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Background: Focal Adhesion Kinase (FAK) is a key tyrosine kinase often overexpressed in tumors, making it a promising target for 
cancer therapy. This study aims to screen and investigate the activity and mechanisms of Traditional Chinese Medicines (TCMs) 
targeting FAK within breast cancer.
Materials and Methods: Using xCELLigence system, we identified TCMs affecting FAK signaling and validated its anti-tumor 
effects. The 4T1-Luc breast cancer models and MMTV-PyMT mice were used to evaluate Moutan Cortex Radicis (MCR) on tumor 
growth and lung metastasis, with flow cytometry assessing immune cell changes. We utilized CRISPR-Cas9 to investigate the anti- 
tumor mechanisms of MCR by specifically targeting the FAK signaling pathway. To elucidate the underlying molecular mechanisms, 
RNA sequencing was performed, and the results were subsequently validated through quantitative reverse transcription PCR (qRT- 
PCR) and Western blot analysis.
Results: We have successfully developed the EGF-induced Time-dependent Cell Response Profilings (FAK-TCRPs) and discovered 
that MCR effectively attenuated EGF-mediated responses in a dose-dependent manner. Additionally, MCR significantly inhibited 
tumor growth and lung metastasis by partly targeting FAK. MCR increased CD8+ T cell infiltration and the proportion of 
CD44HiCD62LHi central memory and CD44HiCD62LLow effector memory T cells, while reducing regulatory T cells (Tregs) and 
CTLA-4 expression. MCR converted M2 tumor-associated macrophages (TAMs) to M1 within the tumor microenvironment (TME). In 
FAK-deficient mice, MCR did not affect on CD8+ cells, TAMs, or CTLA-4 expression. MCR modulated chemokine signaling and 
ECM-receptor interactions, decreasing CCL1, CCL5, TGF, IL-4, IL-10, TNF-α, and IL-6, while increasing CCL7, CXCL10, and IL- 
24. It significantly inhibited FAK mRNA in tumors. Cellular experiments demonstrated that MCR suppressed P-FAK and P-Erk 
activation and reduced MMP-2, MMP-9, Laminin, and Fibronectin levels.
Conclusion: Collectively, MCR is identified as a FAK-targeting agent through FAK-TCRPs. MCR inhibits TAMs, CTLA-4, and 
chemokine transcription via the FAK/MMPs pathway, showing antitumor effects in breast cancer.
Keywords: FAK, time dependent cell response profilings, moutan cortex radicis, breast cancer, MMPs, immune cell

Introduction
Malignant tumors are a leading cause of non-natural death, significantly threatening human health.1,2 Traditional 
treatments like surgery, radiotherapy, and chemotherapy often fall short of expectations. As we learn more about the 
tumor-host relationship, particularly regarding immune responses and evasion, interest in immune-based interventions 
has grown.3–5 The success of immune checkpoint inhibitors like cytotoxic T-lymphocyte–associated protein 4 (CTLA-4) 
and programmed cell death protein 1(PD-1) has expanded tumor immunotherapy options.6,7 However, extracellular 
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matrix barriers and immunosuppressive cells in the tumor microenvironment hinder immunotherapy’s effectiveness, and 
overcoming these obstacles is crucial for wider clinical use.8,9

Numerous studies highlight FAK as crucial for regulating immune evasion in the TME.10–12 As a tyrosine kinase, 
FAK manages cellular functions like adhesion, migration, and survival, making it a promising cancer treatment target, 
with several FAK inhibitors currently in development.13 The USFDA has approved Verastem’s FAK inhibitor defactinib 
(Fakzynja) with MEK inhibitor avutometinib (Avmapki) for KRAS-mutated recurrent low-grade serous ovarian cancer.14 

FAK facilitates tumor immune evasion by promoting the depletion of CD8+ T cells within the TME, enhancing the 
secretion of chemokines and cytokines such as CCL5 and TGF-β2, and significantly recruiting regulatory T cells 
(Tregs).10 Research indicates that FAK inhibitors markedly reduce fibrosis in surrounding tissues while diminishing 
the infiltration of immunosuppressive cells.11,15 Consequently, FAK not only serves as a critical target for modulating 
immunosuppressive cell populations within the TME, but also plays a pivotal role in disrupting the extracellular matrix 
barrier of the TME. Therefore, the design of high-throughput screening methodologies for FAK inhibitors is imperative 
for advancing therapeutic strategies.

