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Abstract

Background
Triple-negative breast cancer is a challenging type of cancer due to its high recurrence rate, early
metastasis, and resistance to therapies. Understanding the key regulatory mechanism to the mentioned
oncogenic features is crucial. One such factor being studied is transforming growth factor beta, which
has dual roles in promoting tumour growth and controlling cell proliferation. Therefore, this study aims to
observe the differential of downstream RhoA/ROCK1 changes and proliferative outcomes in established
TNBC cell lines.

Methodology
: MDA-MB-231 cells were transduced with lentivirus vectors harboring shRNA targeting different TGFβ
isoforms: control cells transduced with non-targeting shRNA, shTGFβ1, shTGFβ2 and shTGFβ3
respectively. Transduction efficiency and target genes were assessed through RT-qPCR and cell
proliferation was assessed using colony forming assay. Clinical relevance of RhoA-ROCK1was
determined using the KM plotter data mining.

Results
The data showed an inverse TGFβ regulation between complete media (CM) and serum-derived (SR)
condition. The interference of baseline growth factor in the complete media condition shown enhanced
recovery of cell clonogenic capacity amidst the depletion of TGFβ isoforms. A more stable observation
was seen in the SR condition with downregulation of RhoA-ROCK1 expression and reduction of cell
survival upon TGFβ isoform depletion. However, compensory responses were observed in depleted
shTGFβ2 and shTGFβ3 cells, whereby induction of clonogenic capacity and the recovery of TGFβ3 were
observed respectively.

Conclusion
Serum-derived condition approach provides a consistent readout to measure TGFβ. This provides a
better overview of the TGFβ/RhoA/ROCK1 activation axis in TNBC cells. Extended assessments are
warranted to fully validate the interaction between this non-canonical network in TNBC, which may be
clinically relevant and serves as a new potential therapeutic strategy in TNBC.

INTRODUCTION
Triple-negative breast cancer (TNBC) is a subtype of breast cancer that characterized by the absence of
estrogen receptor (ER), progesterone receptor (PR), and low expression of human epidermal growth
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factor 2 receptor (HER2) (Orrantia-Borunda et al. 2022). It represents 10–15% of overall breast cancer
with higher prevalence among women younger than age 40, black women, and those with a BRCA1
mutation, while it accounts for approximately 5% of all cancer-related deaths (1,2).

TNBCs are highly aggressive and clinically complex subtype of breast cancer. They are often
characterized by metastases, a poor prognosis, high rates of recurrence, and resistance to standard
endocrine treatment (2–4). They are often characterized by high histologic grade, indicated by more
abnormal cells under a microscope with an increased proliferation rate (5,6). A significant proportion of
TNBC tumours belong to the basal-like subtype, characterized by the expression of genes associated
with basal cells in the breast (7). High-grade tumours and basal-like tumours tend to be more aggressive
and have a poorer prognosis (6,8). TNBC represents a heterogeneous group of tumours with TNBC
represents a diverse collection of malignancies comprising numerous subtypes distinguished by unique
genetic variations and signaling pathways (5). This heterogeneity also contributes to the diverse
responses to treatments and challenges in developing targeted therapies (5,7,9). Because of the lack of
receptors, TNBC is resistant to hormone-targeted therapies (e.g., tamoxifen, aromatase inhibitors) and
HER2-targeted therapies (e.g., trastuzumab) (10,11). Chemotherapy is the mainstay treatment for TNBC
patients. However, TNBC tumours have been associated with a higher risk of tumour recurrence, leading
to suboptimal response rates and treatment failure (11).

