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Abstract
Emerging evidence illustrates that RhoC has divergent roles in cervical cancer progression where it controls epithelial to 
mesenchymal transition (EMT), migration, angiogenesis, invasion, tumor growth, and radiation response. Cancer stem cells 
(CSCs) are the primary cause of recurrence and metastasis and exhibit all of the above phenotypes. It, therefore, becomes 
imperative to understand if RhoC regulates CSCs in cervical cancer. In this study, cell lines and clinical specimen-based 
findings demonstrate that RhoC regulates tumor phenotypes such as clonogenicity and anoikis resistance. Accordingly, inhi-
bition of RhoC abrogated these phenotypes. RNA-seq analysis revealed that RhoC over-expression resulted in up-regulation 
of 27% of the transcriptome. Further, the Infinium MethylationEPIC array showed that RhoC over-expressing cells had a 
demethylated genome. Studies divulged that RhoC via TET2 signaling regulated the demethylation of the genome. Further 
investigations comprising ChIP-seq, reporter assays, and mass spectrometry revealed that RhoC associates with WDR5 in the 
nucleus and regulates the expression of pluripotency genes such as Nanog. Interestingly, clinical specimen-based investiga-
tions revealed the existence of a subset of tumor cells marked by RhoC+/Nanog+ expression. Finally, combinatorial inhibi-
tion (in vitro) of RhoC and its partners (WDR5 and TET2) resulted in increased sensitization of clinical specimen-derived 
cells to radiation. These findings collectively reveal a novel role for nuclear RhoC in the epigenetic regulation of Nanog and 
identify RhoC as a regulator of CSCs. The study nominates RhoC and associated signaling pathways as therapeutic targets.
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Introduction

According to the Globocan 2020 report, cervical cancer is 
the 4th most common cancer amongst women worldwide, 
while it is ranked 3rd in incidence and 2nd in mortality in 
India. Further, 90% of the incidences and deaths due to the 
disease occurred in low- and middle-income countries [1]. 
As per data from the American Cancer Society, the 5-year 
survival rate for the distant SEER (Surveillance, Epidemiol-
ogy and End Results) stage of cervical cancer is 18%, while 
all the SEER stages combined present a 5-year survival rate 
of 66%. Patients in the localized SEER stage perform con-
siderably better at a 92% survival rate. Though concurrent 
chemoradiation (CCRT) is the standard of care in stages Ib2 
to IVa, it has its limitations concerning the size of the tumor 
[2, 3]. Thus, patients with metastases or therapy-resistant 
tumors exhibit poor prognoses.

Studies show that cancer stem cells (CSCs) drive therapy 
resistance, tumor heterogeneity, and metastasis [4]. These 

Cellular and Molecular Life Sciences

 *	 Sweta Srivastava 
	 sweta.s@stjohns.in

1	 Translational and Molecular Biology Laboratory (TMBL), 
Division of Molecular Biology and Genetics, St. John’s 
Research Institute (SJRI), St. John’s Medical College, 
Bangalore 560034, India

2	 School of Integrative Health Sciences, The University 
of Trans-Disciplinary Health Sciences and Technology 
(TDU), Bangalore 560064, India

3	 Translational and Molecular Biology Laboratory (TMBL), 
Division of Molecular Biology and Genetics, St. John’s 
Medical College Hospital, Bangalore 560034, India

4	 Department of Radiation Oncology, St John’s Medical 
College Hospital, Bangalore 560034, India

5	 Clinical Proteomics Unit, Division of Molecular Medicine, 
St. John’s Research Institute (SJRI), St. John’s Medical 
College, Bangalore 560034, India

http://orcid.org/0000-0001-6063-0811
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-022-04645-z&domain=pdf


	 P. Thomas et al.

1 3

1  Page 2 of 20

cells possess self-renewal ability akin to normal adult stem 
cells and promote malignant growth, therapy resistance, and 
metastasis [5]. Eradication of CSCs would therefore be an 
ideal strategy to improve clinical outcomes. However, tar-
geting CSCs has proved to be an onerous task as they pos-
sess highly efficient DNA repair and drug efflux abilities, 
analogous to adult stem cells [6]. Therefore, understanding 
their unique molecular landscape and identifying molecular 
targets have gained prime importance in the quest to eradi-
cate CSCs. RhoC is one such signaling pathway that has 
been implicated in both metastases and therapy response [7].

RhoC is a member of the RhoGTPase family of proteins 
and regulates cell physiology, including actin organization 
and motility [8]. Subsequent studies also show its role in 
tumor progression. Significantly, a DNA array study on 
metastatic melanoma revealed that RhoC was essential for 
metastasis [9]. Another group discovered that while RhoC 
was indispensable for metastasis, it was not essential for 
normal embryogenesis in murine models [10]. Reports also 
suggest its role in an array of tumor hallmarks, such as EMT, 
metastasis and therapy resistance, across several types of 
cancers [11, 12]. RhoC-mediated alteration of the Mitogen-
Activated Protein Kinase (MAPK) and Phosphoinositide 
3-kinase/AKT Serine Threonine Kinase (PI3K/AKT) path-
ways is known to promote invasion [13, 14]. Regulation of 
angiogenesis by RhoC via VEGF, bFGF and interleukins has 
been reported in breast, cervical and oesophageal cancers 
[12, 15, 16]. Our earlier report shows that RhoC regulates 
DNA repair via ROCK2 signaling [11]. These findings high-
light the essential role of RhoC in metastasis and therapy 
resistance.

Based on these findings, it is reasonable to postulate 
that RhoC may be an essential factor in CSC maintenance. 
Indeed, observations from Islam et al., and Rosenthal et al., 
demonstrate that RhoC regulates CSCs in head and neck 
and breast cancers [17, 18]. However, there is a lack of data 
to suggest its mechanism of action in this context. Addi-
tionally, there is no evidence thus far to support its role in 
cervical CSC maintenance. This study explores the role of 
RhoC in the maintenance of cervical CSCs and delineates 
the molecular mechanism of its action.

Our results confirm that RhoC plays a critical role in 
cervical CSC maintenance. We report a novel interaction 
between RhoC and the WDR5-MLL complex, which results 
in epigenetic regulation of pluripotency genes, such as 
Nanog. Radiation resistance is an impediment, and the lack 
of biomarkers to predict therapy response in cervical cancer 
amplifies the prevailing conundrum. Our work here provides 
evidence to confirm that RhoC could serve as an effective 
therapeutic target for cervical CSC sensitization.

Materials and methods

Cells lines and reagents

This study used SiHa, CaSki (squamous cervical carcinoma 
cell lines), HCT 116 (a colorectal cancer cell line), and PC-3 
(a prostate cancer cell line) cell lines. While SiHa cells origi-
nate from primary cervical carcinoma, CaSki is a cell line 
derived from metastatic cervical lesions. DMEM was used 
to culture SiHa and CaSki cells, HCT 116 was cultured in 
McCoy’s media, and PC-3 was cultured in RPMI media. 
The media contained 10% FBS and penicillin–streptomycin 
(15140148). The cultures were tested for mycoplasma con-
tamination regularly. The Ambion siRNAs used for trans-
fection were scrambled negative control (SCR) (AM4611), 
RhoC (120759, 120897), TET2 (126964), and WDR5 
(136959). Table S1 is a list of all the primary antibodies 
used in this study. Secondary antibodies used were anti-
mouse HRP (12-349), anti-rabbit HRP (12-348), Alexa 488 
(A11034), Alexa 546 (A11030), and Alexa 647 (A21236). 
The live-dead assay utilized propidium iodide (P1304MP) 
(for dead cells) and Annexin V-FITC (556419) (for the 
apoptotic pool), while the dye-exclusion assay used Hoe-
chst 33342 (H21492). Bobcat339 hydrochloride (S6682) and 
OICR-9429 (S7833) were used to inhibit TET2 and WDR5, 
respectively.

Processing of tumor biopsies

The biopsies were collected in PBS and dissociated into sin-
gle cells [11]. Briefly, the specimen was minced into tiny 
pieces using a scalpel and forceps. The minced tissue was 
collected and subjected to enzymatic digestion using col-
lagenase type IV (1 mg/ml). If required, the cells were incu-
bated in 1X RBC lysis buffer on ice for 10 min, followed by 
a wash with 1X PBS to yield a clear white pellet. The single 
cells thus obtained were used for further experiments.

WST analysis

Cells were cultured in a 96-well plate (2000 cells/well) and 
treated with the appropriate chemical. Post-treatment, 10 μl 
WST-1 reagent (5015944001) was added and incubated at 
37°C, 5%CO2 for 30 min. A microplate reader was used to 
take OD readings at 450 nm with a background subtraction 
of 655 nm.

