independent transfection experiments. Mean

values were compared with Student’s t-test and P-values were calculated, ***p� 0.001. D—Western blot

analysis of p21Waf1/Cip1 expression in HeLa cells transfected with either pcDNA3.1 vector (mock), SOX14wt or
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involved in the regulation of p53 is crucial for further understanding of mechanisms critical

for cancerogenesis. This is the first time that SOX14 is shown to be involved in up-regulation

of the p53 signaling pathway, as demonstrated by stabilization of p53, which suggests some

tumor suppressor activity in this cervical cancer cell line. Although SOX14 overexpression

increased activity of the TP53 promoter, surprisingly no change in the level of the TP53 tran-

script was observed. This led us to assume that SOX14 could contribute to p53 stabilization.

Further analysis unambiguously showed that SOX14 significantly increased the amount of

phospho-p53 (Ser-15) in HeLa cells confirming that SOX14 triggers posttranslational modifi-

cation of p53, necessary for stabilization.

It is well known that HeLa cells express the E6 oncoprotein of Human papilloma virus 18
(HPV-18). This causes ubiquitin mediated degradation and inhibition of phosphorylation of

wild type p53 protein and thus makes HeLa cells p53 deficient [41,42]. We observed that p53

accumulation correlated with the level of SOX14 overexpression, with the highest level at 24 h

upon transfection and continuous elevation for up to 48 h. Previous findings suggest that the

half-life of ectopically expressed p53 in HeLa cells is approximately 3 hours [43], which was

presumed to be the result of the E6-activated p53-degradation activity present in these cells.

Our results demonstrated that SOX14 induced p53 accumulation apparently overrides

E6-mediated p53 degradation. However, further work is needed to elucidate whether SOX14

participates directly in the process of phosphorylation, or controls expression of genes that reg-

ulate phosphorylation or somehow participates in deactivation of E6 protein.

Our analysis showed that p53 target genes, cyclin-dependent kinase inhibitor p21 Waf/Cip1

[30] and proapototic gene Bax [44] were upregulated upon SOX14 overexpression, leading us

to strengthen our conclusion about the involvement of SOX14 in activation of the p53 signal-

ing pathway. It is widely known that p53-dependent cycle arrest is primarily mediated by p21
Waf/Cip1 [30]. Although SOX14 significantly elevated expression of p21 Waf/Cip1, it had only a

slight effect on cell cycle distribution. Further work is needed to elucidate whether SOX14 has

a more prominent role in cell cycle regulation. On the other hand, the effect of SOX14 on apo-

ptosis was more evident. The presented results indicate that the effect of SOX14 on cellular

processes, particularly apoptosis, is probably dependent on p53 signaling activation. Restitu-

tion of wild type p53 function in HeLa cells mediated by SOX14 could provide a basis for a

novel therapeutic approach which could be applied to overcome the malignant phenotype.

It is already known that several members of the SOX family affect p53 activity, enabling it to

act as a tumor suppressor in different types of cancer [45–47]. SOX4 was demonstrated to

interact with and stabilize p53 protein by blocking Mdm2- mediated p53 ubiquitination and

degradation. Also, it enhances p53 acetylation by interacting with p300/CBP and facilitating

p300/CBP/p53 complex formation, which induces apoptosis and cell cycle arrest in vitro [48].

On the other hand, in hepatocellular carcinoma cell lines SOX4 interacts with p53 and this

association in turn modulates p53-mediated transcription at the Bax promoter, leading to

inhibition of apoptosis via suppression of Bax gene expression [46]. Moreover, it was shown

that SOX30 is an epigenetically silenced tumor suppressor, which promotes tumor cell apopto-

sis by transcriptional activation of p53 in lung cancer [45]. Our results have added SOX14 to

SOX14DN1. GAPDH was used as the loading control. The quantitative effect of SOX14 overexpression on

p21 Waf1/Cip1 protein level is presented in the graph. Amounts of p21 Waf1/Cip1 protein in transfected cells were

calculated as a percentage of that in cells transfected with pcDNA3.1 vector, which was set as 100%. Data

are presented as the means ± SEM of three independent transfection experiments. Mean values were

compared with Student’s t-test and P-values calculated, *p� 0.05. E—The effect of SOX14 overexpression

on p21Waf1/Cip1 protein level detected by immunocytochemistry. Cells were transfected with empty vector

(mock) or SOX14wt. Cell nuclei were counterstained with DAPI. Scale bar: 50 μm.

https://doi.org/10.1371/journal.pone.0184686.g007
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the list of SOX family members that can exert a tumor suppressor role, by increasing p53 sta-

bility in cervical carcinoma cells in vitro.

Conclusions

In this paper, we have shown that the SOX14 promoter is methylated in a cervical cancer cell

line. By functional testing of SOX14 dominant negative forms, we have identified the region

crucial for full SOX14 transactivation activity. Using the overexpression and dominant nega-

tive approach we have concluded that SOX14 overexpression reduces cell viability and

increases the number of cells undergoing apoptosis. In addition, we have demonstrated that

SOX14 increased the stable, active, phosphorylated form of p53 in cervical cancer cells in
vitro, confirming that SOX14 can trigger posttranslational modification of p53. Furthermore,

SOX14 induced upregulation of CDKN1A/p21Waf1/Cip1 expression, which is presumably

mediated by activated p53 protein. The obtained results have revealed for the first time, that

tumor suppressor activity by SOX14 in vitro is mediated by activation of the p53 signaling

pathway.

Supporting information

S1 Fig. Assessment of the role of SOX14 in HeLa cell migration and invasion. A—Transwell

migration assay on HeLa cells transfected with empty vector (mock) or SOX14wt. Representa-

tive images of the transwell migration assay are presented. The relative change in cell migra-

tion was calculated as a percentage of HeLa cell migration after mock transfection that was set

as 100%. Cells were counted from five fields and averages were calculated. Results are pre-

sented as the means ± SEM of at least three independent experiments performed in duplicate.

B—Transwell invasion assay on HeLa cells transfected with empty vector (mock) or SOX14wt.

Representative images of the transwell invasion assay are presented. The relative change in cell

invasion was calculated as a percentage of HeLa cell invasion after mock transfection that was

set as 100%. Cells were counted from five fields and averages were calculated. Results are pre-

sented as the means ± SEM of at least three independent experiments performed in duplicate.
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