The molecular profile of TNBC is complex, hence understanding the signaling pathways that drive its
progression is crucial for developing targeted therapeutic interventions. Transforming Growth Factor-
Beta (TGFβ) signaling pathway is one of the classical commonly associated with driving oncogenic
properties in cancer. TGF-β is a multifunctional growth factors that participate in cell proliferation,
differentiation, apoptosis, migration, adhesion, extracellular matrix production, angiogenesis, and cellular
immunity (12). TGFβ family has three isoforms that include TGFβ1, TGFβ2, and TGFβ3. Dysregulation of
TGFβ signalling has been associated with various diseases, including cancer, fibrosis, autoimmune
disorders, and developmental disorders (13,14). TGFβ has opposing effects on cancer depending on its
stage. In early stage of cancer TGFβ enforces homeostasis and suppresses tumour progression through
its tumour suppressive effects and effects on stroma (11,15,16). While in late stage of cancer, cancer
cells use TGFβ to their advantage to promote tumour progression through its immunosuppressive action
and epithelial mesenchymal transmission EMT induction (15,16).

TGFβ can induce the process of EMT in TNBC cells, leading to increased invasion and migration
capabilities, this process is associated with tumour metastasis and resistance to therapy (17,18). TGF-β
has immunosuppressive effects, besides dampening the immune response against tumor cells through
inhibiting the activity of immune cells and reducing the anti-tumour immune response, it has been
demonstrated that TGF-β suppresses the antitumor function of genetically engineered immune cells
against TNBC in preclinical models (19,20). Additionally, the TGF-β signalling pathway is associated with
metastases and poor overall survival in TNBC patients (21).
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TGFβ signaling pathway are involved in multiple activations; canonical SMAD and non-canonical
pathway activation. One of the common non-canonical pathways is involving the RhoA activation. RhoA
(Ras homolog family member A) and ROCK1 (Rho-associated protein kinase 1) play crucial roles in the
Rho signaling pathway, which is responsible for controlling a range of cellular processes, particularly
those associated with the actin cytoskeleton (22). RhoA is a member of the Rho family of GTP-binding
proteins, functioning as a molecular switch that transitions between an inactive GDP-bound state and an
active GTP-bound state (23). Its activation significantly impacts actin cytoskeleton dynamics by
modulating stress fiber and focal adhesion formation, consequently influencing cellular functions like
cell shape, migration, and adhesion (24). ROCK1 is a serine/threonine kinase and a major downstream
effector of RhoA (25). It is activated by the binding of GTP-bound RhoA (24). ROCK1 phosphorylates
various substrates, including myosin light chain, leading to the reorganization of the actin cytoskeleton
(25). This kinase is involved in the regulation of cell contractility, migration, and other processes
dependent on actin-myosin interactions. Together, RhoA and ROCK1 form a signaling pathway that plays
a crucial role in cellular functions such as cell motility, adhesion, and morphology (24). Dysregulation of
this pathway has been implicated in various diseases, including cancer, where aberrant RhoA/ROCK1
signaling can contribute to tumor progression and metastasis (23).

Given its dual role in TNBC, TGF-β has become a potential target for therapeutic intervention (26,27).
Researchers are investigating drugs that can block TGF-β signalling pathways (small molecule TGF-β
inhibitors) to inhibit its tumour promoting effects. Utilizing the small molecule inhibitors is actively
explored at clinical trials, however, the molecular mechanism is not fully understood in TNBC. Though
this study is reversing back to the fundamental, we aimed to investigate the downstream TGF-β non-
canonical RhoA-ROCK1 activation and proliferative effects of each isoform in the MDA-MB-231 TNBC
cell line.

METHODOLOGY

Cell culture
Cell culture procedures were adhered to rigorous aseptic techniques, conducted within a UV-treated
biosafety cabinet to minimize the risk of contamination. To ensure a sterile working environment,
surfaces were thoroughly decontaminated using 70% (v/v) ethanol. The cell lines under investigation
were cultivated in various vessels, including T25 and T75 flasks, 6-well, 24-well, and P60 culture plates,
and the culture medium was DMEM with 10% FBS and 1% Antibiotic-Antimycotic. These cultures were
maintained in incubators set to a controlled atmosphere of 5% carbon dioxide (CO2) at 37°C, within a
humidified environment. Daily monitoring of the cell cultures was undertaken and passaging and
seeding occurred when cells reached 80–90% confluency. The cells were seeded and harvested in two
conditions; in 10% FBS complete media (CM) and 2% FBS serum-reduced (SR) conditions.