The xCELLigence system is an advanced real-time cellular electrosensing platform that utilizes microelectronic 
impedance to detect physiological changes in cells resulting from interactions with drugs in a high-throughput and non- 
invasive manner.16 The cellular kinetic profiles that characterize the functional responses to specific small molecule 
compounds or cytokines are referred to as Time-dependent Cell Response Profilings (TCRPs).17 Impedance-based 
TCRPs inherently reflect dynamic alterations in the membrane-resistance-associated plaque complex, which is 
a fundamental component of the cytoskeleton. The cytoskeleton plays a critical role in various cellular physiological 
functions, including motility, endocytosis, exocytosis, synthesis, and secretion. Therefore, the kinetic variations in 
impedance recorded under specific physiological conditions are of particular physiological significance for this 
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cytoskeleton-associated adhesion plaque.18,19 Based on this characteristic, we employed the xCELLigence system to 
develop a TCRPs model for FAK signaling, a capability that is not achievable with existing technologies. Accumulating 
evidence demonstrates that FAK drives tumor immune evasion by orchestrating extracellular matrix remodeling, 
promoting angiogenesis, and creating an immunosuppressive microenvironment. Based on the mechanisms of FAK 
function, TCMs with antagonistic activities (classified as heat-clearing, blood-activating and stasis-resolving, and 
tonifying agents) were utilized to identify TCMs responsive to FAK-TCRPs. The TCRP profiles derived from TCMs 
were compared with those of known small molecule inhibitors to predict mechanisms of action, thereby establishing 
a batch screening model that indirectly reflects FAK function.

Moutan cortex radicis, derived from the root cortex of Paeonia suffruticosa Andrews, is widely employed in 
traditional Chinese medicines for its analgesic, antipyretic, and anti-inflammatory properties.20,21 Studies have indicated 
that MCR alleviates lipopolysaccharide-induced acute lung injury through its significant anti-inflammatory effects.22 

Additionally, MCR has been shown to inhibit eosinophil migration decrease the secretion of IL-8 and MCP-1.23,24 

Additionally, MCR enhances serum antioxidant capacity and intestinal immunity by inhibiting the IKKβ/IκBα/NF-κB 
pathway and modulating gut microbiota.25 It has also been reported that MCR and Cinnamomi ramulus (1:1) or its 
constituents inhibited cell migration, tube formation, hyper-permeability and phosphorylation of FAK/p38 MAPK.26 

Paeonol, a principal active component of MCR, has been documented to suppress colorectal cancer cells proliferation by 
inducing G0/G1 phase arrest and apoptosis via inhibition of the Wnt/β-catenin signaling pathway.27 Additionally, paeonol 
upregulates the expression of tumor suppressors TNNC1 and SCARA5, thereby exerting anti-tumor activity in non-small 
cell lung cancer cells.28 However, research on the anti-tumor effects of MCR and the underlying mechanisms remains 
limited. Given the crucial role of inflammation, intestinal immunity, and immune cell migration in tumor growth, along 
with paeonol’s potential antitumor benefits, we investigate MCR’s impact on breast cancer and the immunosuppressive 
microenvironment.

Materials and Methods
Chemicals and Reagents
We used finished granule medicinal materials for cell experiments, sourced from China Resources Sanjiu Medical & 
Pharmaceutical Co., Ltd. The materials included Pogostemon cablin (Blanco) Benth., Adenophora tetraphylla (Thunb). 
Fisch., Salvia miltiorrhiza Bunge, Belamcanda chinensis (L). Redouté), Achyranthes bidentata Blume, F.A. Sophora 
flavescens Aiton, Polygala tenuifolia Willd., Wolfiporia cocos (F.A. Wolf) Ryvarden & Gilb., Armeniacae Amarum 
Semen, and Moutan cortex radicis. We precisely measured 1 gram of fully soluble granules using a 0.0001-gram 
precision balance. The mixture underwent ultrasonic treatment for 1 hour, followed by heating in a 100 °C water bath for 
another hour, repeated twice. It was then centrifuged at 10,000 rpm for 15 minutes, resulting in a supernatant with 
a concentration of 1 g/mL.