Treatment and irradiation of cells derived 
from tumor biopsies

The antibody inhibition method was employed to inhibit 
RhoC in biopsy-derived cells [11]. Briefly, saponin was 
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added to the media at a final concentration of 0.0025% (w/v). 
The RhoC antibody (SC-26481) was added to the media at a 
final concentration of 1 µg/ml and incubated for 48 h before 
radiation. Inhibitors for WDR5 (OICR-9429) and TET2 
(BC-339) were used at concentrations of 10 µM (24 h) and 
100 µM (72 h), respectively. The cells were then irradiated 
at 6 Gy and analyzed for apoptosis by FACS.

Flow cytometry for cell survival

Cells were washed once with 1XPBS after removal of media 
and detached using 5 mM EDTA. The cells were resus-
pended in 1X annexin binding buffer containing annexin 
(3:100) and incubated in the dark for 30 min. The cells were 
washed twice and resuspended in 1 ml of annexin binding 
buffer. Propidium iodide was added 2–3 min before analysis 
at a final concentration of 1 µg/ml. The cells were analyzed 
using the FC500 analyzer from Beckman Coulter.

Flow cytometry for immunostaining

Cells were washed once with 1XPBS after removal of media 
and detached using 5 mM EDTA. The cells were fixed in 1% 
paraformaldehyde (PFA) (w/v) for 5 min at room tempera-
ture and washed thrice in 1XPBS to remove excess PFA. 
Cells were permeabilized using 0.1% tritonX100 (v/v) in 
1XPBS, and blocked using a cocktail of 5% FBS (v/v) and 
2% BSA (w/v) in 1XPBS. The cells were then incubated in 
primary antibody (made in blocking reagent) at the appropri-
ate dilutions at room temperature for 2 h. They were washed 
thrice in 1XPBS and incubated with a secondary antibody 
(made in 1XPBS) at the appropriate dilutions for 45 min at 
room temperature. The stained cells were washed thrice in 
1XPBS and analyzed using FC500 or BD FACS Aria III.

Immunofluorescent staining for biopsy sections

The cryosections were washed once in 1XPBS followed 
by heat-fixation overnight at 55 °C. The slides were incu-
bated in 0.01 M citrate buffer at 90 °C for 20 min for antigen 
retrieval. Once they cooled down to room temperature, the 
sections were permeabilized with 0.1% tritonX100 (v/v), 
blocked with 3% BSA (w/v), and washed thrice in 1XPBS. 
The primary antibody (made in blocking reagent) was added 
at the appropriate dilutions and incubated at room tempera-
ture for 2 h, followed by three 1XPBS washes and incuba-
tion with a secondary antibody (made in 1XPBS) for 45 min 
at room temperature. The nuclei were stained using DAPI 
(1 µg/ml), and the slides were mounted with VECTASH-
IELD anti-fade mounting media, followed by imaging using 
the Zeiss 710 confocal microscope. ImageJ software was 
used for image analysis. Colocalized pixels were analyzed 
using the Coloc2 and Colocalization threshold plugins 

available in the Image J software. The Manders score, Pear-
son’s correlation coefficient, R, and the Costes P-value deter-
mined the extent of colocalization.

Immunofluorescent staining for cell lines

Cells were fixed in 1% PFA (w/v) for 5 min at room tem-
perature and washed thrice with 1XPBS before staining. 
The cells were permeabilized using 0.1% tritonX100 (v/v) 
for 5 min and blocked using 0.2% fish skin gelatin (v/v) 
for 20 min at room temperature. Primary antibodies were 
added at the appropriate dilutions (in blocking reagent) 
and incubated at room temperature for 2 h. The cells were 
washed thrice with 1XPBS and secondary antibodies were 
added at the required dilutions (in 1XPBS) and incubated at 
room temperature for 45 min. The cells were washed thrice 
with 1XPBS, stained with DAPI (1 µg/ml) and mounted 
using VECTASHIELD anti-fade mounting media. Imaging 
and image analysis was done using the Zeiss 710 confocal 
microscope and ImageJ, respectively. Colocalized pixels 
were analyzed using the Coloc2 and Colocalization thresh-
old plugins available in the Image J software. The Manders 
score, Pearson’s correlation coefficient, R, and the Costes P 
value determined the extent of colocalization.

Clonogenic assay

For the clonogenic assay, 1000 cells were seeded in 100 mm 
dishes in DMEM supplemented with 10% FBS. The colonies 
formed were allowed to grow over 14 days. They were then 
stained with 0.05% crystal violet for 1 min, washed thrice 
with 1XPBS, and the colonies were counted.

Soft agar assay

5000 cells were seeded in 0.33% agar containing DMEM 
over a layer of 0.5% agar with DMEM and FBS in a 35 mm 
dish [12]. Media supplementation (200 µl) was done every 
72 h. At the end of 21 days, the Leica DMIL LED Fluores-
cence microscope was used to count and image colonies.

Tumor sphere cultures

Culture of cells as spheroids used DMEM-F12 media sup-
plemented with 20 ng/ml EGF and 10 ng/ml bFGF. 0.1 mil-
lion cells seeded in 6-well plates coated with poly-hydrox-
yethyl methacrylate were allowed to grow, and spheroids 
formed counted at the end of 7 days from 10 random fields.

Limiting dilution assay

Serially diluted cells (to obtain a cell concentration of 
100 cells/well and 10 cells/well in a poly-hydroxyethyl 
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methacrylate-coated 96-well plate) were seeded in DMEM-
F12 media supplemented with 20 ng/ml EGF and 10 ng/ml 
bFGF. Microscopic visualization determined the presence 
of spheres.

Anoikis assay

0.1 million cells were seeded in 6-well plates coated with 
poly-hydroxyethyl methacrylate using DMEM devoid of 
FBS and cultured overnight. The following day, cell death 
analysis using flow cytometry was performed by annexin-V 
and propidium iodide staining.

Real‑time quantitative PCR

RNA isolation was as described in the TRIzol method (Life 
Technologies, Invitrogen). Conversion of mRNA to cDNA 
used M-MLV reverse transcriptase (Life Technologies, Invit-
rogen), and gene expression studies by qPCR utilized the TB 
Green Premix Ex Taq II (RR820A, Takara). The 7500 Fast 
Real-Time PCR machine from ABI generated the Ct values 
which were used to calculate fold changes in gene expres-
sion. Table S2 contains the sequences of the primers used.

Western blotting

Cells were washed once with cold 1XPBS, incubated with 
lysis buffer (50 mM Tris HCl (pH7.4), 150 mM NaCl, 1% 
Triton X100, 2 mM EDTA (pH8.0), 0.1% SDS, 100 mM 
NaF, 200 mM Na3VO4, 10X MPI, 200 mM PMSF) for 
30 min on ice, homogenized with an insulin syringe and 
centrifuged at 14,000 rpm for 10 min at 4 °C. The lysate 
was quantified using the BCA assay, and equal amounts of 
protein were loaded on an acrylamide gel and resolved using 
SDS-PAGE. The proteins were transferred onto a nitrocel-
lulose membrane, blocked using 3% BSA (w/v) in 1XTBST 
and probed using the appropriate primary antibodies (made 
in the blocking reagent) at the required dilutions overnight 
at 4°C. The membranes were then washed thrice in 1XTBST 
and incubated with HRP-conjugated secondary antibodies 
for 1 h at room temperature. The membranes were washed 
thrice in 1XTBST, and the blots were imaged after ECL 
addition using the ChemiDoc XRS + system from BioRad.

Immunoprecipitation from nuclear proteins

Cells were washed with cold 1XPBS and cross-linked using 
5 mM dithiobis-succinimidyl propionate (DSP) dissolved 
in 1% DMSO in 1XPBS. Post-incubation at room tempera-
ture for 30 min, 20 mM tris (pH 7.4) quenched the excess 
DSP. The cytosolic components were removed by incubat-
ing the cells with low osmotic buffer (50 mM Tris, 0.25% 
tritonX100, 100 mM NaCl, 10% glycerol, 5 mM EDTA, and 

MPI cocktail) for 10 min on ice. The nuclei were washed 
gently with cold 1XPBS and then incubated with NP-40 
lysis buffer (50 mM Tris HCl (pH7.4), 150 mM NaCl, 
2 mM EDTA (pH8.0), 1% NP-40, 100 mM NaF, 200 mM 
Na3VO4, 10X MPI, 200 mM PMSF). The nuclear fraction 
(NF) thus obtained was pre-cleared using Protein G dyna-
beads equilibrated with NP-40 lysis buffer. The dynabeads 
were incubated with the desired antibody at room tempera-
ture for 10 min and then added to the pre-cleared lysate. The 
proteins were allowed to bind overnight under gentle agita-
tion at 4°C. The beads were washed and resuspended in 2X 
Laemmli buffer and incubated at 95°C for 10 min. The clear 
supernatant was subjected to immunoblotting.