Cells transduction
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MDA-MB-231 cell line used in this study was obtained from ATCC. Cell transduction with pLKO-puro
lentiviral vectors obtained from Sigma-Aldrich MISSION® shRNA (Table S1) was carried out. The
lentiviral vectors were specifically engineered with short hairpin RNA sequences designed to interfere
with and effectively knockdown target genes. This targeted interference strategy was employed to
modulate the expression of TGFβ1, TGFβ2, and TGFβ3 genes in three distinct parental cell lines. As a
negative control, cells were transduced with a non-targeting shRNA (shNT) cloned vector. Cells
undergone 1µg/ml of puromycin selection for transduced cells with inserts. Four genetically distinct
cells were obtained: control cells transduced with non-targeting shRNA, TGFβ1, TGFβ2 and TGFβ3
downregulated cells transduced respectively. Subsequently, transduction efficiency and downstream
genes were assessed through RqPCR, and cell survival was assessed using colony forming assay.

RT-qPCR
Cells were seeded onto P60 plates overnight to reach 80–90% confluency. RNA was extracted utilizing
the conventional phenol-chloroform extraction method (the full procedure is shown in Fig. 2.2).
Subsequently, total RNA concentrations and purity were measured by using Thermo-scientific
NANODROP 2000c. 2µg of total RNA was transcribed into cDNA according to the instructions of the
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Lithuania (Cat.: 4368814),
following the guidelines outlined in the provided manual. RT-qPCR reaction was conducted following the
manufacturer protocol (QuantiNova SYBR Green RT-qPCR Kit, QIAGEN USA. Cat. 208352). Relative
expression (RE) levels were calculated using the formula RE = 2^(-ΔΔCt), where ΔΔCt represents the
normalized difference in threshold cycle (Ct) number between the control and transduced samples. Each
Ct value was determined, and all samples were normalized to the corresponding expression levels of
GAPDH and HPRT. The primers used are shown in Table S2.

Colony forming assay
The colony-forming assay was conducted to assess the survival capacity of cells. Cells were seeded at a
density of 5×103 cells per well in 6-well plates and incubated for 6 days. Subsequently, the cells were
washed, fixed with 100% methanol, and stained using 0.5% (w/v) crystal violet prepared in 20% (v/v)
methanol. Plate images were captured using ChemiDoc Imaging Systems. The stained cells were then
destained using 10% (v/v) acetic acid, and the absorbance A590nm of dissolved stain was measured. The
relative percentage was calculated for each transduced sample against the control sample.

Statistical analysis
Data obtained was analyzed using the GraphPad Prism software, version 9.0. The normality test was
initially carried out to check the distribution of the data. Independent T-test or Mann-Whitney test was
used to compare each transduced cells with the control. All the data were presented as mean ± SEM.
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Significance was assigned at P-value < 0.05. The test was considered statistically significant if *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, ns; not significant.

KM plotter data mining
KM plotter (http://kmplot.com/analysis/) (28) data mining was carried out to assess the clinical
relevance of RhoA and ROCK1 in TNBC protein expression data. Disease-free survival analysis was
generated by selecting negative expressions of oestrogen, progesterone and low HER2 receptors. The
impact size was determined by hazard ratios (HR), 95% confidence intervals (CIs), and statistical
significance by log-rank p-values (p < 0.05).

Illustration Generation
Illustration in the manuscript was generated using Gemini Notebook.