The herbal raw material, Moutan cortex radicis, sourced from Bozhou, Anhui. The botanical was identified by 
Professor Hongshu Chen from Zhejiang Provincial Hospital of Chinese Medicine. Voucher specimens (No.2230614Y) 
were deposited in the Central Laboratory Herbarium of the Second School of Clinical Medicine, Zhejiang Chinese 
Medical University. For experimentation, 200 g of MCR was soaked in 2 L of distilled water overnight, boiled, and 
simmered for 60 minutes. The filtrate was collected, and the process was repeated with another 2 L of water. The 
resulting filtrate was concentrated by using a rotary evaporator, freeze-dried into powder (yield 38.9%), and stored at –40 
°C, then the working concentration of 0.8g/mL was prepared for animal experiments.

Analysis of Major Bioactive Compounds of Moutan Cortex Radicis Extract
We weighed 10g of MCR extract powder and then prepared a 10 mg/mL stock solution for the detection of UPLC- 
Q-TOF/MS. Key chromatographic conditions included: capillary voltage (positive: 1.8 kV, negative: 2.5 kV), sample 
cone voltage (positive: 30 V, negative: 28 V), source offset (4 V), source temperature (120 °C), desolvation temperature 
(positive: 480 °C, negative: 500 °C), desolvation gas flow (positive: 950 L/Hr, negative: 1000 L/Hr), cone gas flow (50 L/ 
Hr), and nebuliser pressure (positive: 6.5 Bar, negative: 6 Bar). The column used was ACQUITY Premier HSS T3 1.8um 
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with VanGuard FIT. Mass spectrometry employed an ESI source, scanning in both positive and negative ion modes, with 
MSE full scan mode (0.4 s scan time, range 50–1200), using collision energies of 6 V (low) and 10–40 V (high). Sodium 
formate was used for mass spectrometer calibration, and leucine enkephalin (ESI+: m/z 556.2771, ESI-: m/z 554.2615) 
for real-time mass correction. The analytical platform utilized in the experiment was an Waters UPLC-Q-TOF/MS, with 
data processing and analysis conducted using Unifi platform.

Cell Culture
COS-7 and 4T1-Luc cells were sourced from the Shanghai Cell Bank. COS-7 cells were cultured in DMEM with 5% 
fetal bovine serum (FBS) and 2% penicillin-streptomycin, while 4T1-Luc cells were grown in RPMI 1640 under similar 
conditions at 37 °C with 5% CO2. Follow-up experiments could be carried out when cell confluence reached about 
80–90%.

Flux Screening of Traditional Chinese Medicine Based on FAK-TCRPs Model
The Agilent xCELLigence system, a Real-Time Cell Analyzer (RTCA), measures cell-impedance changes using a micro- 
gold electrode on the E-Plate’s base. Adherent cells between the electrode and solution affect electron flow, with 
impedance influenced by cell quantity, size, morphology, and adhesion strength. This impedance is converted into the 
Cell Index (CI), a real-time, unitless parameter used to evaluate adherent cells on the electrodes. CI=1 is commonly used 
as a reference point to determine whether cells have adhered after inoculation and whether they have entered the 
exponential growth phase. Briefly, 50 μL of medium was added to a 96-well E-plate and incubated for 15 minutes at 
room temperature for baseline measurement. Then, 100 µL of COS-7 cell suspension (10,000 cells/well) was added to 
the E-plate. After a 30-minute incubation at room temperature, the plate was placed on the RTCA xCELLigence station 
for detection, with the CI measured every 15 minutes until it reached 1. The medium was then replaced with 190 µL of 
serum-free medium containing varying concentrations of MCR (0, 2.5, 5, 10 mg/mL) or FAK inhibitors (Y15, 2.5, 5, and 
10 µm). After 2 hours, 25 ng/mL EGF was added. Short-term efficacy was observed every 2 minutes for 2 hours, and 
long-term efficacy every 15 minutes for up to 36 hours.