2D gel electrophoresis and mass spectrometry

Immunoprecipitated proteins were subjected to isoelectric 
focusing using the Ettan IPGphor3 system from GE Health-
care. The IPG strips were then loaded onto an acrylamide 
gel and allowed to separate based on molecular weight. Post-
silver staining, the unique spots were excised and de-stained 
in a wash solution (50% acetonitrile and 50 mM ammonium 
bicarbonate). Acetonitrile dehydrated the gel pieces, while 
a reduction solution (10 mM DTT and 100 mM ammonium 
bicarbonate) rehydrated them. The gel was treated with an 
alkylation solution (50 mM iodoacetamide and 100 mM 
ammonium bicarbonate). Post-washing, trypsin digestion 
was done, and the extracted peptides were subjected to MS/
MS using the Bruker Daltonics ESI Q-TOF system with 
the Proxeon EASY-nLC. The data generated were analyzed 
using the MASCOT database to identify the precipitated 
proteins.

DNA Isolation and HpaII digestion

DNA isolation by salting out helped extract DNA from cells. 
Here, cells were lysed using 600 µl cell lysis buffer and incu-
bated with proteinase K (final concentration of 50 µg/ml) 
at 55°C for 3 h. The addition of 200 µl of 5 M potassium 
acetate and spinning at 14,000 rpm for 3 min helped precipi-
tate proteins. 600 µl cold isopropanol precipitated DNA from 
the supernatant. After two ethanol washes and the dissolu-
tion of the DNA in nuclease-free water, quantification by the 
Qubit assay determined the concentration of DNA obtained 
[19]. 1 µg of the DNA was incubated with 5 units of the 
HpaII enzyme (R0171S) at 37°C for 1 h. Densitometry was 
performed using the ImageJ software.

RNA‑sequencing and analysis

The NEBNext Ultra Directional RNA Library Prep kit 
(E7420L) was utilized for RNA extraction and RNA-seq 
library preparation. RNA was sequenced using the Illumina 
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HiSeq paired-end sequencing (150 × 2). The raw data gen-
erated was checked for quality using FastQC and pre-pro-
cessed, which includes removing the adapter sequences and 
the low-quality bases. Pre-processing of the data was done 
with the ABLT proprietary script. The reference genome 
used was the Homo sapiens DRCh38 build genome down-
loaded from the Ensemble database. Tophat-2.0.13 aligned 
the transcript sequences, and Cufflinks-2.2.1 performed 
assembly and differential expression. Cuffmerge created a 
combined assembly, while the Cuffdiff package performed 
Differential Gene Expression (DGE) analysis. Cut-off values 
of fold-change of 1.5 and 1/1.5 were used for up-regulation 
and down-regulation respectively. DAVID enabled gene 
Ontology (GO) analysis, while Heatmapper, a freely avail-
able web server, performed expression-based heatmap analy-
sis [20]. The RNA-seq was in replicates of n = 2. STRING 
database (version 11.0) was used to study the interaction 
networks [21], and the Shiny tool generated volcano plots.

Infinium human MethylationEPIC array and analysis

400 ng of good quality gDNA was subjected to bisulfite con-
version using the EZ DNA Methylation kit (Zymo Research, 
D5002). The samples were then denatured and neutralized 
to prepare them for amplification using the Illumina Infin-
ium Epic kit (WG-317-1002). Isothermal amplification of 
the denatured DNA was followed by fragmentation and 
precipitation by isopropanol. The precipitated DNA was 
resuspended in Hybridization Buffer and denatured at 95°C 
before loading onto the BeadChips. BeadChips were incu-
bated for 18 h at 48°C for probe hybridization. Post-washes 
to remove unhybridized DNA, the BeadChips were scanned 
using Illumina iScan System to record high-resolution 
images of the light emitted from the fluorophores. RnBeads 
was used to combine the data into a RnBSet which stored 
DNA methylation levels as beta values. Quality control 
checks were carried out using minfi, ChAMP & RnBeads. 
The data was pre-processed by discarding CpGs that con-
tain a substantial fraction with low technical quality and 
measurements that may be unreliable for other reasons. The 
normalization was performed using SWAN, and RnBeads 
was utilized to visualize the DNA methylation profiles. P 
values were calculated by the limma package and corrected 
for multiple testing using the FDR method. Strongly dif-
ferentially methylated regions with a false discovery rate 
of < 0.05 were taken for further analysis. Heatmaps for dif-
ferential methylation were generated using the Heatmapper 
server, utilizing the individual M values of each replicate. 
M value is the log2 ratio of the intensities of the methylated 
versus the unmethylated probe. Sites with positive M values 
are hypermethylated, while those with negative M values are 
considered hypomethylated.

Chromatin immunoprecipitation

ChIP was performed using the Simple ChIP Enzymatic 
Chromatin IP Kit (CST 9003S) as per the manufacturer’s 
protocol. Briefly, proteins were cross-linked to the DNA 
by adding PFA to the media at a final concentration of 4% 
(w/v). Excess PFA was quenched using glycine. The cells 
were washed twice with cold 1XPBS and collected in 2 ml 
of ice cold 1XPBS by scraping. The DNA from these cells 
was fragmented using both micrococcal nuclease and soni-
cation. The cross-linked chromatin samples were treated 
with RNase A, and DNA was purified using the column 
method. The DNA was then quantified, and equal amounts 
of DNA were incubated with magnetic beads and the desired 
antibody overnight at 4°C. The beads were then washed 
thrice with high salt buffer, the DNA bound to the beads was 
collected using elution buffer, and the cross-links reversed 
using sodium chloride and proteinase K. The pulled-down 
DNA was purified using the column method and quantified 
using the DNA Qubit High sensitivity assay kit (Life Tech-
nologies, Invitrogen). Equal amounts of input DNA, DNA 
pulled down by the isotype control (IgG), and DNA pulled 
down by specific antibodies were tested for promoter enrich-
ment by qPCR analysis. Values were normalized against the 
isotype (IgG) control.

ChIP sequencing and analysis

Libraries were prepared using the NEB Next Ultra II DNA 
Library preparation kit. In brief, ChIP DNA was subjected 
to various enzymatic steps for repairing the ends and attach-
ing the dA-tail. After adapter ligation, fragments were then 
size-selected using SPRI beads. Next, the size-selected frag-
ments were indexed during limited cycle PCR to generate 
final libraries for paired-end sequencing. Illumina HiSeq X 
Ten system quantified and sequenced the resulting libraries 
to generate 2X50 bp sequence reads. Post-quality checks, 
the paired-end reads were aligned to the reference human 
genome Feb. 2009 release downloaded from the UCSC 
database (GRCh37/hg19). Alignment was performed using 
BWA MEM (Ver-0.7.12). Model-based analysis of ChIP-Seq 
(MACS 2.1.3 version) carried out the peak calling analysis 
and identification of the statistically significant peaks. The 
resulting files were analyzed using the MEME suite to iden-
tify the enriched motifs [20].

Luciferase assay

Nanog promoter activity was assayed using the Dual-Lucif-
erase Reporter Assay System from Promega (E1910) as per 
the manufacturer’s protocol. Cells under various treatment 
conditions were transfected with the pNanog-Luc plasmid 
procured from Addgene (25900) and Renilla-Luc. Post-cell 
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lysis, the LUMI luminometer from MicroDigital recorded 
the readings. The readings thus obtained were normalized 
against the respective experimental controls.

Statistical analysis

The mean and standard deviations were computed for the 
experiments performed in triplicates. The significance of the 
difference between the test and control samples was calcu-
lated using the t test for groups of two. P values of less than 
0.05 were considered significant.

Results

RhoC regulates the expression of stemness genes 
in cervical carcinoma cell lines

Since RhoC has been reported to regulate metastasis, EMT, 
tumor growth, angiogenesis, invasion, migration and ther-
apy response in several tumors [7], including cancer of the 
cervix [12], it may be considered as an essential regulator 
of tumor progression. Since CSCs exhibit all of the above 
phenotypes, RhoC may be crucial in CSC maintenance. 
While there are reports of RhoC regulating CSCs in head 
and neck, and breast cancers [17, 18], there is a lack of data 
suggesting a similar parallel role in cervical cancer. Further, 
its mechanism of action in this context remains obscure. 
Thus, discerning the contribution of RhoC in cervical CSC 
maintenance and understanding its precise mode of action 
will be of immense translational significance.