RESULTS

RhoA-ROCK1 expressions in response to the
downregulation of TGFβ isoforms
The knockdown efficiency of the target genes was determined by RT-qPCR compared to its control shNT
cells. The results showed significant downregulation of TGFβ1 against its shNT control in complete
media (CM) condition (Fig. 1A). Following this, significant reduction of RhoA (Fig. 1B) and ROCK1
(Fig. 1C) were observed upon depletion of TGFβ1. RhoA (Fig. 1E) expression was significantly reduced
with ROCK1 (Fig. 1F) remain unchanged upon TGFβ1 knockdown in SR condition.

The TGFβ2-RhoA activation was observed in response to TGFβ2 knockdown in CM condition. Similar
patterns were observed, with RhoA (Fig. 2B) and ROCK1 (Fig. 2C) were significantly downregulated upon
TGFβ2 depletion. In SR condition, knocked down TGFβ2 (Fig. 2D) shown unchanged expressions of
RhoA (Fig. 2E) but with elevated ROCK1 (Fig. 2F) expression observed.

Interestingly, upregulation of TGFβ3 was observed in the shTGFβ3-depleted cells (Fig. 3). To overcome
this, a second puromycin selection step was carried out to obtain pure homogenous clones. However,
the expression enhancement was still observed, possibly due to a compensation loop of TGFβ3, whereby
the loss of TGFβ3 was compensated in the signaling pathway. In CM condition, RhoA expression was
inconsistent (Fig. 3B) while ROCK1 was significantly downregulated (Fig. 3C) compared to the shNT
control. Whilst in the SR condition, RhoA (Fig. 3E) and ROCK1 (Fig. 3F) expressions were significantly
elevated upon TGFβ3 recovery.

MDA-MB-231 cell survival in response to TGFβ isoform
downregulation
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To assess the effect of TGFβ1 and TGFβ2 isoforms on the proliferation of MDA-MB-231 cell line, colony
forming assay was carried out for both CM and SR conditions. In CM condition, each isoforms showed
significant elevated colony forming ability compared to its shNT control (Fig. 4A and Fig. 4B). A trend of
reduction of colony forming ability was seen by TGFβ1 and TGFβ3, but TGFβ2 showed significant
elevation of colony formation (Fig. 4C and Fig. 4D).

Non-canonical RhoA-ROCK1 may be induced in the
activation of TGFβ signaling in MDA-MB-231 cells
Kaplan-Meier generated from the KM Plotter database indicated RhoA and ROCK1 protein expression
shown to have longer disease-free survival in TNBC patients with HR = 0.21, CI: 0.09–0.5 (p = 9.2e-05)
and HR = 0.54, CI: 0.25–1.19 (p = 0.12) respectively (Fig. 5A and Fig. 5B). RhoA expression levels in the
shTGFβ1 MDA-MB-231 (CM and SR) and shTGFβ2 (CM) are in concordance with the clinical outcome in
TNBC.

DISCUSSION
Due to its complex involvement in the development of cancer, the differential roles of TGFβ isoforms,
particularly TNBC, requires investigation. It has a context-dependent dual roles in the development and
progression of cancer. During early stage, it delays the process of cellular transformation and prevents
the development of cancer, however, in malignant mode, TGFβ takes a pivotal role in advancing tumor
growth throughout later stages by primarily aiding epithelial to mesenchymal transition and causing
immunosuppression (29–31).

Though this study only demonstrated cellular viability of the cells in the influenced of TGFβ isoforms,
mainly to understand the distinct isoform roles or pathway activation in TNBC, these findings projected a
new overview in the signaling activation in TNBC cell. The recovery of colony formation capabilities was
observed in the CM condition (Fig. 6A), possibly influenced by the presence of baseline growth inducers
such as TGFβ, IGF, FGF and EFG-like factors that controls the cell proliferation, survival, differentiation
and EMT-like features. Other protein and hormone components present in the fetal bovine serum are also
a possible contributing factor to elevated growth while each TGFβ isoform were concurrently depleted.
To measure TGFβ roles, these limitations could be mitigated by conducting a serum-reduced condition
as shown in this study or, inhibiting latent TGFβ in the fetal bovine serum to minimize the influence of
basal TGFβ level in the media condition (32).