Animals Experimental
Thirty-two SPF BALB/c mice (8 weeks old, 20 ± 2 g) were obtained from Slake Laboratory Animal Co., Shanghai, and 
female MMTV-PyMT transgenic mice were sourced from Jackson Laboratory. Female BALB/c mice were anesthetized 
with isoflurane and injected with 0.1 mL of 4T1-Luc cells into the right mammary gland. They were divided into four 
groups: model, MCR-Low (4 g/kg), MCR-High (8 g/kg), and doxorubicin (DOX, 2.5 mg/kg). MCR and distilled water 
were given daily, while DOX was given weekly for four weeks. Tumor volumes were measured weekly using vernier 
calipers, and tumor growth curves were plotted using the formula: tumor volume = (tumor length diameter × tumor short 
diameter²) / 2, then differences in tumor volume across time points were analyzed. At the experiment’s end, mice were 
euthanized, and tumors, spleens, and lungs were collected. Additionally, eighteen 6-week-old female PyMT mice were 
divided into control and MCR groups (8 g/kg), following the same administration and detection procedures.

We calculated the number of animal samples based on the t-test. The calculation formula is as follows:

With α at 0.05 (Z0.05=1.96) and statistical power at 0.9 (Zβ=1.28), the pre-experiment showed a difference δ of 76.08 in 
average tumor volume between the model and administration groups, with a standard deviation σ of 52.10. Using the 
formula, n=7.35 was calculated. Accounting for a 10–20% loss rate due to model failure and animal death, 8 or 9 animals 
were included in each group for the formal experiment. All animal experiments were conducted in accordance with the 
Regulations for the Administration of Laboratory Animals and the Guideline for Ethical Review of Laboratory Animal 
Welfare (GB/T 35892–2018). The animal protocol was approved by Laboratory animal management and ethics 
committee of Zhejiang Chinese Medical University (approval number: IACUC-202402-08) and strictly adhered to 
ARRIVE guidelines.
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FAK Knockout 4T1 Breast Cancer Cells Were Prepared Through the CRISPR-Cas9 
System
The lentiCRISPR v2 vector was chosen, and sgRNAs for the FAK gene were designed and synthesized with the following 
sequences: sgRNA1 (5’-CACCGTGAGTCTTAGTACTCGAACT-3’, 5’-AAACAGTTCTTCGAGTACTAAGACTCAC-3’) 
and sgRNA2 (5’-CACCGCCTCAGTCACCTGCGATCGG-3’, 5’-AAACCCGATCGCAGGTGACTGAGGC-3’). After 
processing, the vector with the target sgRNA was constructed. Lipo2000 was used to transfect this vector, pCMV-VSV-G, 
and psPAX2 into 293T cells for lentiviral packaging. After 48 hours, the virus supernatant was filtered and used to infect target 
cells at a 1:2 ratio with complete medium. Monoclonal cell lines were obtained through puromycin screening and cell dilution. 
Western Blotting and qRT-PCR were then used to confirm FAK gene knockout in selected cell lines for further experiments.

Immunofluorescence
Cells were washed twice with PBS, fixed in 4% paraformaldehyde for 20 minutes, and washed three more times with 
PBS. They were permeabilized with 0.5% Triton X-100 for 5 minutes, followed by three 10-minute PBS washes. After 
treating with phalloidin or cortactin solution for designated duration in the dark according to the instruction manual, the 
cells were washed three more times with PBS. The cover glass was placed on a slide with anti-fluorescence quencher 
containing DAPI, and imaging was done using a Confocal Laser Scanning microscope.