CSCs have enhanced stem-like ability and expression of 
pluripotency-associated genes. Thus, molecular and pheno-
typic studies were conducted to assess the contribution of 
RhoC in the regulation of expression of stemness genes in 
the cervical carcinoma-derived cell line, SiHa. Previously 
published RNA-seq analysis comparing the transcriptional 
status of SiHa-R (cells over-expressing RhoC) and SiHa-
N (cells with the backbone vector alone) [11] was further 
analyzed to understand the effect of RhoC over-expression 
on stemness-associated genes. Validation, using western 
blot analysis, of the over-expression of RhoC in SiHa-R 
cells has been reported previously [11]. The evaluation of 
this RNA-seq data revealed the hypertranscriptional status 
of SiHa-R cells (Fig. 1A and B). A detailed gene ontology 
(GO) analysis using DAVID revealed that the over-expressed 
genes were involved in biological processes such as cell divi-
sion, proliferation, cell cycling, stemness, and cell signaling, 
amongst many others (Fig. S1A). STRING analysis of the 
same gene set also exhibited the enrichment of similar bio-
logical activities (Fig. S2). Cytoplasmic component (CC) 
analysis showed that a large proportion of the up-regulated 
genes translated into proteins that were localized in the 

nuclear compartment (Fig. S1B). Further, in-depth analysis 
of the over-expressed genes identified an array of stemness-
associated factors, such as AURKA, SMAD2, NfkB1, and 
POSTN, to be up-regulated in SiHa-R cells (Fig. 1C). Simi-
larly, there was an enrichment of genes involved in epige-
netic modifications (Fig. 1D). qPCR and western blotting 
experiments were done to validate the expression of some 
of these selected genes. As shown in Fig. 1E–H, there was 
increased expression of Nanog, Sox2, ABCG2, CD49f, 
ALDH, and other markers of stemness in SiHa-R cells. It 
was also found that the over-expression of constitutively 
active RhoC in SiHa cells (SiHa-CA) resulted in the enrich-
ment of stemness markers (Fig. S1C).

Previously reported and validated siRNAs for RhoC 
[11, 12] were used to assess the effect of RhoC silencing 
on stemness gene expression, and the efficacy of RhoC 
knockdown was confirmed using western blot (Fig. S1D). 
As shown in Fig. 1I RhoC knockdown resulted in decreased 
levels of stemness genes such as Nanog, CD49f, ALDH, 
POSTN and Sox2, amongst others. Western blot analysis 
confirmed that the expression of Nanog, an important pluri-
potency gene, decreased upon RhoC knockdown (Fig. 1J and 
K). CD49f, an important marker of cervical CSCs [21], was 
also found to be significantly reduced upon RhoC knock-
down (Fig. 1J and L). Our previous study showed that RhoC 
over-expression in SiHa cells resulted in the formation of 
significantly larger tumors as compared to SiHa-N cells [12]. 
Cryosections of these xenograft tumors were used in the 
present study to assess the expression of stemness genes 
in SiHa-R xenografts. Consistent with our above findings, 
immunofluorescent analysis of Nanog, CD49f and ALDH in 
SiHa-R and SiHa-N xenografts sections showed increased 
expression of these markers in SiHa-R (Fig. 1M and S1E). 
The mean fluorescence intensity for Nanog was 18.873 AU 
and 20.463 AU in SiHa-N and SiHa-R xenografts, respec-
tively. Similarly, CD49f showed an increase in mean fluores-
cence intensity in SiHa-R xenografts (8.236 AU), compared 
to SiHa-N xenografts (5.671).

RhoC regulates stemness phenotype in cervical 
carcinoma cell lines

Given that RhoC impacts the expression of stemness genes, 
it was critical to determine its effect on stemness pheno-
types such as self-renewal ability and anoikis resistance. 
Clonogenic, spheroid formation and soft agar assays were 
performed to assess the effect of RhoC expression on self-
renewal ability. As shown in Fig. 2A and S1F, SiHa-R cells 
formed more clones when compared with SiHa-N cells. 
Similarly, soft agar assays also revealed that SiHa-R cells 
had an enhanced ability to form colonies as compared to 
SiHa-N cells (Fig. 2B and S1G). Clonogenic assay on SiHa-
CA cells also demonstrated the enhanced clonogenicity of 
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Fig. 1   RhoC over-expression results in a hypertranscriptional cell 
with enriched stemness signatures. A Pie-chart depicting up-regula-
tion of 27% of the genes in SiHa-R cells as revealed by the RNA-
seq data. B Volcano plot of genes in SiHa-R, displaying up-regula-
tion of a majority of the genes. C An increase in expression of genes 
involved in stemness in SiHa-R was observed by analysis of RNA-seq 
data represented by a heatmap. D Heatmap representation of the up-
regulated genes in SiHa-R known to be involved in epigenetic modi-
fications. E qPCR analysis depicts up-regulation of genes regulating 
stemness in SiHa-R cells. Gene expression values were normalized 
to SiHa-N, using GAPDH as the internal control (n = 3, P < 0.05). 
F Immunoblotting confirms the enrichment of stemness signatures 
Nanog, CD49f and ALDH in SiHa-R cells (n = 3). GAPDH was used 
as the loading control. Representative images are shown. Fold change 

in densitometry values of Nanog (G) and CD49f (H) in SiHa-R 
cells (n = 3, P < 0.05). I siRNA-mediated silencing of RhoC leads to 
decreased expression of stemness genes in SiHa cells as observed by 
qPCR analysis. Values were normalized to cells treated with scram-
bled negative control siRNA (SCR). GAPDH was used as the inter-
nal control (n = 3, P < 0.05). J A representative western blot image 
corroborating down-regulation of Nanog, CD49f and ALDH in cells 
knocked down for RhoC (n = 3). Loading levels were verified using 
GAPDH. Fold change in densitometry values of Nanog (K) and 
CD49f (L) in SiHa cells knocked down for RhoC (n = 3, P < 0.05). 
M Immunofluorescent analysis of SiHa-N and SiHa-R xenograft sec-
tions shows an increase in Nanog and CD49f, along with RhoC, in 
SiHa-R xenografts (scale bars are indicated)
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these cells, as shown in Fig. S1H and S1I. Conversely, the 
knockdown of RhoC using siRNA resulted in reduced clo-
nogenic ability (Fig. S1J and S1K). Additionally, the effect 
of RhoC expression was also tested on anoikis resistance. 
In an anoikis assay, the SiHa-R cells formed larger aggre-
gates (Fig. 2C and S1L), and survived better (Fig. 2D and 

E) when compared to the SiHa-N cells. Similarly, SiHa-CA 
cells also showed enhanced survival under anoikis-inducing 
conditions (Fig. S1M and S1N). Further, to confirm that 
RhoC expression modulates the stem-cell population, con-
sequently regulating self-renewal ability as observed above, 
assays were performed using Hoechst 33342 to assess 

Fig. 2   RhoC endows cervical cancer cells with enhanced stem-like 
ability. A Bar graph representation of the average number of clones 
formed by SiHa-N and SiHa-R cells in the clonogenic assay, with 
SiHa-R cells displaying a clear advantage (n = 3, P < 0.05). B Bar 
graph representation of the numbers of small, medium and large 
colonies formed by SiHa-N and SiHa-R cells in the soft agar assay 
(n = 3, P < 0.05). C Graphical representation of the average diameter 
of aggregates formed under anoikis-inducing conditions, with SiHa-
R cells forming significantly larger aggregates than SiHa-N (n = 3, 
P < 0.05). D Representative FACS plot showing the decreased per-
centage of cells stained for propidium iodide in SiHa-R when cul-
tured under anoikis-inducing conditions. E Bar graph representing 
the average percentage of cell death seen under suspension in SiHa-