The SR condition exhibited a more stable and minimal basal interference as observed in cell survival and
transcriptomic RhoA-ROCK1 activation. A hypothetical axis (Fig. 6B) was established referring to a trend
of cell survival reduction being observed by the depletion of TGFβ1 with downregulation of RhoA and
unchanged ROCK1 demonstrating a potential direct target axis in inhibiting cell survival in TNBC cells. An
inverse reaction was seen in TGFβ2 whereby a possible TGFβ isoform compensation occurs with colony
forming capability was increased. Interesting in TGFβ3 depleted cells orchestrating a potential
compensation loop by RhoA-ROCK1upregulation to the recovery of TGFβ3 expression in this condition.
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Whilst carrying out serum-reduced (SR) condition, it may potentially eliminate the loss of EGF basal
function. Thus, this condition could ultimately induce background activation such as EMT-like features
which hinders the suppression of growth in the absence of TGFβ1. Depleting single isoform may be a
potential targetable strategy, there is a limitation, whereby ligand compensation may occur, potentially to
be recruited by the TGFβ receptors to activate concurrent crosstalk of downstream signaling such as the
RhoA/ROCK1, PI3K/Akt and MAPK/ERK pathways including the canonical SMAD-dependent axis (33–
37).

This study highlighted a significant reduction in RhoA and ROCK1 expression following TGFβ1
downregulation, which suggests a potential dependence of RhoA and ROCK1 expression on TGFβ1
signaling. The stimulation of TGFβ1 in mesenchymal stem cells resulted in the activation of the
RhoA/ROCK pathway (38). TGFβ1 was also shown to induce RhoA activation through GTPase pathway.
Additionally, the study found that TGFβ1 can regulate EMT through RhoA-dependent pathways in non-
transformed mouse mammary epithelial (39). Moreover, it has been shown that RhoA can be activated
by TGF-β via either Smad-dependent or independent routes (40). This study also demonstrated a
significant reduction in the expression levels of both RhoA and ROCK1 following TGFβ2 downregulation.
This finding suggests a potential dependence of RhoA and ROCK1 expression on TGFβ2 signalling. RhoA
can be activated by TGFβ via either Smad-dependent or independent routes (41).

Though the clinical relevance of the RhoA-ROCK1 and the recovery of TGFβ3 require further
investigations, the concordant positive regulation of RhoA and ROCK1 were observed in the shTGFβ3,
but cell survival capacity was not significantly hindered regardless the going through multiple cycles of
antibiotic selection. This again suggesting a potential ligand-signaling crossroads to sustain oncogenic
mode in the TNBC cell line. As such, Rho GTPase family, include RhoA, Rac1 and Cdc42 were reported to
mediate stages of cell motility through modifications in the actin cytoskeleton. The cell adhesions are
dependent to Rac1 actin-rich lamellipodium to adhere to the focal complexes, followed by maturation of
cell adhesion in a RhoA-dependent manner (42). Interestingly, an in-silico study has shown an important
role of the Rac1 signaling pathway activation in modulating a complementary role by each TGFβ
isoforms via suppression of RhoA, thus further support a possible TGFβ ligand compensation in TNBC
(43).

CONCLUSION
This study indicates a potential dependence of RhoA and ROCK1 activation in TGFβ signaling. Targeting
single isoform may induce ligand compensation to activate downstream signaling mechanism. This
study has limited in vitro assessments, therefore, in depth functional roles are warranted to fully
understand the TGFβ-RhoA/ROCK1 signaling mechanism in TNBC. Suppression of all TGFβ isoform and
recovery of individual isoform may deliver a more distinct characterization of the axis in TNBC. However,
this study has shown a whole new perspective in the TGFβ-RhoA/ROCK1 worth further explored in a
context-dependent manner. These findings underscore the complexity of TGFβ isoform signalling and its
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impact on TNBC biology, highlighting the need for further research to elucidate underlying mechanisms
and therapeutic implications.
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Figures

