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Abstract
Background/Aims: Breast cancer (BrCa) is one of the most common cancers and a highly 
heterogenous disease, both at the pathological and molecular levels. A common element 
for the progression of cancer is the presence of aberrant transcription. Targeting the mis-
regulation of transcription may serve as a tool for cancer therapeutics. SUPT5H (Suppressor 
of Ty 5 homolog) is a highly conserved RNA polymerase II-associated transcription elonga-
tion and processivity factor. However, few studies have examined the relationship between 
SUPT5H and cancer. Methods: Yeast two-hybrid and colocalization by immunofluorescence 
were performed to investigate protein-protein interaction. Colony formation assay, CTG assay, 
and crystal violet assays were performed for cell viability, clonogenicity, and cell prolifera-
tion study. Data mining was performed for expression analysis of SUPT5H in breast cancers. 
Flow cytometry was performed for the assessment of cell cycle and apoptosis. The Transwell 
chambers were employed for the migration and invasion assays. Quantitative real-time poly-
merase chain reaction (qRT PCR) and Western blotting were performed to measure the mRNA 
and protein levels of SUPT5H and other markers related to viability, migration, cell cycle, and 
apoptosis. Silent mutations were generated for rescue experiments. The biological function 
of SUPT5H was investigated through siRNA depletion of SUPT5H mRNA in vitro. Results: We 
showed that SUPT5H is upregulated in breast cancer tissue as compared with the adjacent 
normal tissue in breast cancer patients. In human breast cancer cells, the levels of SUPT5H 
and PIN1 are positively correlated with each other. Our biochemical analysis showed that PIN1 
interacts with SUPT5H through WW domain, that was required to promote SUPT5H protein 
stability. Depletion of SUPT5H by siRNA technology reduced the tumorigenic and metastatic 
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properties, promoted s-phase cell cycle arrest and apoptosis of MDA-MB-231 cells. Moreover, 
depletion of SUPT5H abrogated MAPK molecules thereby regulates the oncogenic behavior 
of breast cancer cells. Conclusion: Our findings demonstrated an essential role of SUPT5H in 
BrCa tumorigenicity by regulating the expression levels of genes that control proliferation, 
migration, cell cycle, and apoptosis of breast cancer MDA-MB-231 cells.

Introduction

Breast cancer is the most frequently diagnosed cancer with a high mortality rate in 
the female population worldwide. Among the breast cancers, the triple-negative breast 
cancer(TNBC); lacking the expression of estrogen receptor (ER), progesterone receptor (PR) 
as well as human epidermal growth receptor 2(HER2) has been challenging due to heteroge-
neity of the disease and the absence of well-defined molecular targets [1]. TNBC accounts for 
10 ~ 20% of invasive breast cancer [2] and displays aggressive clinical behaviour with a high 
rate of proliferation and has a poor prognosis [3]. Compared to other breast cancers, TNBC 
frequently affects younger women and is more prevalent in African-American women [4].

Cancer progression is strongly associated with the dysregulated versions of transcrip-
tional programs [5]. Alteration of genes involved in chromatin structure, transcriptional 
stimulation and elongation, and post-transcriptional RNA processing has a profound effect 
on the development and progression of cancer [6]. Transcription elongation by RNA poly-
merase II involves the coordinated assembly of multiple transcription elongation factors, 
including SUPT5H, to the core promoter of coding transcripts. SUPT5H in association with 
second protein-Spt4 forms the complex, DRB (5,6-dichloro-1bata-D-ribofuranosyl-benz-
imidazole) Sensitivity Inducing Factor (DSIF) that together binds with RNA polII thereby 
regulates transcription cycle, coordinates in chromatin remodelling, transcription elonga-
tion, pre-mRNA processing and mRNA capping in eukaryotes [7–9]. SUPT5H (NusG in bacte-
ria) is conserved in all domains of life; it is a crucial accessory factor required for regulating 
and maintaining the processivity of RNA pol II [10]. SUPT5H interacts with MYC causes an 
increase in the speed and processivity of polymerase II, and is implicated in cancer progres-
sion [11]. Moreover, SUPT5H was identified to be overexpressed in colorectal cancer and is 
involved in colorectal cancer progression [12].

Among the multiple oncoproteins, a peptidyl-prolyl cis-trans isomerase(PPIase)-PIN1, 
which is stimulated by activated E2F [13], works as a molecular switch in multiple path-
ways to determine the fate of proline-directed phosphoproteins [14]. Aberrant expression 
of PIN1 is associated with the distortions of the wider signaling network that fuels cancer 
progression. In cancers, overactivation of PIN1 is correlated with poor patient survival. Be-
cause silencing of PIN1 is associated with the inhibition of breast cancer cell proliferation 
and tumorigenesis of breast cancer stem cells, the molecular therapy for targeting PIN1 is 
growing [15–17].

In the present study, we dissected the role and molecular mechanism of SUPT5H in tri-
ple-negative breast cancer. We used the siRNA approach to address the effects of SUPT5H 
silencing on breast cancer cell lines. We showed that SUPT5H contributes to breast cancer 
cell proliferation, migration, invasion, cell cycle, and apoptosis. Our study revealed the onco-
genic function of SUPT5H and could be a potential therapeutic target of interest to counter 
breast cancer.

Materials and Methods

Cell Culture, antibodies, and reagents
MDA-MB-231 cells were purchased from NCCS Cell Repository (Pune, India) and maintained in L-15 

medium supplemented with 10% FBS, 100 units/ml penicillin (all from Gibco, ThermoFisher Scientific, 
USA) at 37°C and 5% CO2. Anti-SUPT5, Anti-PIN-1, Anti- β-catenin, Anti-E2F1, Anti-Bax, Anti- Bcl-xl, Anti-
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Caspase-3, Anti-P38, Anti- pP38, 
Anti-Cyclin E1, Anti-Slug, and 
Anti-p-J antibodies were pur-
chased from Santa Cruz Bio-
technology (Dallas, Texas, USA); 
Anti-PCNA, Anti-cyclinA1 and 
Anti-PARP antibodies from Cloud-Clone Corp (Houston, USA); Anti-Vimentin and Anti-MMP-2 from Ther-
mo Fisher; Anti-cJun and anti-p-c-Jun antibodies from Cell Signaling Technology, anti-β-actin antibody and 
MG132 from SigmaAldrich. Matrigel was purchased from Corning Incorprated Lifescience, (Tewksbury, MA, 
USA). CellTiter-Glo® luminescent cell viability assay kit was purchased from Promega Corp (Madison, Wis-
consin, USA).

