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Metastatic breast-cancer is one of the major causes of death, due to remaining dormant cancer cells for 
several years. Rac1 is upregulated with cancer and stay elevated throughout the metastatic pathway 
to regulate the formation of lamellipodia and filopodia. This work developed peptide FGDWS as novel 
inhibitor targeting Rac1-Tiam1 binding site by in-silico as it was found to be the strongest interacting 
peptide with Rac1 at the Tiam binding site. The binding and inhibition study of peptide with Rac1 
was performed by Surface plasmon resonance and MTT assay, respectively. Cell-migration, apoptotic 
assay and western-blot in breast-cancer cells were performed with FGDWS and in combination with 
Doxorubicin (Dox). Tumor regression experiment was done with mice model. The strong binding of 
FGDWS with Rac1 and reduction of cell-viability were observed in breast-cancer cell-lines. The cell-
migration was suppressed, and higher regression were obtained in synergy group. The apoptotic effect 
of FGDWS alone and with Dox were detected by annexin-V via activating caspase3/7. The tumor size 
was reduced by the treatment of FGDWS and more reduced in combinatorial effect. The combinatorial 
effect of FGDWS-Dox may enhance the treatment efficacy without side-effects.
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Abbreviations
Dox	� Doxorubicin
Tiam1	� T cell lymphoma invasion and metastasis 1
RMSD	� Root mean square deviation
RMSF	� Root mean square fluctuation
Rg	� Radious of gyration
DMF	� N, N-dimethylformamide
NMM	� N-methylmorpholine
HBTU	� O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate
TFA	� Trifluoroacetic acid
SPR	� Surface plasmon resonance
EDC	� N-ethyl- N’-3diethylaminopropylcarbodiimide
NHS	� N-hydroxysuccinimide
KA	� Association constant
KD	� Dissociation constant
DMEM	� Dulbaco modified minimum essential media
MTT	� 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
CT	� Control
VC	� Vehicle control
DMSO	� Dimethylsulfoxide
PI	� Propidium iodide
VEGF	� Vascular endothelial growth factor
HC	� Healthy control
TC	� Tumor control
EAC	� Ehrlich ascites carcinoma
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RIPA	� Radioimmunoprecipitation assay
RLU	� Relative luminance unit
ROS	� Reactive oxygen species
AUC	� Area under curve
GEF	� Guanine nucleotide exchange factors
EGFR	� Epidermal growth factor receptor
PAKs	� p21-activated kinases
MAPKs	� Mitogen-activated protein kinases
VASP	� Vasodilator stimulating phospho protein
ER	� Oestrogen receptor
BCA	� Bicinchoninic acid assay

Breast-cancer is the most prominent cancer in women globally. Recent rapid increase of breast-cancer 
is probably due to change of lifestyle, eating habits, obesity, smoking and unhealthy diet. Early diagnosis of 
metastasis breast-cancer is very challenging. The tumor cells remain dormant for many years and show no 
sign of development for a long period of time, then slowly the cells migration initiates and proceeds towards 
different organs and turns to metastasis breast-cancer. It is important to understand the molecular pathway 
which initiates and switches towards cell migration. In our previous study we have observed that some crucial 
proteins like Rac1, p38 MAPK, LIMK1 and Cofilin1 in the cytoskeletal pathways are involved in the metastasis, 
those are overexpressed in the serum level at early stage of metastasis breast-cancer1. Among those protein 
Rac1 is the key molecule regulator for cell morphological changes by regulating the formation of lamellipodia 
and filopodia. Rac1 is the cytoskeletal regulator which promotes the migration of cells by polymerizing actin. 
One of the Rac1 pathway which is extensively studied in breast cancer metastasis, primarily activated by T-cell 
lymphoma invasion and metastasis-1 (Tiam1), which in turn phosphorylate and activate LIMK1 through p38α 
MAPK and further activate Cofilin12. The hyperactivity and overexpression of Rac1 are well evidenced with 
aggressive growth and malignant tumor types3. Further, Rac1 also reduces multidrug resistance of breast-cancer 
cells to neoadjuvant chemotherapy as well as radiotherapy4,5. It is evidenced that inhibition of Rac1 activity 
can overcome the treatment resistance6. Targeting Rac1 can serve better for therapeutic agent in early breast-
cancer stage. Small molecule inhibitors of Rac1 in the research stage are available in the literature: NSC23766 an 
inhibitor of Rac1 which induce G1 cell cycle arrest and apoptosis in breast-cancer cells7 was reported first and it 
became the lead compound for designing small molecule against Rac1.

Current trend of pharmaceutical companies attracting the attention of developing peptide as drug due to 
several advantages. Peptide as a drug include their high specificity, potency, and activity. We demonstrated 
small peptide, FDGWS as an inhibitor of Rac1 targeting the NSC23766 binding site through downregulating 
the downstream molecules, p38MAPK, LIMK1 and Cofilin1 both in-vitro and in-vivo model. It prevented cell 
migration and induce apoptosis in breast-cancer cells and supressed the tumor size by inhibiting at the early 
stage of tumor in mice model.