Flow Cytometry
Tumor or spleen tissues were excised and finely minced using sterile scissors in a 2 mL medium supplemented with 2% 
FBS and 2% penicillin-streptomycin. The resultant cell suspension was filtered through a 200-mesh nylon membrane and 
subsequently subjected to erythrocyte lysis.29 The cells were then washed twice with PBS buffer. Following this, the cells 
were stained with the following antibodies: CD45-FITC (553080), CD4-PE (553048), CD8-APC-H7 (560,182), CD3- 
BV605 (563,004), CD44-BV510 (103,043), CD62L-PE-Cy7 (560,516), CD25-APC (557192), CD127-BV421 (562,959), 
CD11b-AF700 (557,960), F4/80-PE (565410), CD86-BV510 (563,077), CD152-APC (564331), CD279-BV421 
(562,584), TIGIT-APC-R700 (565474s), obtained from BD Biosciences; and 206-AF647 (141711, BioLegend). Cell 
viability was assessed using Horizon™ Fixable Viability Stain 700 (564997, BD Biosciences) or 7-AAD (559925, BD 
Biosciences), with unstained cells considered viable. Stained cells were resuspended in 150 µL of fluorescence-activated 
cell sorting (FACS) buffer and analyzed using a FACS Canto II Cytometer (BD, USA), with data processed using FlowJo 
version 10.7.1 software.

Cytometric Bead Array (CBA)
The tissue sample (20 mg) was homogenized in 180 µL of PBS buffer and centrifuged at 10,000 rpm for 10 minutes to 
obtain the supernatant. Inflammation markers in the supernatant were measured using a CBA Flex Set kit (BD 
Biosciences). Data were collected with FACS Canto II Cytometry and analyzed using FCAP Array v3.

Western Blotting Analysis
Cells or tissues were lysed using RIPA buffer with protease and phosphatase inhibitors (Beyotime, China). Protein 
concentration was measured by the BCA method, and equal protein amounts were separated by SDS-PAGE and 
transferred to an NC membrane (Cytiva, Uppsala). The membrane was blocked with 5% skim milk, then incubated 
with antibodies at 4 °C, and protein bands were visualized using a chemiluminescence imaging system (Biotechne Brand, 
United States). Analysis was done with ImageJ, using β-actin as a reference. Antibodies for Western blot were diluted 
1:1000, including FAK (Cell Signaling Technology, 3285S, 1:1000), p-FAK (HUABIO, ET1610-34, 1:1000), Erk1/2 
(HUABIO, ET1601-29, 1:1000), p-Erk1/2 (HUABIO, ET1610-13, 1:1000), MMP-2 (HUABIO, ET1606-4, 1:1000), 
MMP-9 (HUABIO, ET1704-69, 1:1000), Laminin (HUABIO, ET1703-14, 1:1000), Fibronectin (Proteintech, 15613- 
1-AP, 1:1000), β-Actin (HUABIO, EM21002, 1:1000).
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RNA Isolation and Quantification (q) RT-PCR
Total RNA was isolated from cells and tissues utilizing the TRIzol reagent (Invitrogen). The RNA concentration was 
quantified using a Thermo Scientific™ Nanodrop™ system, and reverse transcription was performed with a PrimeScript 
RT reagent kit (Takara) following the manufacturer’s instructions. Subsequently, complementary DNA (cDNA) was 
amplified using the SYBR® Green Real-time PCR Master Mix (Takara) on a 7900HT Fast instrument (Applied 
Biosystems, USA). The primer sequences employed were as follows: CCL1, forward 5’- 
CTGCCGTGTGGATACAGGAT-3’, reverse 5’-TTTGTTAGTTGAGGCGCAGC-3’; CCL5, forward 5’- 
TTTGCCTACCTCTCCCTCG-3’, reverse 5’-CGACTGCAAGATTGGAGCACT-3’; TGF, forward 5’- 
GACTGTCCACTTGCGACAAC-3’, reverse 5’-GGCAAACCGTCTCCAGAGTAA-3’; IL-10, forward 5’- 
GACAACATACTGCTAACCGACT-3’, reverse 5’-ACTGGATCATTTCCGA-3’; IL-4, forward 5’- 
GGTCTCAACCCCCAGCTAGT-3’, reverse 5’-GCCGATGATCTCTCTCAAGTGAT-3’; TNF-α, forward 5’- 
CTGAACTTCGGGGTGATCGG-3’, reverse 5’-GGCTTGTCACTCGAATTTTGAGAA-3’; IL-6, forward 5’- 
CTGCAAGAGACTTCCATCCAG-3’, reverse 5’-AGTGGTATAGACAGGTCTGTTGG-3’; CCL7, forward 5’- 
CTTTCAGCATCCAAGTGTGGG-3’, reverse 5’-CCATGCCCTTCTTTGTCTTGAA-3’; CXCL10, forward 5’- 
CATCCTGCTGGGTCTGAGTG-3’, reverse 5’-AGCTTCCCTATGGCCCTCAT-3’; IL-24, forward 5’- 
TGCACAAGAAGAACCAGCCA-3’