Transfection of siRNAs
Cells were transiently transfected with oligo siRNAs (FlexiTube siRNA, QIAGEN) using Lipofectamine 

RNAiMAX (ThermoFisher Scientific) according to the manufacturer’s instructions. The sequences of the 
siRNAs used in this study are listed in Table 1.

Generation of silent mutations
First, the wild-type SUPT5H expression plasmid was constructed by fusing the full-length human 

SUPT5H ORF to the pcDNA3.1(+) vector (Invitrogen). Then, two silent mutations were introduced into the 
siRNA targeted region of wild-type SUPT5H expression plasmid (shown in red below) using QuickChange 
II site-Directed kit (Agilent) to generate the mutated SUPT5H expression construct (Δ2) for rescue experi-
ment. A double nucleotide mismatch has been found sufficient to abolish the siRNA knockdown effect on 
target mRNA [18, 19]. The sequencing analysis of the siRNA-resistant SUPT5H expression construct con-
firmed the mutations.

SUPT5H
Wt:	C CGG AGG GAC AAC GAA CTC AT
Δ2:	 C CGG AGG GAC AAC GAG CTA AT

    Arg–Arg–Asp–Asn–Glu–Leu

Knockdown-rescue experiment
For the knockdown-rescue experiment, the MDA-MB-231 cells were transfected with siRNA, as already 

described. After 24 hours of siRNA transfection, the siRNA resistant SUPT5H overexpression plasmid was 
transfected using Lipofectamine LTX (Thermo), according to the manufacturer’s instruction. After 6 hours 
post-transfection, the serum-free media was replaced with complete media, and the cells were incubated for 
the next 48 hours to assay the SUPT5H knockdown rescue with western blotting, cell cycle, and apoptosis.

Cell cycle
siRNA scramble and Supt5h transfected MDA-MB-231 cells were analyzed for the distribution of the 

cell population in the different phases of the cell cycle. Following a 72 hr transfection, cells were harvested 
and washed with PBS. Then cells were fixed with 70% chilled ethanol and stored at 4°C overnight. Next day 
cells were centrifuged, and ethanol was removed, followed by two PBS wash. Next, cells were stained with 
RNase (10 µg /mL) and Propidium iodide (20 µg/mL) and kept at 37°C for half an hour. Samples were ana-
lyzed by cytometry using FACS verse. A total of 30,000 events were analyzed for each sample, and data were 
analyzed using ModFit LT software.

Colony Formation assay
MDA-MB-231 cells were assessed to form colonies following transfection with siRNA scramble and 

siRNA SUPT5H. Cells, transfected for 72 h, were harvested, and 5 X 102 cells from the scramble and SUPT5H 
knockdown cells were seeded in each well. Every 48 h media was replenished with fresh media, and the cul-
ture was kept for 12 days. Then cells were fixed with methanol and stained with 0.4% crystal violet. Colonies 
were counted using Image J software.

Table 1. Sequence of siRNAs
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Wound healing assay
4 x105 MDA-MB-231 cells 

were seeded in each well of six-
well and transfected with siRNA 
SUPT5H. Once the monolayer 
formed, a scratch was given with 
a 200 μl pipette tip. Cells were 
washed, and detached cells were 
removed. Then images of wound 
area were taken at two-time in-
tervals (0 and 24 h). Then the percentage wound healed area was calculated after normalizing the wound 
area.

Migration and invasion assay
Transwell chambers (Corning), 8 µm pore size, were inserted in 24 well plate to determine the migra-

tion and invasion potential of breast cancer cells. For migration assay, the 24-hour post-transfection cells 
(4 X104) were seeded on the upper chamber in 200 µL of serum-free media, whereas the bottom chamber 
was filled with 700µl of 10% serum-supplemented media as a source of chemoattractant. The same proce-
dure was carried out for invasion assay, however, the upper chamber was first uniformly coated with 80 µg 
Matrigel (Corning) diluted in 100 µl DMEM and incubated at 37°C for 2 hours. The cells were suspended in 
chambers and further incubated at 37˚C, 5% CO2 for 48 hours. Thereafter, non-migrated and non-invaded 
cells were removed with a cotton swab, and the cells migrated and invaded to the lower surface of upper 
chamber were fixed in 70% ethanol and stained in 0.4% crystal violet followed by washing to remove excess 
dye and air drying. Images of migrated and invaded cells were taken in ten randomly selected fields using 
NIKON ECLIPSE Ti computerized image analysing system.

RNA isolation and quantitative PCR
Total RNA was isolated from the scramble and SUPT5H knockdown MDA-MB-231 cells using TRIzol 

reagent. Next, cDNA was synthesized from 2µg of total RNA using a cDNA synthesis kit (Thermo) as per 
manufacturer’s instruction. Primers used against genes under the study are mentioned in Table 2. PCR cy-
cling program was as follows- 10 min at 95°C and 40 cycles of 15 sec at 95°C, 30 sec at 60°C and the melt cur-
ve with single reaction cycle with the following conditions: 95°C for 15 sec, 60°C for 1 min and dissociation 
at 95°C for 15 sec. Ct values thus obtained were normalized to the housekeeping gene β actin. 2-ΔΔCt method 
was used to determine the relative expression of genes.

Crystal violet assay
Cell viability of SUPT5H depleted cells was assessed by crystal violet assay. Briefly, MDA-MB-231 cells 

cultured in a six-well plate were transfected with a scramble and SUPT5H siRNA and incubated for 48 h. 
Then cells were harvested and counted. Approx 5X103 cells from each sample were seeded in each well of 96 
wells plate and further incubated for 48 h. Following this, the media was discarded, and cells were stained 
with 0.4% crystal violet (prepared in 50% methanol) and incubated for 30 min. Then wells were washed 
with water to remove excess stain followed by an air dry for 12 h. Next day, the dye was dissolved in 100 
µL of methanol, followed by taking absorbance of dissolved dye at 570 nm. Viability was calculated as fold 
change in absorbance value of siRNA SUPTH w.r.t siRNA scramble.