Results
Molecular docking and MD simulations
The Fig.  1a represent the crystal structure of the Rac1-Tiam1 complex which was used to design peptide 
inhibitors against Rac1. The designed peptides showed binding energy in the range of -9 to -10 kcal/mol. The 
docking study showed that FGDWS formed 5 stable hydrogen-bonded interactions with Rac1 residues along 
with several hydrophobic interactions shown in (Fig.  1b). The peptide formed H-bonded interactions with 
Y64, D65, D38 and R66 of Rac1. The Ser of peptide formed a stable H-bond with D38 of Rac1. The Trp of the 
peptide was stacked between V36, W56 and L67 of Rac1, forming stable hydrophobic interactions. The peptide 
AVKYM formed 6 stable hydrogen-bonded interactions with Rac1 residues along with several hydrophobic 
interactions shown in (Fig. 1c). The peptide formed H-bonded interactions with V36, T35, V36, D65 and R66. 
The Lys of peptide formed a salt bridge with D38. The Met of the peptide was stacked between W56 and L67 
forming stable hydrophobic interactions. The peptide GFKQC formed 6 stable hydrogen-bonded interactions 
with Rac1 residues along with several hydrophobic interactions shown in Fig. 1d. The peptide formed H-bonded 
interactions with T35, V36, D38, G60 and A69. The Ser of peptide formed a stable H-bond with D38. The Phe of 
the peptide was stacked between V36, W56 and L67 forming stable hydrophobic interactions.

After 100 ns MD simulations, the trajectory showed that the FGDWS was more stable compared to the other 
two peptides AVKYM, and GFKQC (Figure S1). The FGDWS was bound stable to the Tiam binding site of Rac1 
with the Trp residue of the peptide buried deep inside the pocket. The peptide formed stable H-bonds with R66, 
D65 and E62 along with hydrophobic interactions with residues V36, W56, Y64, L67, R68, P69 and Y72 (Fig. 1e). 
The other two peptides moved out of the Tiam1 binding site. The cartoon representation shows that the peptide 
FGDWS binding to Rac1 prevents the Tiam1 binding (Fig. 1f).

The conformational stability of Rac1-peptide complexes was analysed after 100 ns Molecular Dynamics 
simulation performed using GROMACS. The overall RMSD of the Cα atoms of Rac1-peptide complexes were 
found to be in the range of 0.2 to 0.5 Å. The highest fluctuations were observed in the Rac1-AVKYM followed 
by FGDWS and GFKQC. The RMSF of the Cα backbone of the Rac1 was fluctuating in the range of 0.1 to 0.5 
(Figure S2).

Binding assay of FGDWS with Rac1 by SPR
Recombinant Rac1 protein were immobilized successfully on CM5 sensor chip with 4000 RU, where 1 RU 
corresponds to 1pg/mm2 (Figure S3). Different concentrations of FGDWS peptide passed on immobilized Rac1. 
The increased of RU with corresponding increase in concentration of peptide, showed the peptide specificity for 
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the protein (Fig. 1g). KA and KD value for the peptide binding with Rac1 were 1.24 × 106 M and 8.07 × 10− 7 M, 
respectively, where higher KA demonstrate the faster binding of peptide with protein and lower KD represents 
the stronger binding.

Effect of peptide on cell lines
Cell viability assay
In MTT assay, FGDWS showed no toxic effect on normal HEK-293 cell line (Fig.  1h) whereas this peptide 
reduced the cell viability by 65–70% of MCF-7 and MDA-MB-231 cells, respectively (Fig. 1i & j). Cell viability of 
MCF-7 and MDA-MB-231 were found to be decreased in dose dependent manner with time.

Cell migration assay
The effect of peptide on cancer cell migration showed the cells were migrated and covers the scratched area of CT 
(Control) and VC (Vehicle control) group in both the breast cancer cell line MCF-7 (Fig. 2a) and MDA-MB-231 
(Fig.  2b), whereas the rate of cell migration was slower with increase in concentration of peptide dose with 
time. The higher regression in migration were obtained in synergy group Dox + P3 (0.2 μm + 300 μm) at 48 and 
72 h. The rate of cell proliferation and migration among all group in both the cell line were found to be slowest 
in Dox + P3 followed by Dox, P3, P2 and P1 after 48 h and 72 h of treatments. The bar diagram of percentage 
migration for both cell lines and cell migration figure of 4x resolution are illustrated in figure S4.

Apoptosis assay
Caspase glow 3/7 assay  Caspase activity is directly proportional to RLU (relative luminance unit) and found to 
be increased significantly in both the cell lines MCF-7 (p ≤ 0.0001)    (Fig. 3a, b&c) and MDA-MB-231 (p ≤ 0.0001) 
(Fig. 3d, e&f) in dose dependent manner. In MCF-7, the fold change in RLU in P1, P2, P3, Dox and Dox + P3 
group with respect to control after 48 h were 0.24, 0.402, 0.93, 1.64 and 4.205, respectively and for MDA-MB-231 
were 0.16, 0.25, 0.305, 0.84 and 1.104, respectively. After 72 h of treatments the fold change of RLU in MCF-7 cell 
line in P1, P2, P3, Dox and Dox + P3 group with respect to control were found to be 0.33, 0.47, 0.66, 0.79 and 1.49 
respectively, whereas in case of MDA-MB-231 were 0.35, 0.57, 0.65, 1.02 and 1.53 respectively. No significant 
change in RLU was reported after 24 h in both the cell lines (Fig. 3a&d).