Statistical Analysis
Statistical differences between two groups were assessed with an unpaired t-test, while one-way ANOVA with post hoc 
Tukey-Kramer test was used for more than two groups. Analyses were conducted using SPSS 17, with significance at 
P < 0.05.

Results
Construction of the FAK-TCRPs Model and Screening of Traditional Chinese Medicine
A higher CI value indicates a stronger cellular presence on the electrode surface, which correspond to firmer adhesion 
and more extended cellular morphology. In the study, we found that dose-response analysis showed that EGF at 25, 50 
and 100 ng/mL all elevated the CI above 1.6, indicating equivalent stimulatory efficacy (Figure 1A). To maximize cost- 
effectiveness, 25 ng/mL was used for further experiments. The cell-density curve (Figure 1B) revealed that 10×103 cells 
per well responded more rapidly than other concentrations to EGF, suggesting this as the optimal seeding density. 
Significant increases in P-FAK and P-erk were observed with EGF concentrations of 12.5, 25, and 50 ng/mL (Figure 1C). 
The activation levels of ERK and FAK were most pronounced at 10 minutes of EGF stimulation (Figure 1D). 
Simultaneously, confocal imaging technology was employed to assess cytoskeletal alterations at different intervention 
times when the EGF concentration was set at 25 ng/mL. The findings revealed that morphological changes were evident 
at 5 minutes, characterized by an increase in cytoskeletal size and a greater number of pseudopodia. By 10 minutes, the 
prominence of cell pseudopodia have became more pronounced (Figure 1E). These results suggest that CI values within 
the FAK-TCRPs model exhibit a significant correlation with cellular morphological changes. We pre-treated COS-7 cells 
with various concentrations of FAK inhibitor (Y15) and found that it significantly reduced peak CI values in a dose- 
dependent manner (Figure 1F), further confirming the feasibility of using FAK-TCRPs to screen the drugs targeting FAK.

Based on the successful development of the FAK-TCRPs model, we conducted TCMs screening targeting FAK 
(Supplementary Figure 1). Results shown that pretreatment with MCR effectively reduced EGF-mediated responses 
within the FAK-TCRPs model in a dose-dependent manner (Supplementary Figure 1K). The results of the TCRPs 
indicated that MCR inhibited the CI peak to a comparable extent as Y15 (Figure 1G). Confocal imaging further 
confirmed MCR’s significant inhibitory effect on cellular invadopodia formation (Figure 1H).

UPLC-Q/TOF MS Analysis of the MCR Water Extract
The water extract of MCR was analysed by UPLC-Q/TOF-MS. Figure 2 presents the base peak intensity (BPI) 
chromatogram acquired in negative-ion electrospray (ESI−) mode. A total of 44 compounds were tentatively identified 
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via the UNIFI platform, the detailed annotated spectra were are provided in Supplementary Material 1. Their retention 
times and molecular formulas are listed in Table 1, including the marker constituents: paeonol, paeonolide, oxypaeoni
florin, oxybenzoylpaeoniflorin, benzoyloxypaeoniflorin, and benzoylpaeoniflorin.