CellTiter-Glo® luminescent cell viability assay
The CellTiter-Glo® luminescent cell viability assay determines the viability of cells based on the quanti-

fication of ATP. Briefly, freshly passaged cells are added to pre-plated si-RNA transfection complex in 96 well 
white culture plates at a density of 5000 cells/well. Seventy-two hours after transfection, 100 µl CellTiter-
Glo® reagent was added to each well that contains 100 µl of cell culture medium. Cells were then lysed by 
shaking on a shaker for 2 minutes, and luminescence was measured after 10 minutes of incubation at room 
temperature using a microtiter plate reader (BioTek, Winooski, USA).

Table 2. Real time RT-PCR Primers used for the study
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JC-1 Staining and Flow cytometry
The effect of silencing SUPT5H on mitochondrial membrane potential was measured by JC-1 fluore-

scent dye using a flow cytometer. MDA-MB-231 cells transfected with scramble and siRNA SUPT5H were 
incubated for 48 h and stained with JC-1 dye for 30 min in the dark. Then cells were harvested and washed 
with PBS and analyzed for fluorescence by flow cytometry (FACS Verse, BD).

Fluorescent microscopy for assessing intracellular ROS
We measured intracellular reactive oxygen species (ROS) levels following knockdown of SUPT5H. 

SiRNA Scramble and siRNA-SUPT5H transfected cells were incubated for 48 h, and the level of intracellular 
ROS was assessed by probe CM-H2DCFDA incubated for 30 min in the dark at 37°C. Then cells were washed 
once with PBS, and images were taken using a fluorescent microscope. Moreover, we also checked the level 
of ROS with pre-treatment with N-acetyl cysteine followed by knockdown of SUPT5H. This was done to ob-
serve the role of SUPT5H in maintaining the redox state of MDA-MB-231 cells.

Western blotting
Cells were lysed with SDS lysis buffer containing protease inhibitors, and the protein concentration 

was measured with the PierceTM BCA assay kit (ThermoFisher). The proteins extracted were subjected to 
SDS-polyacrylamide gel electrophoresis. The proteins separated on the gel were transferred to the PVDF 
membrane and exposed to a blocking buffer for 2 hours. The membranes were then probed with specific 
primary antibody (1:500) with appropriate dilution at 4°C overnight. The blots were rinsed three times for 
5 minutes with Tris buffer solution with tween-20 (TBST) and incubated in HRP-conjugated secondary anti-
body solution for 1 hour at room temperature followed by three washes with 1 x TBST. The immunoreactive 
bands were visualized by ECL Elistar ETA C ultra 2.0 (Cyanagen).

Apoptosis assessment by flow cytometry
To assess the effect of silencing of SUPT5H on apoptosis, Annexin V-FITC and Propidium iodide stai-

ning were done, and samples were analyzed by FACS verse (BD). Briefly, SUPT5H+/-siRNA treated cells 
were incubated for 72 h. Then cells were harvested and incubated with 1 X binding buffer followed by in-
cubation with Annexin and Propidium iodide solution for 30 min. Next, samples were acquired for analysis 
using FACS verse (BD).

Yeast two-hybrid (Y2H) assays
Yeast two-hybrid (Y2H) assays were performed using MatchmakerTM Gold Yeast two-hybrid system 

(Clonetech, Mountain View, CA, USA) as per manufacturer’s protocol. The human PIN1 ORF and segments 
of PIN1, WW, and PPI domains were fused with Gal 4 DNA binding domain into bait vector pGBKT7, and 
human SUPT5H ORF was fused with Gal 4 activation domain into prey vector pGADT7 using In-Fusion HD 
cloning kit (Takara Bio USA). The bait and prey vectors were transformed into yeast strains Y2H Gold and 
Y187 respectively and mated together in 2X yeast peptone dextrose adenine (YPDA) media. The diploid 
cells were selected on synthetically defined (SD) media dropped out for leucine and tryptophan (SD/-Leu/-
Try). For the interaction of bait and prey proteins, the colonies from double dropout media were examined 
and selected on minimal media with the restrictiveness of Leucine(L), Tryptophan(W), Histidine(H) and 
Adenine(A) (SD/-Leu/-Trp/-His/-Ade). Only the diploids that contain both bait and prey plasmids and 
which express the reporter genes in response to two-hybrid interaction will grow on QDO media.

Immunohistochemistry
The excised tumors were fixed, dehydrated, and embedded in paraffin. Paraffin sections of 4 µm thick-

ness are dried and baked. Before immunostaining, the sections were deparaffinized, hydrated, and washed. 
For antigen retrieval, the sections were immersed in Tris-EDTA buffer (pH 9.0) for 6 min at boiling tempera-
ture. After retrieval, the slides were placed in 3% hydrogen peroxide in methanol for 20 minutes to quench 
the endogenous peroxidase activity. Then non-specific antigens were blocked with 10% goat serum for 20 
minutes followed by overnight incubation with anti SUPT5H antibody (1:200 in 0.5% BSA) at 4°C. Next 
day, the specimen was washed and incubated with appropriately diluted biotinylated secondary antibody 
followed by the incubation with 100 µl appropriately diluted SAv-HRP conjugates (BD Bioscience) for 30 
minutes at room temperature, protected from light and the signals were visualized with 3,3‘-Diaminobenzi-
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dine (DAB) substrate solution (0.05% DAB, 0.015% H2O2) as the chromagen and counter-stained by hema-
toxylin. Images were captured using NIKON ECLIPSE Ti computerized image analysing system.

Bioinformatic analysis
RNA-seq data from The Cancer Genome Atlas (TCGA: http://cancergenome.nih.gov/) of tumors were 

compared with their respective normal tissues using BioXpress (https://hive.biochemistry.gwu.edu/biox-
press). UALCAN database (http://ualcan.path.uab. edu) was used to perform an in-depth analysis of prote-
in expression data from Clinical Proteomic Tumor Analysis Consortium (CPTAC) confirmatory/discovery 
dataset. mRNA expression status in different types of breast cancer and in breast cancer cell lines across 
available data sets was evaluated using the KM-express tool (http://ec2-52-201-246-161.compute-1.ama-
zonaws.com/kmexpress/ index.php). The co-expression correlation between SUPT5H and PIN1 in breast 
cancer were retrieved from TCGA using cBioPortal (https://www.cbioportal.org/).