N and SiHa-R cells (n = 3, P < 0.05). F Representative FACS plot 
depicting the superior efflux ability of SiHa-R cells as compared to 
the verapamil treated control. SiHa-R cells were observed to have a 
larger percentage of cells capable of effluxing the Hoechst dye (side-
population). G Graphical representation of the average percentage 
of Hoechst negative cells (side-population) in SiHa-N and SiHa-R 
(n = 3, P < 0.05). H Graphical representation depicting increase in 
the number of spheroids upon serial passaging of SiHa cells over 10 
random fields (n = 3, P < 0.05). I Representative images depicting 
co-expression of RhoC with CD49f and Nanog in serially passaged 
spheroids (n = 3).  Scale bars are indicated. J Representative images 
showing abrogation of sphere formation ability upon RhoC knock-
down (n = 3)
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side-population enrichment following RhoC over-expres-
sion. Over-expression of RhoC resulted in the enrichment 
of the side-population, and this pool of cells was depleted 
upon treatment with verapamil, a blocker of efflux activ-
ity (Fig. 2F and G). All the cells chosen for the analysis 
were live (Fig. S1O). Enhanced efflux of dyes is a vital CSC 
property [22], thus an increase in side-population observed 
due to RhoC over-expression indicated enrichment of CSCs. 
The tumor sphere assay measures the self-renewal ability of 
stem-like cells [23]. Serial passaging of SiHa tumor spheres 
showed a successive increase in the number of spheres with 
secondary and tertiary passages (Fig. 2H). Expression of 
stemness markers Nanog and CD49f also increased across 
the serial passage and was maximum in the tertiary spheres, 
as expected. Significantly, RhoC was co-expressed with 
Nanog and CD49f in these spheres, indicating a positive 
correlation between RhoC and increased stem-like ability 
(Fig. 2I). Concurrently, the knockdown of RhoC in SiHa 
cells resulted in no clones due to the complete abrogation 
of sphere-forming ability (Fig. 2J). The limiting dilution 
assay, another technique to determine stem-like ability [24], 
showed an increased clonogenic ability of SiHa-R cells even 
at minimal numbers of 10 and 100 cells per well of a 96-well 
plate (Fig. S1P). The siRNA treatment resulted in a complete 
knockdown thus no clones were formed.

CaSki, another cervical cancer cell line, was also used 
to confirm the role of RhoC in CSCs. The CaSki-dnR 
cells (CaSki cells stably over-expressing dominant nega-
tive RhoC) were less clonogenic as compared to CaSki-N 
(CaSki with pcDNA3 backbone vector) (Figs. S1Q and 
S1R). CaSki-dnR cells cultured under suspension condi-
tions  also formed smaller-sized aggregates as compared to 
CaSki-N (Figs. S1S and S1T).

Since CD49f's expression is regulated by RhoC, its 
knockdown resulted in reduced clonogenic ability of SiHa-R 
cells (Figs. S1U and S1V). Alternatively, its over-expression 
in CaSki-dnR resulted in a partial gain of clonogenic ability 
(Fig. S1W). Collectively, the above data suggest that RhoC 
transcriptionally up-regulates stemness genes resulting in 
the display of robust stemness phenotypes.

RhoC over‑expressing cells have hypomethylated 
DNA, aiding hyper‑transcription

Hypertranscriptional cells require open chromatin to enable 
transcriptional activities, and given that SiHa-R cells have a 
hypertranscriptional status, studies were performed to exam-
ine its chromatin [25–27]. Investigation of the chromatin 
status revealed that tumor cells with nuclear localization 
of RhoC presented with weak staining of DNA with DAPI 
(4′-6-diamidino-2-phenylindole) (Fig. S3A), a chemical that 
binds to the minor grooves of DNA and is routinely used 
to detect chromatin compactness [28]. The open chromatin 

observed in SiHa-R cells may be due to alterations in DNA 
methylation or histone modifications.

Hypomethylated DNA is associated with hyper-tran-
scriptional activity and cancer progression [29]. In conso-
nance with this, our observation using restriction endonu-
clease treatment of DNA by HpaII, a methylation-sensitive 
restriction enzyme, showed extensive endonuclease activ-
ity in SiHa-R cells as compared to SiHa-N cells, imply-
ing hypomethylation of DNA in SiHa-R cells (Fig. S3B). 
Quantitative FACS analysis of SiHa-R cells revealed sig-
nificantly lesser 5-methylcytosine (5mC, a marker of DNA 
methylation) in SiHa-R compared to SiHa-N (Fig. 3A and 
B). Further, siRNA mediated RhoC knockdown in SiHa cells 
caused an increase in 5mC levels (Fig. 3C and D). These 
findings were further validated using the Infinium Human 
Methylation 850k (EPIC array). A comparative analysis of 
SiHa-N and SiHa-R DNA revealed significant changes in 
DNA methylation upon RhoC over-expression (Fig. 3E), 
with 426 sites showing hypomethylation (differential meth-
ylation value of less than − 0.1), 328 displaying hypermeth-
ylation (differential methylation value of more than 0.1) and 
2784 showing no significant change (differential methylation 
values between − 0.1 and 0.1) (Fig. 3F). Additionally, genes 
over-expressed in SiHa-R cells were found to have hypo-
methylated regions. The hypomethylation status of Sox2, 
ABCG8, Nanog and ABCG2 are shown in Fig. S3C, S3D, 
S3E and S3F. Fig. 3G, H and I, represent sites within various 
genes involved in stemness maintenance, signaling pathways 
and epigenetic alterations that were observed to be dem-
ethylated in SiHa-R. These data convincingly demonstrate 
that RhoC over-expressing cells have hypomethylated DNA, 
which may be linked with increased expression of stemness-
associated genes.

RhoC regulates hypomethylation of DNA via TET2

In order to investigate how RhoC regulates DNA methyla-
tion, studies were planned to identify the role of RhoC in 
TET (ten-eleven translocation dioxygenases) enzyme regu-
lation, which are known to be responsible for loss of DNA 
methylation [30]. Transcriptomic data showed a significant 
up-regulation of TET2 in SiHa-R cells (Fig. 4A), and this 
increased expression was also confirmed by immunofluo-
rescent analysis (Fig. 4B). siRNA-mediated knockdown of 
RhoC led to decreased expression of TET2 in SiHa cells, 
with no change in the levels of TET1 and TET3 upon RhoC 
silencing (Fig. 4C and S3G).

The modulation of DNA methylation by TET2 in SiHa 
cells was confirmed by assessing the 5mC levels in SiHa 
cells knocked down for TET2. TET2 siRNA successfully 
silenced TET2 in SiHa cells (Fig. 4D) and increased levels 
of 5mC, reaffirming TET2’s role in DNA hypomethylation 
(Fig. 4E and S3H). Additionally, TET2 silencing increased 
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Fig. 3   RhoC leads to transcriptional up-regulation by causing global 
alterations in DNA methylation levels. A Representative FACS plot 
showing a decrease in 5mC levels in SiHa-R in comparison with 
SiHa-N (n = 3). B Bar graph representation of mean fluorescence 
intensity (MFI) of 5mC in SiHa-N and SiHa-R (n = 3, P < 0.05). C 
Representative FACS plot showing increased 5mC upon siRNA-
mediated RhoC knockdown in SiHa cells (n = 3). D Bar graph rep-
resentation of MFI of 5mC, showing an increase in 5mC levels upon 

RhoC knockdown (RhoC siR) in comparison with control cells (SCR) 
(n = 3, P < 0.05). E Heatmap representation of top differentially meth-
ylated sites in SiHa-N and SiHa-R cells. F Pie-chart depicting the 
distribution of methylation at various sites in the genome in SiHa-R 
cells. Heatmap representation of M values of various sites of genes 
associated with stemness (G), signaling (H) and epigenetic changes 
(I), previously found to be over-expressed in SiHa-R cells, showing 
decreased methylation values in SiHa-R
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5mC levels in SiHa-R cells, confirming its role in DNA dem-
ethylation in the background of RhoC (Fig. 4F). Importantly, 
the knockdown of TET2 mitigated the gain in the clonogenic 
and self-renewal ability of SiHa-R cells, with a specific loss 
in the ability to form large colonies (Figs. 4G and S3I). 
TET2 knockdown also reversed the expression of Nanog, 
Sox2, ALDH, POSTN, and CD49f in SiHa-R cells (Fig. 4H, 

I, J, S3J, S3K and S3L). These data show that the gain of 
phenotype due to RhoC over-expression is diminished upon 
TET2 silencing and TET2 phenocopies RhoC, suggesting 
that RhoC via TET2 mediates DNA demethylation conse-
quently resulting in increased expression of stemness associ-
ated genes.