MCR Inhibited Tumor Growth and Pulmonary Metastasis in Breast Cancer Models
Given the similarities between MCR-TCRPs and FAK inhibitors, which are being developed as anti-tumor agents, we evaluated 
MCR’s antitumor efficacy using the 4T1-Luc breast cancer model and the MMTV-PyMT spontaneous breast cancer mouse 
model. MCR was administered for four weeks in the 4T1-Luc model, with weekly tumor volume measurements. Results showed 
a dose-dependent reduction in tumor volume and weight in the MCR group compared to the control group, indicating inhibited 
tumor growth.(Figure 3A and B). At an 8g/kg MCR dosage, lung and spleen weights were significantly lower in treated mice 
(Figure 3C and D). In the MMTV-PyMT model, the MCR group had reduced tumor weight and fewer high-weight tumors 
(Figure 3E). Immunohistochemical staining revealed a lower proportion of PCNA+ cells in the MCR group compared to controls, 
suggesting that MCR significantly inhibited the tumor cells proliferation (Figure 3F).And a significant reductions were observed 

Figure 1 Construction of the FAK-TCRPs model and screening of Traditional Chinese Medicines. (A) Dose-respons curve of TCRPs induced with EGF concentrations. (B) Cell- 
density curve of TCRPs with EGF (25 ng/mL) stimulation. (C)FAK and ERK activation levels were assessed at EGF concentrations of 0, 6.25, 12.5, 25, and 50 ng/mL using Western blot. 
(D) FAK and ERK activation over time (0 to 120 min) with 25 ng/mL EGF was analyzed by Western blot. (E) Images show COS-7 cytoskeleton reorganization over time (0 to 120 min) 
with EGF, magnified 400×, red arrows indicate the positions of pseudopodia. (F)TCRPs in EGF models pretreated with FAK inhibitor Y15 (0, 2.5, 5, 10 μM) were recorded using the 
xCELLigence system. (G) TCRPs in EGF models pretreated with Y15 (2.5 μM, the data were showed as Figure 1F) and MCR (0, 2.5, 5, 10 mg/mL) were recorded in COS-7 cells using 
xCELLigence. (H) Images show invadopodia formation at various MCR concentrations in EGF-induced models, magnified 200×, red arrows indicate the positions of invadopodia.
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in spleen weights after MCR treatment (Figure 3G). MCR treatment also significantly reduced lung weights (Figure 3H), 
indicating potential inhibition of lung metastasis. HE staining showed that MCR reduced both the number and area of lung 
metastases in PyMT mice by week fourteen (Figure 3I–K). Collectively, these results suggest MCR inhibits breast cancer growth 
and pulmonary metastasis.

Figure 2 UPLC-Q/TOF MS analysis of the MCR water extract. The water extract of MCR was detected through the UPLC-Q/TOF MS method, and the spectrogram was 
presented.

Table 1 Compounds Identified from MCR by UPLC-Q/TOF MS Analysis

Component Name Formula m/z Mass Error (mDa) Mass Error (ppm) RT (min)

(Z)-(1S,5R)-β-Pinen-10-yl-β-vicianoside C21H34O10 445.2078 −0.2 −0.3 10.35

10-O-Acetylgeniposidic acid C18H24O11 461.13 −0.1 −0.2 5.76

1-Galloyl-β-D-glucose C13H16O10 331.067 −0.1 −0.4 4.3

1-O-β-D-Glucopyranosylpaeonisuffrone C16H24O9 359.1346 −0.2 −0.5 4.24

2,4,6-Trihydroxyacetophenone-2,4-di-O-β-D-glucopyranoside C20H28O14 491.1404 −0.3 −0.5 6.1

2′-Hydroxy-3′,4′-dimethoxy-isoflavan-7-O-β-D-glucoside C23H28O10 509.1663 −0.2 −0.4 8.19