Statistical analysis
In this study, the experimental data were statistically analyzed using Graphpad Prism 6 software and 

presented as mean ± s.e.m. A comparison between different groups was analyzed by unpaired two-tailed t-
test or ANOVA test. Spearman,s rank correlation was applied to determine the correlation between SUPT5H 
and PIN1. A P-value of less than 0.05 was regarded as statistically significant.

Results

Elevated expression of SUPT5H is observed in breast cancers
To investigate the differential expression of SUPT5H in breast cancers, we retrieved 

the RNA-sequencing datasets from TCGA using BioXpress [20]. During the paired analysis 
of TCGA data, the SUPT5H was found overexpressed in breast and other cancers with re-
spect to their normal tissues (Fig. 1A). The BioXpress database indicated that SUPT5H is 
significantly overexpressed in 57.02% (65/114, p=0.002) of breast cancer tissues compared 
with the paired normal tissues. Next, we determined the overexpression of SUPT5H in breast 
tumors, their subtypes, and pathological stages using proteomic CPTAC datasets [21]. Stati-
stical analysis of CPTAC data retrieved from UALCAN database [22] indicated the significant 
overexpressed of SUPT5H protein in breast cancer tissues (Fig. 1B), and in subclasses (Lu-
minal, HER2 positive and TNBC) of breast cancers compared to normal breast tissues, with 
more significant in TNBC followed by HER2 positive and luminal(p<0.05, Fig. 1C). CPTAC 
dataset further revealed the increased expression levels of SUPT5H in advanced stages of 
breast cancer compared to normal, with more significant in stage 2, followed by stage 3 (Fig. 
1D, p<0.05). Moreover, analysis of TCGA SUPT5H datasets using UALCANS also exhibited 
the consistency with CPTAC datasets (data not shown). In datasets from KM-Express [23] 
(E-MTAB-4993), the transcript profile of SUPT5H is upregulated in triple-negative breast 
cancer (TNBC) patients compared to ER+ patients (Fig. 1E), and among the breast cancer 
cell line (GSE48213) the triple-negative type or basal-like cells have elevated expression le-
vels of SUPT5H RNA compared to non-malignant or other types of breast cancer (Fig. 1F). 
Furthermore, our investigation of protein expression of SUPT5H in breast cancer tissues by 
immunohistochemistry has confirmed the increased expression of SUPT5H protein in 6 of 
20 (30%) breast cancer tissues compared to their respective normal tissues (Fig. 1G). Taken 
together, these data indicated the up-regulation of SUPT5H expression in breast cancers.

SUPT5H specifically interacts with PIN1, and this interaction depends on the N-terminal 
(WW) domain of PIN1
SUPT5H is ranked among the top-ranked protein with similar functions to peptidyl-

prolyl cis/trans isomerase (PIN1) [24]. Using cBioportal [25], we identified a positive corre-
lation between SUPT5H and PIN (Pearson=0.36) from the TCGA breast invasive carcinoma 
dataset (Fig. 2A). Western blotting was performed to verify the expression correlation bet-
ween SUPT5H and PIN1. The result showed that the silencing of SUPT5H was efficient in 
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Fig. 1. SUPT5H is high-
ly expressed in breast 
cancer (A) Expression 
status of SUPT5H in dif-
ferent cancers and their 
respective normal tissues 
obtained from BioXpress 
database. Log2 fold chan-
ge (Log2FC) between the 
mRNA expression in can-
cerous and adjacent tis-
sues of greater than zero 
for SUPT5H is considered 
to be over-expression 
and less than zero to be 
under-expression. Ab-
breviations: Breast can-
cer [BRCA], Liver cancer 
[LIVCA], Lung squamous 
cell carcinoma [LUSC], 
Head and neck cancer 
[H&NC], Prostate cancer 
[PCa]. (B) CPTAC data 
from UALCAN indica-
ted that expression of 
SUPT5H was significant-
ly up-regulated in breast 
cancer tissues (n=125) 
compared to normal bre-
ast tissues (n=18), P<10-7.  
(C) Based on CPTAC from 
UALCAN, the expressi-
on of SUPT5H in normal 
breast tissues and breast 
cancer tissue with diffe-
rent subclasses (D) The 
expression of SUPT5H 
protein in normal tissues 
and breast cancer tissues 
with different grades of 
tumor. Significant up-
regulation was obser-
ved in stage 2 and stage 
3 of breast cancers. (E) 
SUPT5H transcript profi-
ling of two breast cancers 
in a cohort of 63 patients 
(51 ER+, 12 triple-nega-
tive), with increased ex-
pression in triple-negative according to E-MTAB-4993 dataset from KM-express database. (F) Expression 
status of SUPT5H in breast cancer subtype cell lines according to GSE48213 dataset from KM-express data-
base. (G) Representative immunohistochemistry images of SUPT5H protein expression in breast cancer and 
normal tissues. Scale bar, 100 µm.

Fig.1
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MDA-MB-231 and led to inhibition of the expression of PIN1. Further, Rescue experiment de-
monstrated that siRNA-SUPT5H transfection silences the expression of endogenous SUPT5H 
protein and the SUPT5H protein that is expressed from native (Supplementary Fig. S1) but 
not from mutated SUPT5H ORF (Fig. 2B) (for all supplementary material see www.cellphy-
siolbiochem.com). The rescue of observed knockdown phenotypes with an exogenously 
expressed siRNA-resistant SUPT5H expression construct (Δ2) confirmed the efficiency of 
double nucleotide mismatch to abolish the siRNA knockdown effect and validated the speci-
ficity as well as the selectivity of the siRNA for the endogenous SUPT5H gene. The rescue of 
SUPT5H and PIN1 proteins with exogenously expressed engineered SUPT5H ORF in SUPT5H 
depleted cells confirmed the positive correlation between SUPT5H and PIN1.