Fig. 4   RhoC via TET2, an active DNA demethylase, enhances 
stemness capability. A Bar graph showing a significant increase in 
TET2 transcripts, and not TET1 and TET3, in SiHa-R cells (normal-
ized against SiHa-N), as revealed by the RNA-seq data. B Immuno-
fluorescent analysis of TET2 confirms up-regulation in SiHa-R cells 
(n = 3). (scale bars are indicated) C qPCR analysis depicts a decrease 
in TET2 mRNA levels upon siRNA-mediated RhoC knockdown 
(RhoC siR) in comparison with scrambled control (SCR) (n = 3, 
P < 0.05). GAPDH was used as the internal control. D Representa-
tive western blot image to show successful knockdown of TET2 
upon transfection with TET2 siRNA (n = 3). E Bar graph represen-
tation of increased MFI of 5mC in TET2 siRNA treated SiHa cells 
(n = 3, P < 0.05). F Bar graph representation of increased MFI of 

5mC in SiHa-R cells knocked down for TET2 (n = 3, P < 0.05; y-axis 
in multiples of 1000). G Bar graph representation depicting the aver-
age number of colonies formed by SiHa-R cells upon TET2 silencing, 
showing that reduction in TET2 levels led to successful abrogation 
of the stemness advantage of SiHa-R cells (n = 3, P < 0.05). H Bar 
graph representation of transcript levels of stemness genes in SiHa-R 
cells upon TET2 knockdown (n = 3, P < 0.05). Values were normal-
ized against the scrambled control (SCR), using AICDA as the inter-
nal control. I Immunoblotting confirms down-regulation of stemness 
genes in SiHa-R upon TET2 silencing (n = 3). Representative images 
are shown. J Bar graph showing fold change in densitometry values 
of CD49f upon TET2 silencing (n = 3, P < 0.05)
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WDR5 is the nuclear interacting partner of RhoC

It is important to note that RhoC does not have a DNA-
binding domain, so it must exert its nuclear activity through 
other proteins. Thus, investigations were performed to iden-
tify proteins that may interact with RhoC in the nuclear com-
partment. Immunoprecipitation of RhoC from the nuclear 
fraction (Fig. S4A) of SiHa-R cells, followed by 2D gel elec-
trophoresis and mass spectral (MS) analysis of the unique 
spots obtained after silver staining (Fig. S4B), resulted in the 
identification of WDR5 as an interacting partner of RhoC 
(Fig. 5A). The observed interaction was further validated 
by performing RhoC and WDR5 immunoprecipitations, fol-
lowed by the detection of WDR5 and RhoC, respectively, 
in the pulled-down complexes (Fig. 5B and C). To confirm 
these observations, confocal imaging was performed to 
determine the colocalization of RhoC and WDR5. There 

was significant colocalization between RhoC and WDR5 
in SiHa-R cells (Fig. 5D) and clinical specimen cryosec-
tions (Fig. 5E). Colocalization analysis using the ImageJ 
software was used to generate colocalized pixel maps, with 
colocalized pixels indicated in white. Manders coefficients 
[31] associated with each image (M1 for red pixels and M2 
for green pixels) were used to determine the extent of colo-
calization. The correlation coefficient R was found to be 0.43 
in SiHa-R cells,  and 0.34 in the biopsy-derived cryosec-
tions. The Costes P-value was found to be 1 for both cases, 
indicating that the colocalization observed was indeed true.

WDR5 is a SET1/COMPASS complex protein and has 
been associated with tumor progression in the breast can-
cer model [32]. To investigate if RhoC interacts with this 
complex, nuclear RhoC was immunoprecipitated, and MS 
analysis was performed on the entire complex. The MS data 
reconfirmed the existence of WDR5 (Fig. S4C) and also 

Fig. 5   RhoC interacts with WDR5, an epigenetic modifier, within 
the nuclei of cervical cancer cells. A Results of the mass spectrom-
etry analysis with residues shown in red indicating an overlap with 
the amino acid sequence for WDR5. B Representative immunob-
lot image showing detection of WDR5 and RhoC in nuclear SiHa-R 
lysates pulled down with the RhoC antibody (n = 3). C Representative 
immunoblot image showing positive detection of RhoC and WDR5 in 
nuclear lysates of SiHa-R upon WDR5 pull down (n = 3). D Confocal 
imaging confirms the interaction of RhoC and WDR5 in SiHa-R cells 

(n = 3). Representative images are shown. (scale bars are indicated). 
M1 and M2 are Manders coefficients of red pixels and green pixels 
respectively. The R value was found to be 0.43, while the Costes P 
value was found to be 1. E Representative immunofluorescent image 
showing co-localization of RhoC and WDR5 in a patient-derived 
tumor section (scale bars are indicated). M1 and M2 are Manders 
coefficients of red pixels and green pixels respectively. The R value 
was found to be 0.34, while the Costes P value was found to be 1
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detected the presence of MLL1, another important compo-
nent of the SET complex (Fig. S4D). Further, immunopre-
cipitation and western blotting confirmed that RhoC indeed 
interacts with MLL1 (Fig. S4E), with RhoC immunopre-
cipitation resulting in the isolation of MLL1. Concurrently, 
immunoprecipitation of MLL1 resulted in the isolation of 
RhoC (Fig. S4F). These observations confirm that RhoC 
co-operates with the MLL-WDR complex and regulates 
transcription via this complex.

WDR5 and RhoC co‑operate to regulate stemness 
in SiHa cells

H3K4 is a downstream substrate of WDR5 [33], thus, stud-
ies were performed to determine the regulation of H3K4 
by WDR5 in SiHa cells. As expected, WDR5 knockdown 
results in decreased H3K4me3 levels, as shown in Fig. 6A. 
Since RhoC and WDR5 interact, disruption of this asso-
ciation by knocking down either RhoC or WDR5 should 
result in reduced H3K4me3 levels. Indeed, RhoC siRNA 
transfection showed a marked reduction in H3K4me3 lev-
els compared to control cells (Fig. 6B). Similarly, WDR5 
knockdown in SiHa-R cells resulted in decreased nuclear 
H3K4me3 levels (Fig. 6C).

Phenotypic assays revealed that WDR5 knockdown 
abrogated RhoC-mediated gain in the clonogenic ability of 
SiHa cells. Upon WDR5 knockdown (Figs. S4G and S4H), 
the SiHa-R cells formed lesser colonies (Fig. 6D and S4I). 
Expression analysis of Nanog, Sox2 and ALDH revealed that 
WDR5 knockdown in SiHa-R cells mitigated the increase 
in expression of stemness genes observed due to RhoC 
over-expression (Fig. 6E, F and G). The transcriptional 
regulation of Nanog by RhoC and WDR5 was further vali-
dated using a luciferase-based reporter assay for Nanog. As 
expected, transient over-expression of RhoC (wtR) resulted 
in increased Nanog promoter activity in comparison with 
the backbone vector alone (pcDNA3) (Fig. 6H). Conversely, 
the knockdown of RhoC and WDR5 in SiHa cells resulted 
in a partial but significant decrease in the activity of the 
Nanog promoter (Fig. 6I and J), thus supporting the finding 
that the RhoC-WDR5 complex regulates the transcription of 
Nanog. To further confirm that RhoC and WDR5 regulate 
the expression of pluripotency-associated genes, a ChIP-
sequencing experiment was performed. Analysis of ChIP-
sequencing data showed that the occupancy profiles of RhoC 
and WDR5 on the genomic DNA were similar (Fig. 7A and 
B). STREME tool, from the MEME suite, was used to iden-
tify motifs to which RhoC and WDR5 bind [34]. Identified 
motifs were compared against the Human DNA database 
using the TOMTOM tool [35]. The RhoC ChIP-sequencing 
reads yielded 16 established motifs, while WDR5 yielded 12 
motifs. TOMTOM-based analysis revealed that the 16 motifs 
identified by RhoC ChIP-seq were present on 172 genes, 

while the 12 motifs identified by WDR5 ChIP-seq matched 
with 148 genes. The genes identified following TOMTOM 
were analyzed using Interactivenn to identify commonly 
occupied motifs [36]. Interestingly, RhoC and WDR5 occu-
pied common promoter regions of 106 genes (Fig. 7C and 
Table S3). The common genes identified in the RhoC and 
WDR5 ChIP seq were analyzed using STRING to determine 
specific clusters and associated networks regulated by them 
[21]. STRING analysis revealed the presence of four over-
lapping networks (Fig. S5A). Biological process (BP) analy-
sis revealed that many of the identified genes were involved 
in transcriptional regulation and developmental processes, 
in line with our hypothesis that RhoC results in a hyper-tran-
scriptional cell (Fig. 7D). Molecular function (MF) analysis 
indicated that the genes occupied by RhoC and WDR5 had 
DNA binding and transcriptional factor activity, further vali-
dating our claim (Fig. 7E and S5B). Reactome analysis of 
the 106 genes whose promoter regions are occupied by both 
RhoC and Nanog, revealed the possible pathways that these 
genes regulate [37], wherein 57 out of 106 genes were found 
in the Reactome database, and 308 pathways were hit by at 
least one of them. A genome-wide overview suggested that 
the enriched genes were associated with immune response, 
developmental biological processes, signal transduction and 
gene expression, with the most significant pathways being 
nuclear receptor transcription, developmental biology and 
transcriptional regulation of pluripotency genes (Figs. S5C, 
S5D and S5E). DAVID, STRING and Reactome analyses 
indicate that the genes occupied by both RhoC and WDR5 
are involved in pluripotency maintenance and transcriptional 
processes. Stemchecker analysis was then performed on the 
106 genes [38] to distinguish the stemness-associated genes. 
The analysis revealed that the genes enriched by RhoC and 
WDR5 were part of the expression profiles predominant in 
iPSCs, embryonal carcinoma, ESCs, neural SCs, HSCs and 
mammary SCs (Fig. 7F and G). These findings elucidate that 
the genes/genome sequences occupied by RhoC and WDR5 
have a significant contribution to transcriptional regulation 
and stemness maintenance.