The comparison was also made between Dox + P3vs Dox and Dox + P3vs P3 groups. After 48 and 72  h 
treatment caspase activity was significantly (p ≤ 0.001) high in Dox + P3 group than Dox alone, similarly 
Dox + P3 also showed significant (p ≤ 0.001) upsurge in caspase activity than P3 alone for both the cell lines.

Annexin-V assay  Apoptotic and necrotic cells were analysed based on the staining of cells with Annexin-V 
and PI (Propidium iodide), respectively. The phosphatidyl serine flips on outer side of plasma membrane at the 

Fig. 1.  Docking of designed peptide with Rac1-Tiam1 binding site, binding study of peptide with Rac1 and 
cytotoxicity assessment of peptide on HEK-293, MCF-7 and MDA-MB-231. (a) The cartoon representation of 
Rac1-Tiam1 complex (PDB ID: 1foe) along with Rac1 residues involved in interactions with Tiam1 shown in 
ball-in-stick. The H-bonded and non-polar interaction formed between the designed peptides (b) FGDWS, (c) 
AVKYM and (d) GFKQC. (e) The H-bonded and non-polar interactions formed by peptide FGDWS with Rac1 
residues after 100 ns MD simulations. (f) The cartoon representation shows that the peptide FGDWS binding 
to Rac1 prevents the Tiam1 binding. (g) The binding study of FGDWS with Rac1 protein by SPR. (h–j) are 
graphs represent cytotoxicity assessments of FGDWS on HEK-293, MCF-7 and MDA-MB-231, respectively.
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time when cells undergo apoptosis and exposed for binding with Annexin-V, whereas PI stained the necrotic 
cells by binding with DNA of dead cells.

It has been observed that population of apoptotic cells were increased with increasing FGDWS doses P1 to P3 
and in combination of Dox + P3 for both the cell lines. The percent of late apoptotic cell population were highest 
in Dox + P3 group; 79% in MCF-7 and 50.7% in MDA-MB-231 cell lines (Fig. 3g,h).

Western blot to estimate the expression level of Rac1 and their downstream proteins
Cellular expression level of Rac1 and all other concerned downstream molecules showed changes in treatment 
group (Fig. 4).

Fig. 3.  Assessment of apoptosis by FGDWS induction: Activity of Caspase 3/7 of different treatment group in 
MCF-7 cell line after (a) 24 h, (b) 48 h, (c) 72 h and in MDA-MB-231 (d) 24 h, (e) 48 h, (f) 72 h. Annexin V 
and PI assay representing the apoptotic cell population in different treatments groups at 72 h in (g) MCF-7 and 
(h) MDA-MB-231 cell lines.

 

Fig. 2.  Effect of FGDWS on Cell migration: Cell migration assay image of (a) MCF-7 and (b) MDA-MB-231 
representing migration of cells in scratched area in different treatments group after 0, 24, 48 and 72 h.
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The expression of Rac1 in MCF-7 and MDA-MB-231 cell lines were downregulated significantly with increase 
in concentration of peptide dose from P1 to P3 and highly downregulated in synergy group (Dox + P3) at 48 and 
72 h of treatment. Whereas, expression of Rac1 was not affected in treatment with only Dox. For MCF-7 cell line, 
the percent change in expression level of Rac1 in P1, P2, P3, Dox and Dox + P3 considering CT as control were 
1.08, 19.86, 25.84, 13.13 and 32.42, respectively after 48 h, whereas after 72 h of treatments 12.74, 19.41, 31.23, 
43.31 and 48.201, respectively. For MDA-MB-231 cell line the percent change of Rac1 after 48 h were 21.41, 
28.28, 36.01, 32.57 and 47.13 respectively, after 72 h it were 15.03, 34.94, 48.31, 31.39 and 40.02, respectively. 
The downstream molecules of Rac1 [p38α, phospho-p38α (Y-182), LIMK1, phospho-LIMK1 (T-508), Cofilin1, 
phospho-Cofilin1 (S-3)],  involved in modulation of cytoskeleton rearrangements and cell movements were 
also followed the similar downregulated expression pattern like Rac1 after 48 and 72 h of treatments. Their fold 
change was also estimated as illustrated in Table S1 and S2. VEGF was evaluated to estimate the angiogenic 
response of cells after treatments. Expression level of VEGF was found to be downregulated after treatments with 
peptide and Dox. The densitometry analysis of all blots is shown in figure S5 and S6.

Development of tumor mice model
Tumor had appeared on mammary fat pad of swiss albino female mice after 7–8 days of injection of EAC cells 
and its volume was 15–19 mm3 (Fig. 5a–d). The tumor growth was progressive, and its volume after 23 days was 
found to be 125–128 mm3 (Table 1).

Peptide intervention on tumor progression
The regression of tumor growth was found to be reduced by the treatment of peptide FGDWS alone and in 
combination with Dox (Fig.  5e). The tumor size was found to be decreased significantly (p ≤ 0.01) from 
125.33 ± 1.69 mm3 to 52.4 ± 0.86 mm3 at 45 days after treatments with 300 μm FGDWS peptide and decreased to 
40.4 ± 2.53 mm3 (p ≤ 0.001) and 31.23 ± 3.10 mm3 (p ≤ 0.001) with 600 μm FGDWS and Dox + FGDWS (1 mg/
kg + 600 μm), respectively (Fig. 5f–h).