PIN1 is 163 residue protein, containing the N-terminal WW domain and C-terminal PPI-
ase domain [26] (Fig. 2C). Earlier, in vitro studies have shown the interaction between PIN1 
and SUPT5H[27]. We validated the interaction between SUPT5H and PIN1 using an indepen-
dent yeast-two-hybrid assay, and we identified the functional domain of PIN1 required for 
direct interaction (Fig. 2D). To determine the functional region of PIN1 that is required for 
direct interaction with SUPT5H, we employed two truncated forms of PIN1. We showed the 
gene encoding N-terminal region (1-138, WW) but not the C-terminal region (118-492, PPI-
ase) interacts with SUPT5H, suggesting the N-terminal area which includes the WW domain 
may be involved in PIN1-SUPT5H interaction.

Using Immunofluorescence (IF) confocal microscopy, we visualized the colocalization 
pattern of PIN1 and split PIN1 domains with SUPT5H by co-transfection of pmTurquoiseC1-
PIN1 and mVenusC1-SUPT5H or pmTurquoise-PIN1WW and mVenusC1-SUPT5H or pmTur-
quoiseC1-PIN1PPIase and mVenusC1-SUPT5H plasmids, and cells were allowed to express fu-
sion protein for 48 hours after transfection. Finally, we detected prominent overlapping with 
Pearson’s value of 0.70 and 0.72 between PIN1 and SUPT5H, and PIN1-WW and SUPT5H, 
respectively, whereas the less overlapping, was observed between PIN1-PPIase and SUPT5H 
with Pearson’s value of 0.3 (Fig. 2E). Together, these results demonstrate the physical inter-
action and high affinity of the WW domain for SUPT5H.

SUPT5H abundance is regulated by PIN1
Interestingly, the silencing of PIN1 in MDA-MB-231 cells resulted in a down-regulation 

of endogenous SUPT5H proteins (Fig. 2F). Because SUPT5H directly binds to PIN1, we then 
asked whether the protein-protein interaction increased the stability of SUPT5H. For this 
purpose, we transfected siRNA-scr and siRNA-PIN1 in MDA-MB-231 cells and treated each 
well with proteasome inhibitor MG1322, all other wells with DMSO. Our results revealed 
that treatment of MG132 completely blocked the PIN1 knockdown-induced loss of SUPT5H, 
suggested that PIN1 binding to SUPT5H promotes stability of SUPT5H.

Silencing of SUPT5H decreases cell viability, cell proliferation, and colony formation of 
breast cancer cells
To explore whether knockdown of SUPT5H gene expression affects the oncogenic be-

havior of breast cancer cells, crystal violet, cell-Titer-Glo (CTG), and colony formation were 
assayed. Crystal violet assay demonstrated a significant decrease in cell viability in siRNA-
SUPT5H transfected MDA-MB-231 cells compared with scramble siRNA after 72 hours of 
transfection (Fig. 3A). Next, we examined the growth of breast cancer cells after silencing 
SUPT5H with siRNA using CTG assay. Compared with cells transfected with siRNA-scr, cells 
transfected with siRNA-SUPT5H demonstrated reduced growth and displayed lower via-
bility (Fig. 3B). In consistent with the results of crystal violet and CTG assays, colony for-
mation assay demonstrated that the silencing of SUPT5H decreased the colony-formation 
in MDA-MB-231 cells (Fig. 3C). Essentially identical results were observed when one more 
independent SUPT5H siRNA (siRNA-SUPT5H#) was used (the sequence is shown in Supple-
mentary Table S1). The knockdown with siRNA-SUPT5H# further validated that phenotype 
is the result of target mRNA knockdown rather than an off-target event (Supplementary Fig. 
S2, S3). Moreover, SUPT5H knockdown with siRNA-SUPT5H also decreased the viability and 
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Fig. 2. Co-expression correlation and stability landscape of interaction between SUPT5H and PIN1. (A) 
Dataset from cBioportal showed a positive correlation between SUPT5H and PIN expression in breast can-
cer. (B) Western blot of SUPT5H and PIN1 proteins in MDA-MB-231 cells transfected with siRNA-SUPT5H 
only, siRNA-SUPT5H plus the siRNA-SUPT5H resistant ORF construct SUPT5H(Δ2), non-silencing siRNA-
scr or siRNA-scr plus empty vector (EV) (representative blots are shown from two independent experi-
ments). The quantitative comparison of siRNA-scr v/s siRNA-SUPT5H and siRNA-scr+EV v/s siRNA-
SUPT5H+SUPT5H(Δ2) was performed. (C) A 163 residue protein PIN1 with two domains: WW domain 
and PPI domain (D) Interaction of pGBKT7-PIN1 with pGADT7-SUPT5H and pGBKT7-PIN1WW domain with 
pGADT7-SUPT5H were detected by DDO (-LW) and QDO (-LWAH) selection using yeast two-hybrid scree-
ning. Vectors pGBKT7-p53 with pGADT7-T and pGBKT7-Lam with pGADT7-T were used as a positive and 
negative control, respectively. The possibility of false-positive was eliminated by confirming that the activa-
tion domain in the empty vector could not interact with the pGBKT7-PIN1 bait vector. (E) MDA-MB-231 cells 
were co-transfected with mtorquois-PIN1 and mVenus-SUPT5H, mtorquois-PIN1WW and mVenus-SUPT5H, 
and mtorquois-PIN1PPIase and mVenus-SUPT5H plasmids. The colocalization of signals were visualized and 
analyzed using confocal microscopy. (F) MDA-MB-231 cells were transfected with siRNA-scr, siRNA-SUPT5H, 
or siRNA-PIN1. About 48h later, cells were further treated with MG132 or DMSO for 8h. Western blotting 
examination indicated the role of proteasome on PIN1 regulation of SUPT5H abundance (representative 
blots are shown from two independent experiments).

 
Fig.2 
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clonogenicity of MCF-7 and MDA-MB-453 cells (Supplementary Fig. S2, S3). These results 
implicated the involvement of SUPT5H in regulating the tumorigenic properties of breast 
cancer cells.