The ChIP-seq data also revealed the enrichment of 
motifs specific to the Nanog promoter, and that both RhoC 
and WDR5 enriched the same motif present in the Nanog 
promoter sequence (Fig. 7H and I). This data was further 
validated by qPCR of the RhoC and WDR5 ChIP DNA, 
with fold changes normalized against the isotype control. 
As shown in Fig. 7J, K and S5F, the Nanog promoter was 
enriched in both RhoC and WDR5 pull-downs. Cumula-
tively, the above data support the role of RhoC in the posi-
tive regulation of pluripotency-associated genes' expression 
in association with WDR5.
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RhoC is co‑expressed with stemness genes, Nanog 
and CD49f, in a sub‑population of tumor cells

Our data establish that RhoC regulates the expression of 
pluripotency genes and hence the maintenance of CSCs. 
Since both Nanog and CD49f are essential stemness mark-
ers [21, 39], we postulated that a cell co-expressing RhoC/
Nanog or RhoC/CD49f would putatively be a CSC. Thus 

studies were performed to identify such a sub-population, 
using cervical carcinoma cell lines and clinical specimens.

In concordance with the data from cell lines and xeno-
grafts, immunofluorescent-based expression analysis of 
Nanog, CD49f and RhoC in cervical tumor specimens, 
revealed the existence of a sub-population of cells co-
expressing RhoC along with Nanog and CD49f. As shown 
in Fig. 8A and S6A, pockets of tumor cells that displayed 

Fig. 6   RhoC and WDR5 alter H3K4me3 levels and regulate stem-
like ability. A Knockdown of WDR5 in SiHa cells was seen to lead to 
successful reduction in H3K4me3 levels, as compared to the scram-
bled negative control (SCR) (n = 2). Representative images are shown 
(scale bars are indicated). B siRNA-mediated silencing of RhoC 
resulted in a corresponding decrease in H3K4me3 levels as compared 
to scrambled control (SCR) (n = 2). Representative images are shown 
(scale bars are indicated). C Representative image showing a reduc-
tion in WDR5 and consequent decrease in H3K4me3 levels in SiHa-
R cells upon WDR5 knockdown (n = 2) (scale bars are indicated). D 
Bar graph representation of the number of colonies formed by SiHa-
R cells upon WDR5 siRNA treatment. WDR5 silencing was observed 
to result in loss of colony-forming ability in SiHa-R cells (n = 3, 
P < 0.05). E qPCR analysis depicts a reduction in mRNA levels of 

genes involved in stemness maintenance in SiHa-R cells knocked 
down for WDR5 (n = 3, P < 0.05). F Immunoblot analysis confirms 
a reduction in Nanog, Sox2 and ALDH upon WDR5 silencing, in 
comparison with scrambled control (n = 3). Representative images 
are shown. G Bar graph showing fold change in densitometry values 
of Nanog upon WDR5 silencing (n = 3, P < 0.05). H Bar graph rep-
resentation of the increase in Nanog promoter activity upon transient 
transfection of the RhoC-overexpressing plasmid (wtR) in compari-
son with the backbone alone (pcDNA3) (n = 3, P < 0.05). I Bar graph 
showing a decrease in Nanog promoter activity upon siRNA mediated 
RhoC knockdown (RhoC siR) in comparison with scrambled negative 
control (SCR) (n = 3, P < 0.05). J Bar graph depicting the decrease in 
Nanog promoter activity upon WDR5 silencing (WDR5 siR) in com-
parison with scrambled control (SCR) (n = 3, p < 0.05)
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Fig. 7   RhoC and WDR5 bind to identical DNA motifs to transcrip-
tionally regulate pluripotency factors. A Pie chart of the genome 
annotation of the ChIP-seq reads identified by RhoC pull-down. B 
Pie-chart depicting genome annotation of regions of the DNA pulled-
down by ChIP-seq using WDR5 antibody. C Venn diagram depict-
ing the number of genes occupied by RhoC alone, WDR5 alone and 
those commonly occupied by both. D Bar graph representation of the 
biological processes governed by the genes commonly occupied by 
RhoC and WDR5 as identified by the STRING network. E Bar graph 
representation of the molecular functions of genes commonly occu-
pied by RhoC and WDR5. F Diagrammatic representation of the 

stemness signatures enriched by the genes commonly occupied by 
RhoC and WDR5. G Bar graph depicting the number of genes com-
monly occupied by both RhoC and WDR5 and the stemness pheno-
types they enrich for. H Diagrammatic representation of the motif in 
the Nanog promoter found in the RhoC ChIP-seq reads. I Diagram-
matic representation shows that the identical motif in the Nanog pro-
moter was enriched in the WDR5 ChIP-seq data. J and K qPCR of 
the ChIP DNA showing occupation of both halves of the Nanog pro-
moter by RhoC and WDR5, thus validating the ChIP-seq data. Data 
were normalized against the isotype control (n = 2)
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Fig. 8   Biopsy-derived RhoC expressing cells co-express CSC mark-
ers Nanog and CD49f, and combinatorial inhibition of RhoC, TET2 
and WDR5 sensitize cervical biopsy-derived cells to radiation. 
A Representative immunofluorescent confocal images depicting 
increased expression of Nanog in RhoC-high tumor cells (scale bars 
are indicated). B Representative immunofluorescent confocal images 
depicting increased expression of CD49f in RhoC-high tumor cells 
(scale bars are indicated). C FACS quadrant plot showing the distri-
bution of RhoC and Nanog positivity patients Pt-1 and Pt-2. D FACS 
quadrant plot showing the distribution of RhoC and CD49f positivity 
patients Pt-1 and Pt-2. E Bar graph representation of the percentage 

of dual RhoC+/Nanog+ cells in patients Pt-1 to Pt-5. F Graphical rep-
resentation of the fraction of Nanog positivity within the RhoC+ pool. 
G Bar graph representation of the percentage of dual RhoC+/CD49f+ 
cells in patients Pt-1 to Pt-5. H Graphical representation of the frac-
tion of CD49f positivity within the RhoC+ pool. I Box-whisker plot 
indicating that combined inhibition of RhoC, TET2 and WDR5 led 
to significant sensitization of cervical cancer biopsy-derived cells to 
radiation, in comparison with both vehicle control (DMSO + IgG) and 
cisplatin treatment before radiation (n = 5). J Model depicting RhoC’s 
two-pronged role in epigenetic regulation of stemness
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increased expression of Nanog and RhoC were observed in 
multiple clinical specimens. Similarly, tumor cells express-
ing both RhoC and CD49f were detected in these specimens 
(Fig. 8B and S6B).

A quantitative assessment using flow cytometry con-
firmed the existence of dually marked, RhoC+/Nanog+ and 
RhoC+/CD49f+ cells. The RhoC+/Nanog+ cell population 
ranged from 1.2 to 8.7%, while the RhoC+/CD49f+ cells 
comprised between 2.6 and 14.9% of the total cellular pool 
(Fig. 8C, D, S6C and S6D). Further analysis revealed that a 
significant percentage of total RhoC cells showed positivity 
for Nanog (Fig. 8E and F). Similarly, a considerable per-
centage of the cells showing positivity for RhoC were also 
CD49f+ (Fig. 8G and H). Investigations using SiHa cells 
also show the existence of RhoC+/Nanog+/CD49f+ (triple 
positive cells), implying the presence of a CSC popula-
tion marked by Nanog, CD49f and RhoC (Fig. S6E). Since 
both Nanog and CD49f are well-established CSC markers, 
co-expression of RhoC within the pool of cells marked 
by Nanog and CD49f confirmed the role of RhoC in CSC 
maintenance.