Figure 1

shRNA transduction efficiency and mRNA expression levels RhoA and ROCK1 using RT-qPCR. (A)
Relative TGFβ1 expression in complete media condition shNT and shTGFβ1 cells. (B) Relative RhoA
expression in complete media condition shNT and TGFβ1 cells. (C) Relative ROCK1 expression in
complete media condition shNT and shTGFβ1 cells. (D) Relative TGFβ1 expression in serum-reduced
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(SR) condition shNT and shTGFβ1 cells. (E) Relative RhoA expression in serum-reduced (SR) condition
shNT and TGFβ1 cells. (F) Relative ROCK1 expression in serum-reduced (SR) condition shNT and
shTGFβ1 cells. Data expressed in Mean ± SEM, * P <0.05, ** P <0.01, *** P<0.001, **** P <0.0001, ns; not
significant.

Figure 2

shRNA transduction efficiency and mRNA expression levels RhoA and ROCK1 using RT-qPCR. (A)
Relative TGFβ2 expression in complete media condition shNT and shTGFβ2 cells. (B) Relative RhoA
expression in complete media condition shNT and TGFβ2 cells. (C) Relative ROCK1 expression in
complete media condition shNT and shTGFβ2 cells. (D) Relative TGFβ2 expression in serum-reduced
(SR) condition shNT and shTGFβ2 cells. (E) Relative RhoA expression in serum-reduced (SR) condition
shNT and TGFβ2 cells. (F) Relative ROCK1 expression in serum-reduced (SR) condition shNT and
shTGFβ2 cells. Data expressed in Mean ± SEM, * P <0.05, ** P <0.01, *** P<0.001, **** P <0.0001, ns; not
significant.
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Figure 3

shRNA transduction efficiency and mRNA expression levels RhoA and ROCK1 using RT-qPCR. (A)
Relative TGFβ3 expression in complete media condition shNT and shTGFβ3 cells. (B) Relative RhoA
expression in complete media condition shNT and TGFβ3 cells. (C) Relative ROCK1 expression in
complete media condition shNT and shTGFβ3 cells. (D) Relative TGFβ3 expression in serum-reduced
(SR) condition shNT and shTGFβ3 cells. (E) Relative RhoA expression in serum-reduced (SR) condition
shNT and TGFβ3 cells. (F) Relative ROCK1 expression in serum-reduced (SR) condition shNT and
shTGFβ3 cells. Data expressed in Mean ± SEM, * P <0.05, ** P <0.01, *** P<0.001, **** P <0.0001, ns; not
significant.
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Figure 4

Colony forming assay to assess colony formation ability by TGFβ isoforms in MDA-MB-231 stable cell.
 (A) Colony forming assay of shNT, shTGFβ1, shTGFβ2 and shTGFβ3 in complete media condition. (B)
Relative colony formation ability shNT and across TGFβ isoforms in complete media condition. (C)
Relative TGFβ3 expression in shNT and shTGFβ3 cells in serum-reduced (SR) condition. (D) Relative
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colony formation ability shNT and across TGFβ isoforms in serum-reduced (SR) condition. Data
expressed in Mean ± SEM, * P <0.05, ** P <0.01, ns; not significant.

Figure 5

(A) A Kaplan-Meier generated from KM Plotter (Breast Cancer: Protein) indicating longer disease-free
survival with RhoA protein expression in TNBC patients (B) A Kaplan-Meier generated from KM Plotter
(Breast Cancer: Protein) indicating a pattern of longer disease-free survival with ROCK1 protein
expression in TNBC patients.
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Figure 6

(A) A tabulated summary of RT-qPCR and colony formation assay (B) A hypothetical TGFβ-RhoA
signaling pathway activation induced by a context-dependent manner and isoform compensation of
ligand redundancy. Illustration was generated using Gemini Notebook.
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