SUPT5H silencing in MDA-MB-231 reduces their migratory and invasive capacities
We first determined the effect of SUPT5H silencing on cell migration by wound healing 

assay. As shown in Fig. 4A, the artificial wound gap of scramble siRNA-transfected cells was 
significantly decreased compared with SUPT5H siRNA-transfected cells at 24 hours. To study 
the invasiveness and migration potentials of siRNA SUPT5H knockdown cells, we performed 
migration and invasion assays using transwell coated with/ without matrigel, respectively. 
We found that depletion of SUPT5H significantly reduced the cell migration and invasion ca-
pacity of breast cancer cells (Fig. 4B). The effects of SUPT5H knockdown were likely specific, 
as we obtained identical results with siRNA-SUPT5H# (Supplementary Fig. S4). Consistent 
with our data in MDA-MB-231, SUPT5H knockdown with siRNA-SUPT5H also significantly 
decreased the migration and invasion potential in MCF-7 and MDA-MB-453 cells (Supple-
mentary Fig. S4). Furthermore, western blot analysis revealed a reduction in the expression 
level of migration-related proteins (MMP-2, integrin, slug, vimentin, and β-catenin) in the 
SUPT5H-siRNA transfected breast cancer cells compared with scramble-siRNA transfected 
(Fig. 4C). These results suggest the involvement of SUPT5H in regulating the metastatic pro-
perties of breast cancer.

 
 

Fig. 3 
 

 
 
 
 
 

Fig. 3. SUPT5H depletion suppresses the tumorigenesis and colony formation ability of breast cancer MDA-
MB-231 cells. (A) Crystal violet assay was performed to determine the proliferation ability of breast cancer 
cells transfected with siRNA-SUPT5H (B) Cell viability of siRNA SUPT5H transfected cells was determined 
by CellTiter-Glo® luminescent cell viability assay. (C) The Clonogenicity of SUPT5H depleted cells was de-
termined by colony formation assay. Bars show the mean ± SD of at least triplicates. **p<0.01, ***p<0.001.
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Silencing of SUPT5H induces cell cycle arrest in breast cancer cells
To determine if SUPT5H plays a functional role in MDA-MB-231 cells, we explored its 

function in cell cycle regulation using RNAi approach. The siRNA transfected cells were 
stained with propidium iodide and analyzed using Fluorescence-activated cell sorter. Silen-
cing of SUPT5H led to the accumulation of cells in the S phase with a concomitant decrease 
in G1, and this loss-of-function phenotype was rescued upon the exogenous expression of 
siRNA resistant ORF that further confirmed the specific silencing effect of siRNA (Fig. 5A). 
Consistent with our data, the S-phase arrest was also observed in MCF-7 and MDA-MB-453 
upon the silencing of SUPT5H and with siRNA-SUPT5H# in MDA-MB-231 cells. (Supplemen-
tary Fig. S5). In agreement with the cell-cycle distribution analysis, silencing of SUPT5H in-
duced the expression of p21 (Fig. 5B) at mRNA level and inhibited the expression of proteins 
such as PCNA, E2F, cyclinE, which are involved in cell cycle process, along with induction of 
cyclin A1 protein (Fig. 5C).

Silencing of SUPT5H promotes apoptosis, induces mitochondrial membrane potential, and 
reactive oxygen species (ROS) changes in breast cancer cells

The annexin V/propidium iodide apoptosis assay was performed to investigate whether 
silencing of the SUPT5H gene induces apoptosis. The apoptotic index of MDA-MB-231 cells 
transfected with siRNA-SUPT5H was significantly higher than that of cells transfected with 
siRNA-scr and the exogenous SUPT5H engineered construct successfully rescued MDA-
MB-231 cells from apoptosis obtained with siRNA-SUPT5H transfection, demonstrated that 
this phenotype is directly linked to an anti-apoptotic SUPT5H function (Fig. 6A). Besides, 

Fig. 4. SUPT5H depletion inhibits the migratory and invasive behavior of MDA-MB-231 cells. (A) A wound-
healing assay was performed to measure the migration potential of siRNA-scr and siRNA-SUPT5H trans-
fected cells. The wound area was quantified by ImageJ 64 software. Scale bar, 100µm, and magnification, 
10x. (B) Transwell assay was used to assess the migration and invasion potentials of MDA-MB-231 after 
transfection with siRNA-scr or siRNA-SUPT5H. Scale bar, 100µm, and magnification, 20x. (A, B) data is the 
representation of three independent experiments. **p<0.01, ***p<0.001. (C) Western blot analysis of the ex-
pression of migration-related proteins of MDA-MB-231 cells following transfection of siRNA-scr and siRNA-
SUPT5H (representative blots are shown from two independent experiments).

 
Fig.4 
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significant apoptosis was further observed in MDA-MB-231 cells with siRNA-SUPT5H# (Sup-
plementary Fig. S6). Furthermore, compared with control cells, SUPT5H knockdown signifi-
cantly induces apoptosis in MCF-7 and MDA-MB-231 cells (Supplementary Fig. S6).

Further, we examined the effect of silencing of SUPT5H on the expression of molecules 
that regulates apoptosis; western blotting analysis revealed that silencing of SUPT5H effec-
tively increased the level of pro-apoptotic Bax and decreased the levels of anti-apoptotic Bcl-
xl, Bcl-2, pro-caspase 3, and pro-PARP proteins (Fig. 6B). Compared with siRNA-scr trans-
fected, RT-qPCR analysis demonstrated that depletion of SUPT5H increased expression of 
pro-apoptotic marker Noxa and decreased the expression of anti-apoptotic markers Xiap 
and Ciap in siRNA-SUPT5H transfected cells (Fig. 6C). These results indicated that the silen-
cing of SUPT5H promotes apoptosis via the activation of the intrinsic pathway.

To investigate whether reactive oxygen species (ROS) is involved in siRNA-SUPT5H me-
diated apoptosis, we first observed the intracellular ROS by H2DCFDA staining dye using 
fluorescence microscopy. As shown in Fig. 6D, the silencing of SUPT5H promotes the fluore-
scence intensity (ROS production), and the ROS strength in SUPT5H silenced cells was dimi-
nished by free radicle scavenger N-acetyl-L-cysteine (NAC). The increase of ROS production 
is associated with loss of mitochondrial membrane potential that reflects the apoptotic state 
of cells by the mitochondrial pathway. We tested the change of mitochondrial membrane 

Fig. 5. The depletion of SUPT5H gene expression induces cell cycle arrest in MDA-MB-231 cells. (A) Cells 
transfected with siRNA-SUPT5H only (knockdown), siRNA-SUPT5H plus the siRNA resistant SUPT5H ORF 
(Δ2), non-silencing siRNA-scr or siRNA-scr plus empty vector (EV) were stained with propidium iodide 
after 72 hours of transfection and subjected to FACS analysis to determine cell-cycle distribution. Deple-
tion of SUPT5H by siRNA-SUPT5H induced the S-phase cell cycle arrest, and the effect of siRNA-SUPT5H 
was rescued by engineered SUPT5H gene construct. (B) Quantification of p21 gene expression in SUPT5H 
silenced MDA-MB-231 cells using real-time qPCR. (A, B) data represented as means ± SD (n=3). *p<0.05, 
**p<0.01, not significant, ns (C) Western blot analysis of cell-cycle regulatory proteins in MDA-MB-231 cells 
transfected with siRNA-SUPT5H or siRNA-scr (representative images are shown from two independent ex-
periments).