Expression of proteins in serum and tumor tissue of cancer mice model by SPR analysis
Serum level of Rac1, p38α, phospho-p38α (Y-182), LIMK1, phospho-LIMK1 (T-508), Cofilin1 and phospho-
Cofilin1 (S-3) proteins were found to be significantly (p < 0.0001) higher in serum of TC group compared to HC 
and after treatment with peptide and Dox (Doses: 300 μm, 600 μm and Dox 1 mg/kg + 600 μm group) the level 
decreased gradually by SPR analysis as shown in Fig. 5i–o.

Expression level of above-mentioned proteins in the tumor tissue lysate of different experimental group of 
mice showed similar pattern as shown in serum (Fig.  5p–v). The proteins were downregulated in treatment 
groups compared to control group in both serum and tumor tissue of mice. The concentration of proteins in 
serum and tissue was illustrated in (Table 2).

Discussion
Rac1 protein control the multiple signalling pathways that regulate cytoskeleton organization, transcription, 
and cell proliferation. Rac1 switch over between an inactive GDP-bound state and an active GTP-bound state. 
Tiam1, a guanine nucleotide exchange factor (GEF) which induced to switch GDP to GTP8–10. Rac1 while 
binding with GDP remain inactive and the moment it switches towards binding with GTP becomes active and 
bind with downstream effector. It is reported that the 5-LOX ⁄ LTC4 ⁄ CysLT1 signalling pathway regulates EGF-
induced cell migration by increasing Tiam1 expression, leading to Rac1 activation and ultimately lamellipodia 
formation11 and inhibition of Rac1 induces cell cycle G1/S arrest in cancer cells12.

In normal condition Rac1 is localised to the cytoplasm in complex with RhoGD1 molecules and block its 
interaction with downstream effectors. Thus, it plays a critical role in phagocytosis, mesenchymal like migration, 

Fig. 4.  Western blot represent the expression of downstream pathway of Rac1; p38α, phospho-p38α (Y-182), 
LIMK1, phospho-LIMK1 (T-508), cofilin1 and phospho-cofilin1 (S-3) in MCF-7 after (a) 48 h, (b) 72 h and in 
MDA-MB-231 after (c) 48 h, (d) 72 h.
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S. No. Protein HC (Mean ± SD) TC (Mean ± SD)
300 μm FGDWS 
(Mean ± SD)

600 μm FGDWS 
(Mean ± SD)

Dox 1 mg/
kg + 600 μm FGDWS 
(Mean ± SD)

p-
value

1 Rac1 (ng/µl)
Serum 0.24 ± 0.04

0.54 ± 0.07
1.51 ± 0.26
2.21 ± 0.28

0.93 ± 0.28
0.72 ± 0.02

0.46 ± 0.06
0.58 ± 0.11

0.32 ± 0.16
0.63 ± 0.11

0.0001

Tissue 0.0001

2 P38α (ng/µl)
Serum 1.92 ± 0.58

0.69 ± 0.02
3.96 ± 0.52
3.09 ± 0.87

3.13 ± 0.96
0.97 ± 0.06

1.77 ± 0.39
0.87 ± 0.15

1.42 ± 0.55
0.63 ± 0.10

0.004

Tissue 0.001

3 Phospho-p38α 
(ng/µl)

Serum 2.79 ± 0.71
2.84 ± 0.39

4.86 ± 0.74
5.91 ± 0.31

2.66 ± 0.16
2.77 ± 0.11

1.96 ± 0.46
2.57 ± 0.03

2.57 ± 0.24
2.41 ± 0.16

0.0001

Tissue 0.0001

4 LIMK1 (ng/µl)
Serum 3.78 ± 1.07

4.35 ± 0.86
7.83 ± 0.91
10.21 ± 1.07

6.86 ± 1.46
6.37 ± 1.04

5.95 ± 0.48
4.47 ± 0.66

3.82 ± 1.56
3.55 ± 0.18

0.0001

Tissue 0.005

5 Phospho-LIMK1 
(ng/µl)

Serum 3.74 ± 1.52
7.17 ± 1.12

9.53 ± 2.45
12.63 ± 1.29

7.58 ± 2.25
8.01 ± 1.22

6.86 ± 0.56
5.86 ± 0.80

3.41 ± 1.24
4.83 ± 0.22

0.008

Tissue 0.001

6 Cofilin1 (ng/µl)
Serum 1.36 ± 0.29

3.01 ± 0.87
4.11 ± 0.97
4.66 ± 0.71

2.68 ± 0.28
2.83 ± 0.53

1.48 ± 0.14
2.21 ± 0.22

1.48 ± 0.41
1.76 ± 0.05

0.028

Tissue 0.0048

7 Phospho-Cofilin1 
(ng/µl)

Serum 4.87 ± 0.81
5.02 ± 0.39

13.72 ± 2.46
12.39 ± 1.82

8.35 ± 1.15
7.14 ± 1.34

6.84 ± 1.57
4.61 ± 0.69

4.31 ± 0.78
3.44 ± 0.14

0.006

Tissue 0.001

Table 2.  Concentration of proteins in tissue and serum of different experimental group of animal.