Combined inhibition of RhoC, TET2 and WDR5 
results in sensitization of cervical cancer cells 
to radiation

Our data thus far comprehensively establishes that RhoC, 
via TET2 over-expression and WDR5 interaction, results 
in increased transcription of stemness-associated genes. 
Since stem-like cells contribute to enhanced survival and 
resistance to therapy, thus, experiments investigating the 
role of combined inhibition of RhoC, TET2 and WDR5 in 
the sensitization of cervical cancer cells to radiation were 
performed. The antibody inhibition method was used for 
specific inhibition of RhoC [11]. BC339 and OICR-9429, 
established chemical inhibitors of TET2 and WDR5 respec-
tively [40, 41], were used at concentrations of 100 µM and 
10 µM as determined by WST analysis (Figs. S7A and S7B). 
Patient-derived biopsies (n = 5) treated with RhoC antibody, 
BC339 and OICR-9429, followed by radiation, were com-
pared against concurrent cisplatin and radiation (the current 
treatment protocol) for sensitization efficiency. The combi-
natorial inhibition study on clinical samples revealed that the 
percentage of apoptotic cells was significantly higher upon 
cumulative inhibition of RhoC, TET2 (BC339) and WDR5 
(OICR-9429), with a median Annexin V positivity of 69.8% 
as compared to the vehicle control (P < 0.05) (Figs. 8I and 
S7C). Interestingly, combinatorial treatment of cells with 
BC339, OICR-9429 and RhoC antibody resulted in a higher 
percentage of apoptotic cells than that achieved by cisplatin 
treatment followed by irradiation (median = 22.8%, P < 0.05) 
(Fig. 8I).

Overall, this work convincingly portrays the role of RhoC 
in cervical CSC maintenance and establishes that RhoC epi-
genetically alters the stemness capability of tumor cells via 
TET2 and WDR5 (Fig. 8J).

Discussion

The International Agency for Research on Cancer (IARC) 
released statistics showing an alarming 10 million cancer-
related deaths in 2020, with one in every eight men and one 
in every eleven women succumbing to the disease. Tumor 
recurrence, resistance and metastasis are crucial factors 
affecting clinical outcomes and have been closely associ-
ated with tumor heterogeneity and CSCs [6, 42, 43]. CSCs 
demonstrate multiple hallmarks of cancer and cruise through 
dynamically changing microenvironments during their tran-
sit from the primary tumor to secondary sites of metastasis 
[44]. The molecular profiles of these cells vary distinctly 
at every stage of tumor progression, and the discovery of 
novel molecular targets will help in designing effective 
therapeutic strategies to target CSCs and achieve favorable 
prognoses [45]. Our earlier study shows that RhoC regulates 
radio-resistance in cervical cancer via ROCK2 signaling 
[11]. Reports also suggest that RhoC regulates several other 
tumor phenotypes in cervical carcinoma, including invasion, 
anoikis, tumor growth and metastasis [12]. RhoC has similar 
oncogenic roles in a host of other tumor models [7].

Interestingly, RhoC has no reported driver mutations [46], 
and is indispensable for metastasis [10]. Since earlier scien-
tific investigations have confirmed the link between CSCs 
and metastasis [43, 47, 48], the present study explores the 
role of RhoC in cervical CSC regulation, and reports that 
RhoC regulates cervical CSCs via interaction with the epi-
genetic modulator, WDR5.

The three major findings of this study are, (a) RhoC 
regulates stemness phenotype and expression of stemness-
associated genes in cervical cancer, (b) RhoC interacts with 
WDR5 and MLL1, key components of the SET/COMPASS 
complex involved in epigenetic regulation, and (c) RhoC 
promotes DNA demethylation via TET2 expression. Inves-
tigations using transcriptomic studies showed that RhoC 
over-expression results in increased expression of stemness-
associated genes in SiHa cells. Colony formation, spheroid 
formation and anoikis resistance abilities increased upon 
RhoC over-expression. The tumor sphere and dye exclusion 
assay confirmed that RhoC expression affects the enrichment 
of stem cells in SiHa cells. The transcriptional up-regulation 
of a sizeable portion of the genome (27%) upon over-expres-
sion of RhoC suggests that RhoC positively regulates a com-
plex transcriptional network. These observations led us to 
believe that it may regulate either modifications to histone 
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proteins or to the DNA itself to effect sweeping changes to 
the transcriptome.

Several reports suggest that RhoC regulates various 
signaling pathways, like MAPK, PI3K/Akt, Pyk2 and FAK, 
in several tumor models [13, 14, 49]. However, its role in 
epigenetic modifications to the DNA is unknown. In this 
study, we observed that alterations in the expression of RhoC 
resulted in changes in the methylation status of the SiHa cell 
genome. Consistent with our hypothesis, there was enhanced 
DNA demethylation upon RhoC over-expression and vice 
versa. TET family genes influence DNA demethylation 
[50–53]. TET1 regulates stem-like ability in pre-cancerous 
cervical lesions and drives cancer growth via DNA demeth-
ylation in hepatocellular carcinoma [54, 55]. Although we 
do not observe a significant change in TET1 expression upon 
changes in the level of RhoC, there was significant up-regu-
lation of TET2 upon RhoC over-expression. Earlier reports 
suggest that TET2, which marks for slow cycling cells is 
associated with therapy resistance, while other studies imply 
a tumor suppressive role for TET2 [56, 57]. We observe 
that RhoC regulates the expression of TET2 to influence 
DNA methylation. Infinium array-based study on cells over-
expressing RhoC revealed decreased methylation signatures 
for important genes such as Nanog, Sox2 and ABCG2. How-
ever, the mechanism of regulation of TET2 expression by 
RhoC is not well defined and is the focus of current studies.

It is well-known that RhoC does not have a DNA bind-
ing domain. However, its expression in the nuclei of tumor 
cells has been recently reported by our group in the context 
of radioresistance [11], indicating that it may be associated 
with other nuclear proteins to influence transcription. To 
elucidate its mechanism of action, studies were performed 
to identify the nuclear binding partners of RhoC. Immuno-
precipitation from nuclear lysates, followed by mass spec-
trometry analysis revealed that WDR5 bound to RhoC. The 
other protein which was found to associate with RhoC was 
MLL1. Both WDR5 and MLL1 are major components of 
the SET1/COMPASS complex involved in histone modi-
fications [32]. It has been shown to regulate therapy resist-
ance in colon cancer, is involved in breast cancer progres-
sion [32, 58] and promotes pancreatic, prostate and gastric 
cancers [59–61]. Observations revealed that the association 
between WDR5 and RhoC resulted in significant changes in 
the expression of stemness associated genes, such as Nanog. 
Nanog is an important pluripotent gene, and its expression 
correlates with the stemness status of the cell [62, 63]. Our 
reporter assays and ChIP-seq assay confirm that RhoC and 
WDR5 regulate the expression of Nanog in SiHa cells. 
Motif analysis of genes identified by RhoC ChIP-seq reveals 
enrichment of stemness-associated genes. Interestingly, the 
motifs enriched by WDR5 and RhoC were the same. This 
is a novel observation, as no previous literature suggests 

an interaction between RhoC and WDR5 in the context of 
epigenetic events.

In the context of our observations that RhoC expression 
regulates radiation response, stemness phenotype and cell 
survival, it is interesting to note our finding that inhibition 
of RhoC, TET2 and WDR5 in human specimen-derived cells 
results in enhanced sensitization to radiation. The sensiti-
zation was significantly more than the cisplatin-based sen-
sitization of these cells. Further, analysis of heterogeneity 
of cell populations, based on RhoC and Nanog expression 
revealed the existence of a small population of tumor cells 
co-expressing both RhoC and Nanog. Similarly, a sub-
population was identified with co-expression of RhoC and 
CD49f. Since Nanog and CD49f mark for CSCs, it is inter-
esting to note that RhoC is co-expressed with these proteins.

Thus, combined, these findings provide an intensive anal-
ysis of RhoC-mediated regulation of stemness-associated 
gene expression and associated phenotypes, and identify 
WDR5 as its associate in this context. These findings pro-
vide a robust basis for understanding RhoC-mediated main-
tenance of CSCs in cervical carcinoma. Despite a thrust on 
identifying biomarkers for cancers, there is lacking in the 
field of cervical carcinoma. We have previously reported 
that RhoC over-expression correlates with tumor progres-
sion [11, 12], wherein there was increased expression of 
RhoC in cervical carcinoma samples compared to normal 
tissues. This observation, combined with our recent find-
ings that RhoC regulates therapy response and CSC mainte-
nance in cervical carcinoma, positions RhoC as a strong bio-
marker candidate for this tumor. We have also investigated if 
RhoC over-expression regulated stemness gene expression 
and associated phenotypes in other tumor models, and we 
observed a similar phenomenon in PC-3 and HCT 116 cells 
(Fig. S8).

This study defines a new role for RhoC as a regulator 
of the transcriptional network via its interaction with the 
epigenetic complex and supports the development of RhoC 
as a biomarker of disease progression and therapeutic 
intervention.
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