 
Fig.5 
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Fig. 6. SUPT5H depletion promotes apoptosis, generates ROS, and change mitochondrial membrane poten-
tial (MMP) in MDA-MB-231. (A) Flow cytometric analysis demonstrated the levels of cell apoptosis in MDA-
MB-231 cells. (B) Western blot analysis of apoptosis regulatory proteins in MDA-MB-231 treated cells with 
siRNA-SUPT5H or siRNA-scr (representative blots are shown from two independent experiments). (C) qRT-
PCR analysis of the expression of genes related to apoptosis. (D) SUPT5H depletion promotes ROS produc-
tion and the levels of ROS were diminished in presence of N-acetyl-L-cysteine (NAC). Scale bar, 100µm and 
magnification, 20X. (E) Flowcytometric analysis of the change of MMP in SUPT5H silenced MDA-MB-231 
cells using JC-1 dye. (F) Treatment of NAC reagent to SUPT5H depleted MDA-MB-231 cells rescues the cells 
from apoptosis as indicated by flow cytometric analysis. The mean ± was shown in bar plots (n=3). *p<0.05, 
**p<0.01, ***p<0.001, not significant, ns.

 
Fig. 6 
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potential using the JC-1 dye by flow cytometry. We demonstrated that compared to scramble, 
the silencing of SUPT5H promotes the loss of mitochondrial membrane potential as revealed 
by the increase of green-to-red (monomer/aggregate) ratio (Fig. 6E). As shown in Fig. 6E, the 
JC-1 green/red ratio was 0.31 in SUPT5H silenced group, while it was 0.09 in the scramble 
group, suggested that the silencing of SUPT5H promotes mitochondrial dysfunction by chan-
ging the membrane potential (ΔΨm).

To explore the mechanism that apoptosis by silencing of SUPT5H was ROS dependent, 
we performed the AnnexinV/PI apoptosis assay in siRNA-scr and siRNA-SUPT5H transfected 
cells, treated with/without NAC. Our results demonstrated that the treatment of NAC parti-
ally rescues the SUPT5H silenced cells from apoptosis, indicating that apoptosis in SUPT5H 
silenced cells is partially ROS dependent (Fig. 6F).

Silencing of SUPT5H suppresses the MAPK signaling pathway in breast cancer cells
To explain the effects of silencing of SUPT5H in reducing the cell viability and migration 

of MDA-MB-231 cells, the expression and activation of MAPK molecules were analyzed by 
western blot. Our results showed that silencing of SUPT5H was associated with deactivation 
of active MAPK molecules with a change in the levels of total and activated MAPK proteins 
(Jnk, P38, c-Jun) (Fig. 7), thus accounting for the involvement of SUPT5H in activation of 
MAPK pathway or influence other pathway(s) relating to cell proliferation/migration/via-
bility.

Discussion

TNBC is considered the most aggressive form of breast cancer and has poor prognosis 
due to a lack of effective classification markers, molecular signatures, and targeted thera-
pies. Gaining better insights into the pathological mechanism of breast cancer would play an 
important role in identifying target sites.

Our study provides evidences of the increased expression of SUPT5H in breast cancers 
as determined by database mining and immunohistochemical studies, suggesting it acts as 
a proto-oncogene. We then showed the targeting effects of the silencing of SUPT5H on MDA-
MB-231 breast cancer cells in vitro. The observations obtained predicted the contribution of 
SUPT5H toward breast cancer progression and demonstrated a rationale for using SUPT5H 
as a targeting candidate in breast cancer.

Fig. 7. SUPT5H depletion in MDA-MB-231 inhibits the expressi-
on of MAPK pathway proteins. Western blot showing the effects 
of silencing of SUPT5H on the levels of total and phosphorylated 
JNK, P38, and c-Jun. An equal amount of cellular protein (50µg) 
was separated, and β-actin was applied as a control for equal 
loading (representative blots are shown from two independent 
experiments).

 
Fig.7 
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RNAi technology was used toward the functional study of SUPT5H loss. SUPT5H specific 
siRNA was transfected into MDA-MB-231 breast cancer cell line to screen the effects. It was 
first proved that transfection of siRNA-SUPT5H efficiently down-regulated the expression 
of SUPT5H at mRNA and protein levels, as demonstrated by quantitative real-time PCR and 
Western blot analysis, respectively. Rescue of siRNA knockdown phenotype by ectopic ex-
pression of the protein of interest with an engineered construct can be used to confirm the 
target specificity of siRNA [28]. The knockdown-rescue approach was applied to determine 
the target specificity of siRNA-SUPT5H. Further, our results clearly showed for the first time 
in breast cancer MDA-MB-231 cells that SUPT5H silencing attenuates cell growth, inhibits 
migration and invasion, induces apoptosis, and changes the cell cycle. The MAPK signaling 
molecules were markedly inhibited by SUPT5H silencing and revealed the association of 
SUPT5H with the MAPK pathway.

In the previous study, PIN1, a cis/trans isomerase that activates oncoproteins and inacti-
vates tumor supressors [14], has been found to interact with Cdk9-phosphorylated SUPT5H. 
We validated the interaction between PIN1 and SUPT5H and discovered that the functional 
WW domain of PIN1 is critical for direct interaction with SUPT5H. We further demonstrated 
that SUPT5H interaction with PIN1 increased the stability of SUPT5H. Moreover, we sho-
wed that SUPT5H positively regulates the expression of PIN1 at translation levels, which 
determines the correlation between SUPT5H and PIN1. The interaction between SUPT5H 
and PIN1 implies that that SUPT5H might be involved in regulating the different pathways 
of cancer cells.