 

Tumor vol.(mm3)

TC group (mm3) 300 μm FGDWS (mm3) 600 μm FGDWS (mm3) Dox 1 mg/kg + 600 μm FGDWS (mm3)Time (In days)

0 0 0 0 0

7 18 ± 2.32 19.16 ± 7.42 19.5 ± 3.93 15.5 ± 4.82

23 126 ± 3.29 125.33 ± 1.69 128.66 ± 3.68 113.66 ± 4.50

Peptide and Dox treatments start point

  45 - 52.4 ± 0.86 40.4 ± 2.53 31.23 ± 3.10

  p-value 0.001 0.01 0.001 0.001

Table 1.  Tumor growth progression and peptide intervention with time.

 

Fig. 5.  Assessment of FGDWS on tumor progression: (a–d) Image of tumor at mammary fat pad of mice at 
different time points. (e) Size of tumor in TC and after treatments with 300 μm FGDWS, 600 μm FGDWS 
and Dox 1 mg/kg + 600 μm FGDWS. Tumor progression the effect of FGDWS (f) 300 μm, (g) 600 μm and in 
synergy with (h) Dox. Expression of (i) Rac1, (j) p38α, (k) phospho-p38α (Y-182), (l) LIMK1, (m) phospho-
LIMK1 (T-508), (n) Cofilin1, (o) phospho-Cofilin1 (S-3) proteins in serum of different experimental groups. 
Expression of above protein in tissue lysate of different experimental group represent from (p–v).

 

Scientific Reports |        (2024) 14:25083 6| https://doi.org/10.1038/s41598-024-75351-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


axonal growth, adhesion, and differentiation of multiple cell types as well as reactive oxygen species (ROS) 
mediated cell killing. Rac1 was found to be overexpressed in breast-cancer and expressed more in metastatic 
breast-cancer compared to non-metastasis1. It initiates the cell migration and Li et al. reported targeting Rac1 
can effectively reduce the multidrug resistance of breast-cancer cells to neoadjuvant chemotherapy13. More than 
2 lakhs women diagnosed with breast-cancer in India in the year 2020 and 2.3 million new cases every year 
all over the world. The number is expected to rise 2.3 lakhs cases in 2025. Between 20 and 30% of early-stage 
breast-cancer becomes metastasis or stage IV, most aggressive and devastating form of breast-cancer. Metastatic 
breast-cancer is one of the major causes of death in women globally. Rac1 is the best target for therapeutic agent 
against breast-cancer as it can be detected as a blood-based biomarker, can differentiate between metastasis and 
non-metastasis with efficient cut-off value and area under curve1.

The GEF of Rac1 was first targeted by specific Rac1 inhibitor NSC23766 by interacting with W56 residue in 
Rac-GEF site. The cavity surrounding W56 of Rac1 was explored and penta peptides were auto docked to design 
several peptides. Different designed peptides were docked to screen the best peptide which showed strong and 
stable binding capacity with Rac1. The peptide FGDWS was found to the strongest interacting peptide with Rac1 
at the Tiam binding site with the W56 residue. The peptide formed stable H-bonds along with hydrophobic 
interactions with residues present in the cavity of Rac1 binding site.

The spontaneous activation of Rac1 GDP by various GEF to active Rac1GTP, increases cell proliferation, 
cell migration, apoptosis, and tumor formation14–16. The present study showed the peptide FGDWS inhibits the 
proliferation of breast-cancer cell line MCF-7; 75% and MDA-MB-231; 60% upto72 h.

The breast-cancer cell lines were treated with very well-known chemotherapy drug, Dox alone and with the 
combination of peptide FGDWS to investigate the synergetic effect. The peptide-initiated apoptosis in breast-
cancer cell line by inducing caspase3/7 expression more in MCF7 and MDA-MB-231 cell lines compared to 
untreated cell lines and the amount of caspase activity raised was higher in combination of Dox and peptide. 
The annexin V assay also showed the apoptosis effect of peptide increases with dose dependent manner. The 
apoptotic cell population of MCF7 cells was 73.6% with higher doses of peptide and 79% in combination with 
Dox. While in case of MDA-MB-231 cells 38.3% with higher dose of peptide and 50.7% in combination with 
Dox. It indicates the externalization of membrane phosphatidylserine.

Rac1 is highly expressed in breast-cancer compared to normal breast tissue17, by activating through 
epidermal growth factor receptor (EGFR) family. Thereby, many downstream signalling molecules including 
p21-activated kinases (PAKs), LIMK, PI3K or mitogen-activated protein kinases (MAPKs) provoked by the 
activation of Rac118.

Rac1 is highly expressed in invasive MDA-MB-231 compared to non-invasive MCF-7 breast-cancer cell line. 
The same result reflected in our study, the basal expression of Rac1 is more enhanced in MDA-MB-231 cells 
compared to MCF-7 cells. The over expressed Rac1 inhibits vasodilator stimulating phospho protein (VASP) 
and promote cell migration and invasion in breast-cancer19. The peptide FGDWS showed suppression of Rac1 
expression in breast-cancer cell line and highly effected with higher doses of peptide and with the combination 
of Dox, which indicates that the inhibition of Rac1 by FGDWS protect the inhibition of VASP and may prevent 
the cell migration. It has also been found that the downstream molecules (p38α, LIMK1, Cofilin1) of Rac1 in 
breast-cancer cell lines also upregulated due to the effect of hyper activation of Rac1. The intervention effect 
of FGDWS inhibitor treatment showed downregulation of Rac1 and other downstream molecules, which is 
represented by schematic diagram also (Fig. 6). Rac1 is expressed in both estrogen receptor ER-positive and 
ER-negative breast-cancer cells. However, ER positive breast-cancer is more sensitive to Rac1 inhibition. Rac1 
in breast-cancer is present at the very beginning of the malignant transformation process and stay elevated 
throughout the metastasis process as indicated by the high expression in the metastasis (17 & 1).

Fig. 6.  Schematic diagram represents the breast cancer cell movement mechanism without treatment and 
alteration in cell movement process with treatment by peptide FGDWS.
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Our previous study showed that the Rac1 expression downregulated more in ER positive breast-cancer 
patients after therapy (Chemo and Radio therapy). In this study inhibition of Rac1 by FGDWS in breast-cancer 
cell lines downregulated Rac1 as well as other downstream molecules. However, the ER positive MCF7 responded 
more compared to ER triple negative MDA-MB-231. The expression level of all the proteins were evaluated after 
the treatment of three different doses of peptide FGDWS and also in combination with Dox peptide to explore 
the combinatorial effect. Interestingly Cofilin1, the downstream molecule which modulate actin polymerization 
for lamellipodia and filopodia cycle and crucial for metastasis substantially decreases in both the cell line and 
much more reduces in ER + MCF-7 cells. The treatment effect of peptide and along with Dox was much more 
effective than Dox alone. The angiogenesis growth factor; VEGF was also reduced by the effect of inhibitor.

Further, these proteins expression were observed to be highly expressed in the tumor mice model, which 
downregulated after the intervention of peptide FGDWS and more reduced with the effect of combination of 
FGDWS and Dox. The intervention of FGDWS also reduced the tumor size of mice. Dox is widely used in 
cancer therapy, despite its various side effects. Several research are on the line for the combinatorial drug in 
combination with Dox20–24.

These in-vitro and in-vivo experiments revealed that peptide FGDWS has potential therapeutic efficiency 
against breast-cancer targeting Rac1 pathway. This peptide is capable to reduce the tumor size, improve the 
apoptosis, prevent the cell migration for further metastasis by suppressing the over expression of Rac1 and the 
downstream molecules by blocking actin polymerization. The combinatorial effect of FGDWS and Dox showed 
very promising effect on breast-cancer cell line as well as on in-vivo mice model.

Conclusion
It can be concluded from our present and previous study that Rac1 can be a potential specific blood-based 
biomarker and therapeutic target for metastasis breast-cancer. The peptide FGDWS showed specific therapeutic 
agent against Rac1 for breast-cancer without developing toxicity on normal cells, hence it holds promising 
agent for the treatment of breast-cancer. The combinatorial effect of FGDWS and DOX may lead to therapeutic 
benefits both by enhancing treatment efficacy and by avoiding undesirable side effects.

Methods
Peptide modelling and screening
The crystal structure of the Rac1-Tiam1 complex (Fig. 1a) was analysed to design peptide inhibitors against 
Rac125. Based on a previously reported inhibitor screening study showed that the small molecule NSC23766 
inhibits the interactions between Rac1 and Tiam1 complex25,26. The binding pocket is approximately 12 Å x 13 
Å with hydrophobic residues W56, V36, L67, A64, and P69 at the bottom and hydrophilic residues K5, D38, 
N39, D65, R66 along with Y64 at the top of the pocket. We have designed three peptides AVKYM, FGDWS 
and GFKQC mostly hydrophobic in nature with charged residues Lys and Asp acid at the centre to form salt-
bridge interactions with R66 or D365 or D68 of Rac1. The peptides were modelled using Wincoot and energy-
minimized and docking was performed using Schrodinger software.

Molecular dynamics simulation
The molecular dynamics simulations of all three peptide-Rac1 complexes were carried out using 
GROMACS-5.0.727,28. The MD simulations was performed as per protocol described by Malhotra et al.29. The 
complexes were placed in the cubic box of 10 Å from each direction of the protein atoms and the MD was 
performed with forcefield GROMOS 54a730. The peptide-protein complexes were solvated with the SPC216 
water model and neutralized using Na+ atoms29–31. The solvated peptide-Rac1 complexes were energy minimized 
using the steepest descent algorithm with less than 1000.0 kJ/mol/nm convergent criteria with the subjection 
of 100 ns molecular dynamic simulation at a constant temperature of 300 K and pressure of 1 atm for 100 ps. 
The average H-bond occupancy, root mean square deviations (RMSD), root mean square fluctuation (RMSF), 
Radius of gyration (Rg) and Solvent accessible surface area was calculated for all peptide-Rac1 complexes. The 
Pymol 2.4.1 was used for visualization and constructing structural Figures32.

Peptide synthesis
Peptide FGDWS was synthesized following Fmoc and Wang resin chemistry by solid phase peptide 
synthesis method by automatic synthesizer PS3 (Protein Technology, USA). The solvent used was N, 
N-Dimethylformamide (DMF), activator were N-Methylmorpholine (NMM), and O-(Benzotriazol-1-yl)-N, 
N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU). Fmoc group was deblocked by 20% piperidine 
solution after the synthesis. The peptide was cleaved from Wang resin by trifluoroacetic acid (TFA) followed by 
peptide precipitation. Peptide was dissolved in 10% acetic acid solution and solidified by lyophilisation process.