The invasive/metastatic potential is an essential parameter for the progression of can-
cer cells. MDA-MB-231 is already known to have high metastatic/invasive potential [29]. Pa-
tients with TNBC have higher incidences of lymph node invasion and distant metastasis than 
other breast cancers [30]. We have demonstrated that the silencing of SUPT5H significantly 
suppressed the migration and invasion abilities of MDA-MB-231 breast cancer cells. Previ-
ously, a positive correlation has been observed between the expression of vimentin, MMP2, 
integrin, β-catenin, and human melagnancies [31–33]. To further confirm that SUPT5H is in-
volved in migration and invasion of breast cancer cells, gene silencing of SUPT5H was done. 
As a result of gene silencing of SUPT5H, the expression of vimentin, MMP2, integrin, and 
β-catenin was inhibited as determined by western blot analysis. These results suggested that 
SUPT5H is involved in migration and invasion by regulating the expression of metastasis-
associated proteins in breast cancer MDA-MB-231 cells.

In this study, we have further demonstrated that the silencing of SUPT5H promotes cell 
cycle arrest at the S-phase by inhibiting the proliferation of MDA-MB-231 breast cancer cells. 
This effect may have been mediated with increased expression of CCNA1 and CKI p21 genes 
and decreased expression of E2F1, PCNA and cyclin E. Cyclin A1 is an important regulator 
that contributes to G1 to S cell cycle progression [34, 35]. p21 has the unique ability to inter-
acts with PCNA and blocks PCNA activity [36]. The loss of PCNA blocks DNA synthesis and 
arrest the cells in the S phase of cell cycle [37]. During the S phase, Cyclin A-kinase has been 
found to inactivate E2F1 [38]. Cyclin E, which accumulates in late G1 by the E2F-mediated 
gene transcription program, accelerates S-phase entry, but it is rapidly degraded. Thus, the 
regulation of these critical molecules by SUPT5H is of vital importance in cell cycle progres-
sion.

Evasion of apoptosis is a hallmark of various cancers that may contribute to uncontrol-
led proliferation, carcinogenesis, and resistance to therapy [39, 40]. Apoptotic cells display 
a series of characteristic morphological changes such as cell shrinkage, membrane blebbing, 
chromatin condensation, and nuclear fragmentation [41]. Mitochondria is an essential or-
ganelle that contributes to the progression of cancer via the evasion of apoptosis. Targeting 
mitochondria is a crucial strategy for cancer therapy [42]. Previous reports showed that ex-
cessive ROS generation is associated with the destruction of the integrity of the mitochond-
rial membrane that results in the loss of mitochondrial membrane potential, eventually cell 
death by activating apoptotic pathways. Our study demonstrated that mitochondrial memb-
rane potential showed severe collapse, and apoptosis occurs in siRNA-SUPT5H transfected 
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cells as compared to siRNA-scr transfected cells. We examined the expression of different 
pro-apoptotic and anti-apoptotic markers upon the silencing of SUPT5H. Bcl-2 family mem-
bers are the regulators of the molecular mechanism that organizes caspase-dependent in-
trinsic apoptosis. Overexpression Bcl-2 anti-apoptotic proteins evade the tumor cells from 
programmed cell death. Targeted inhibition of Bcl-2 is an attractive strategy that sensitizes 
certain cancers. NOXA is a pro-apoptotic BH3 only protein molecule that potently antago-
nizes Bcl-2 and triggers the activation of pro-apoptotic BAX protein. Bcl-xl is another potent 
apoptosis suppressor that is upregulated in certain cancer. Conversely, Bax is an apoptosis 
promoter that is inactivated in certain cancers. Ratios of Bax/Bcl-2 and Bax/Bcl-xl deter-
mines cell susceptibility to cancer [43, 44]. Our results showed that silencing of SUPT5H in-
creased the expression of NOXA and BAX and decreased the expressions of Bcl-2 and Bcl-xl, 
that support the existence of a specific apoptotic mechanism that cells with elevated NOXA, 
Bax/Bcl-2, and Bax/Bcl-xl ratios are more sensitive to lose cell viability and displays enhan-
ced apoptosis. For efficient apoptosis, inhibition of inhibitor of apoptosis (IAP) family mem-
bers X-linked IAP (XIAP) and cellular IAP1 (CIAP1) are required to promote the activation 
of caspase-3 that are essential for the induction of PARP cleavage [45–47]. Cleavage of PARP 
prevents DNA repair, and executes caspase-mediated programmed cell death [48]. Conside-
ring the TNBC, the most dangerous form of breast cancer, the silencing of SUPT5H may be an 
encouraging approach for targeting breast cancer.

To identify the mechanism affected by SUPT5H silencing, we examined the MAPK signa-
ling pathway that controls a variety of cellular events, including cell proliferation, cell survi-
val, migration, and invasion. Dysregulation of MAPK cascade promotes the development and 
progression of cancer [49]. We found that SUPT5H silencing has a strong inhibitory effect 
on MAPK pathway molecules, JNK, P38 and c-jun. Phosphorylation of MAPK molecules is 
required for their full activation. We observed that phosphorylation of key MAPK molecules 
was effectively suppressed in SUPT5H silenced cells compared to scrambled cells. Activated 
JNK and p38 can translocate into the nucleus and phosphorylate an important transcription 
factor c-Jun. Phosphorylated c-Jun promotes the expression of numerous genes and can in-
duce oncogenic transformation [50].

Fig. 8. Schematic dia-
gram depicting the role 
of SUPT5H in breast 
cancer progression. The 
silencing of SUPT5H 
regulates a number of 
genes involved in cell 
proliferation, migration, 
and apoptosis.

 
Fig. 8 
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Conclusion

This study illuminated the role of SUPT5H as a molecular signature of breast cancer 
that regulates tumorigenic potential; proliferation, migration, invasion, and apoptosis (Fig. 
8), and its higher expression might be correlated with patient’s poor prognosis. Our study 
displayed promising results on the silencing of SUPT5H in the most aggressive breast cancer 
cell and may serve as a new target for the treatment of breast cancers. However, the study 
was performed in-vitro; in this context, further extrapolation of research in vivo, exploring 
the regulatory mechanism of SUPT5H, and role in more extensive ranges of tumors will be 
necessary.
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