Immobilization of Rac1 protein and peptide binding
The binding study of peptide with Rac1 protein was performed by real time label free surface plasmon resonance 
(SPR) technology by Biacore 3000 instruments (GE Healthcare).

Recombinant purified Rac1 protein was obtained by cloning expression and purification in bacterial 
expression system following the method described in our previous paper1. Rac1 protein was immobilized on 
CM5 sensor chip by using amine coupling kit. During immobilization process, dextran surface of CM5 sensor 
chip was activated by applying 1:1 v/v mixture of N-ethyl-N’-3diethylaminopropylcarbodiimide (EDC) (75 µg/
µl) and N-hydroxysuccinimide (NHS) (12.5 µg/µl). After surface activation protein in sodium acetate solution 
(pH 5.0, 10mM) was passed on the flow cell of sensor chip for covalent immobilization and all the activated 
unreacted surface group were blocked by ethanolamine (pH 8.0). Different concentrations of FGDWS were 
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passed on immobilized Rac1 and respective RU was obtained. The association (KA) and dissociation (KD) 
constant were evaluated by fitting the primary sensorgram in BIAevaluation 3.0 software.

Cell culture maintenance
The normal (HEK-293), and breast-cancer (MCF-7 and MDA-MB-231) cell lines were obtained from NCCS, 
Pune, India and cultured in Dulbecco’s modified eagle medium (DMEM) (Gibco Invitrogen, Carlsbad, CA) 
media, supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin antibiotics. Cells were 
maintained in humidified environment at 37o C in 5% CO2 supplemented air until confluency was reached 
80–90%. All the cell lines used were of passage no 28–33.

Cell viability assay
Toxicity of FGDWS was checked on normal HEK-293 cell line and two breast-cancer cell lines MCF-7 and 
MDA-MB-231 by 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay. HEK-293 was 
seeded at a density 4 × 103 cells per well in a 96 well plate whereas MCF-7 and MDA-MB-231 cell lines were 
seeded at a density 5 × 103 cells per well. After overnight adherence, different doses (25 μm, 50 μm, 100 μm, 
150 μm, 300 μm and 500 μm for HEK-293 & 50 μm, 100 μm, 200 μm and 350 μm for breast cancer cell lines) 
of FGDWS were added in their respective well and plates were incubated at 37o C in 5% CO2 incubator for 
24 h, 48 h and 72 h. MTT dye (5 mg/ml) was added in each well followed by 4 h of incubation at 37o C in 5% 
CO2 incubator. Media was aspirated completely from each well and 100 µl/well DMSO was added followed by 
incubation at 37o C. The absorbance of reaction products was taken at 570 nm using a multiplate ELISA reader 
(BioRad, USA). The percentage of cell viability was calculated and plotted.

Cell lines experiment group
Seven experimental groups were designed for all the cell line experiments i.e. CT (Control), VC (vehicle control 
(0.05% Dimethylsulfoxide (DMSO)), three doses of FGDWS (P1: 75 μm, P2: 150 μm, P3: 300 μm), Doxorubicin 
(Dox: 0.2 μm) and Dox + P3 (0.2 μm + 300 μm).

Cell migration assay
Cell migration assay was performed to assess the rate of cell proliferation and migration. MCF-7 and MDA-
MB-231 cell lines were seeded in seven, 35 mm petri dish plate at a density of 0.2 × 106 cells per petri dish. Cells 
were incubated overnight at 37o C in 5% CO2 incubator for surface adherence. The surface of the petri dish of 
all experimental group were scratched with the help of sterile 200 µl tip, followed by imaging of all group at zero 
time. Treatment doses were administered according to treatment group and plates were incubated at 37o C in 5% 
CO2 incubator for 24 h, 48 h and 72 h. Cell migration was assessed, and image of scratched area was taken after 
completion of incubation time.

Apoptosis assay
Caspase glow 3/7 assay
Caspase 3/7 assay was performed to check the cellular caspase activity in cell culture medium in different 
treatment group as described above. MCF-7 and MDA-MB-231cells were seeded at a density of 5 × 103 cells per 
well in a 96 well plate and incubated for overnight followed by addition of different doses of peptide and Dox for 
24 h, 48 h and 72 h. After incubation period, 100 µl of caspase glo 3/7 reagent (substrate/luciferase) (Promega, 
United States) was added in each well and incubated at 25o C for 30–60 min, to measure the luminescence by 
luminometer.

Annexin V assay
The percentage of early apoptotic, late apoptotic, necrotic and healthy cell population in different treatments 
group were investigated by Annexin V-FITC and PI (Propidium iodide) (Thermo Fisher Scientific, United 
States) staining in flow cytometer (BD Biosciences). MCF-7 and MDA-MB-231 cells were seeded at a density of 
0.2 × 106 in 35 mm petri dish and peptide treatment was administered as above. Cells were trypsinized and wash 
twice with 1x PBS buffer saline. Cells pellet was resuspended in 300 µl 1X binding buffer and 5 µl of annexin 
V-FITC was added in each group followed by incubation for 10 min. PI (10 µl) was added in each group from 
50 µg/ml stock and cells were incubated for 20 min. Cells of each group were passed on flow cytometer and 
different type of cell population density were recorded in four quadrants Q1, Q2, Q3 and Q4. The data was 
analysed by using flowJo software.

Western blot to evaluate the expression level of Rac1 and their downstream molecules
Molecular level of Rac1 and their downstream molecules likewise p38α, phospho-p38α (Y-182), LIMK1, 
phospho-LIMK1 (T-508), Cofilin1 and phospho-Cofilin1 (S-3) were evaluated by Western blot in cell lysate of 
MCF-7 and MDA-MB-231 with different treatment group after 48 h and 72 h of incubation. Expression of VEGF 
(vascular endothelial growth factor) was also assessed to check the anti-angiogenic effect of FGDWS. Total cell 
protein was estimated by bicinchoninic acid assay (BCA) method and bovine serum albumin (BSA) was used as 
standard. Total of 30 µg protein was run on 10% SDS-PAGE gel for gradual molecular size separation. Protein 
was transferred from SDS-PAGE gel to PVDF membrane (mdi Membrane Technologies, India) by standard 
protocol. Non-specific sites of blot were blocked by using 5% non-skimmed milk (Merck Millipore, USA) in 
TBS-T (10 mM Tris-HCl, 150 mM NaCl and 0.1% tween 20 in miliQ water) for 2 h followed by 3 washing with 
TBS-T. Blot was incubated with primary antibody rabbit anti human Rac1 IgG (1:250), mouse anti human p38α 
IgG (1:400), mouse anti human phospho-p38α (Y-182) IgG (1:400), mouse anti human GAPDH IgG (1:500), 
mouse anti human VEGF IgG (1:300) (Santa Cruz Biotechnology, CA, US), rabbit anti human LIMK1 IgG 
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(1:500), rabbit anti human phospho-LIMK1 (T-508) IgG (1:500), rabbit anti human Cofilin1 IgG (1:500), rabbit 
anti human phospho-Cofilin1 (S-3) IgG (1:500), (Immunotag, USA) in 5% BSA TBS-T solution, overnight at 
4 °C followed by room temperature incubation for 2 h. Blots were further incubated with HRP (Horse Radish 
Peroxidase) conjugated secondary antibodies goat anti-rabbit IgG (1:4000) and goat anti-mouse IgG (1:4000) 
(Rockland, USA). Protein bands were detected by developing membrane in enhanced chemiluminescent system 
(Pierce ECL Western Blotting Substrate, Thermo Scientific, Rockford, IL) and bands density were analyzed by 
myImageAnalysis™ software (Thermo Scientific).

Animals
The animal experiments conducted in this study followed protocols approved by the institutional animal ethics 
committee, AIIMS, New Delhi (154/IAEC-1/2019). All mouse experiments were performed in accordance with 
the relevant guidelines and regulations by the authors. The authors confirm that the study was conducted in 
accordance with the ARRIVE guidelines.

The experiment was carried out with 6 weeks old female Swiss Albino mice, obtained from central animal 
facility, AIIMS. All the mice were acclimatized to standard laboratory conditions including a controlled 
environment at 25 ± 1  °C and 50 ± 10% relative humidity with the alternating 12:12-h dark–light cycle and 
provided with standard food pellets and drinking water ad libitum.

Development of tumor in mice model and peptide intervention
Based on cell line experiments outcomes, 300 μm and 600 μm FGDWS peptide doses were used for in vivo 
experiments. Mice were grouped into 5 groups i.e. HC (Healthy Control) (n = 4), TC (Tumor Control) (n = 4), 
treatment group: 300 μm FGDWS (n = 3), 600 μm FGDWS and Dox + FGDWS (1 mg/kg + 600 μm) (n = 4).

Ehrlich ascites carcinoma (EAC) cell line was used for the tumor development. Cell line was cultured and 
maintained in peritoneal cavity of mice at a density of 1 × 106 cells. After 7 days, cells were aspirated from 
peritoneal cavity, pelleted and washed with 1X PBS twice.

The cells density of 3 × 106 were injected at mammary fat pad site of mice. The mice were housed, and tumor 
growth appeared after 6–8 days of injection. The mice were left till 23 days for tumor growth and from 23rd to 
45th day mice with tumor were treated with inhibitors. Tumor size was measured with help of vernier callipers 
during the experiment.

Estimation of Rac1 and downstream molecules in serum and tissue lysate by SPR
Blood from HC and TC group were collected at 23rd day of experimental time point, whereas blood of treated 
group mice with peptide and Dox were collected after completion of treatment time point i.e. 45th day. Blood 
was withdrawn by using standard heart puncture procedure. After blood withdrawal, mice were euthanized by 
using standard CO2 inhalation method. Mammary fat pad tissue was dissected from all the experimental group. 
Serum was separated and stored at -80o C. Tissue lysate was prepared by using Radioimmunoprecipitation Assay 
(RIPA) lysis buffer.

Expression level of Rac1, and downstream molecules were evaluated in serum as well as in tissue lysate by 
using SPR technology as described in previous paper1.

Statistical analysis
Statistical analysis was performed by Graphpad prism 9. Descriptive analysis of all variables was carried out, 
percentage, mean, and standard deviation (SD) were calculated as appropriate. Baseline comparisons between 
groups was made by using Mann-Whitney test and for more than two groups Kruskal-Wallis test was used. 
Statistical significance was predefined at a level of p-value < 0.05.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary 
information files.
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