3,5,6,7,8,3’,4’-Heptemethoxyflavone C22H24O9 431.1351 0.3 0.7 7.68

6-O-β-D-Glucopyranosyllactinolide C16H26O9 361.1502 −0.2 −0.4 5.01

7,4′,7′′,4′′′-Tetra-O-amentoflavone C34H26O10 593.1444 −0.9 −1.5 6.66

Acetylharpagide C17H26O11 405.1401 −0.1 −0.3 4.24

Albiflorin C23H28O11 479.1557 −0.2 −0.5 8.68

Albiflorin R1 C23H28O11 479.1558 −0.1 −0.2 8.19

Apiopaeonoside C20H28O12 459.1504 −0.4 −0.9 7.2

Aucubin C22H26O10 345.1187 −0.4 −1.3 2.19

Benzoyl-oxypaeoniflorin C30H32O13 599.1772 0.1 0.2 10.23

(Continued)
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MCR Improved the Tumor Immunosuppressive Microenvironment by Inhibiting M2 
Tumor-Associated Macrophages and Regulatory T Cell Infiltration
FAK inhibitors can assistance the body’s immune system to fight cancer, and it is unclear whether the MCR modulates the 
immune system.To investigate MCR’s impact on the immune system, we analyzed immune cell composition in tumors and 
spleens using multicolor flow cytometry. In the tumor microenvironment, MCR treatment did not alter CD4+ T cell infiltration 

Table 1 (Continued). 

Component Name Formula m/z Mass Error (mDa) Mass Error (ppm) RT (min)

Benzoylpaeoniflorin C30H32O12 583.1822 0.1 0.3 11.8

Beta-D-Apiose C5H10O5 195.0504 −0.6 −3.2 0.69

Blestrianol D C29H24O5 497.1626 2 4.1 7.84

Ciwujiatone C22H26O9 479.1561 0.2 0.3 7.68

Dendrocandin C C16H18O5 335.1133 −0.3 −0.9 9.07

Kushenol A C25H28O5 407.1877 1.3 3.3 26.13

Lactiflorin C23H26O10 461.1451 −0.2 −0.4 11.8

Logaric acid (Loganic acid) C16H24O10 375.1294 −0.3 −0.8 2.19

Mahuannin G C30H22O10 587.1171 −2.4 −4 1.11

Meliadanoside B C15H20O8 327.1085 0 0 7.68

Mudanoside B C18H24O14 463.1096 0.3 0.6 4.71

Mudanpioside D C24H30O12 555.172 0 0.1 8.19

Mudanpioside E C24H30O13 525.1617 0.4 0.7 7.68

Mudanpioside F C16H24O8 343.1396 −0.3 −0.8 5.79

Oleic acid C18H34O2 281.2485 −0.1 −0.4 26.2

Oxybenzoyl paeoniflorin C30H32O13 599.1771 0 0.1 10.58

Oxypaeoniflorin C23H28O12 495.1507 −0.1 −0.2 6.37

Paeonol C9H10O3 165.0551 −0.6 −3.7 7.68

Paeonolide C20H28O12 505.1564 0.1 0.3 6.95

Penstemoside C17H26O11 405.14 −0.2 −0.5 4.06

Picroside II C23H28O13 511.1456 −0.1 −0.3 6.59

Picroside III C25H30O13 537.1607 −0.7 −1.3 4.14

Shionoside A C21H36O10 447.2235 −0.1 −0.2 10.72

Shionoside B C22H38O10 507.2444 −0.3 −0.6 11.21

Shionoside C C24H40O10 533.2601 −0.2 −0.4 12.16

Sweroside C16H22O9 357.119 −0.1 −0.3 7.68

Syringylethanone C10H12O4 241.0714 −0.3 −1.4 15.52

Uralenneoside C12H14O8 331.0667 −0.3 −1 3.92

Veronicoside C22H26O11 465.1396 −0.6 −1.4 7.36
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but significantly increased CD8+ T cell infiltration in a dose-dependent manner (Figure 4A). Memory CD4+ and CD8+ T cells 
were categorized by homing and function, showing a rise in CD44HiCD62LHi CD4+ central memory (TCM) and 
CD44HiCD62LLow CD4+ effector memory T (TEM) cells in MCR-treated mice (Figure 4B), CD8+ T cell memory subtypes 
also increased with MCR treatment (Figure 4C). MCR notably reduced Tregs (CD4+CD25+CD127−) and TAMs (CD11b+F4/ 
80+) in the tumor microenvironment (Figure 4D and E), shifting TAMs from M2-like (CD206+CD86−) to M1-like 
(CD206−CD86+) polarization (Figure 4F). Representative flow cytometric plots depicting the populations of CD4+, CD8+, 
Tregs, and M1/M2 TAMs in the tumor tissues of model and MCR-treated mice are presented (Figure 4G). Moreover, MCR 
significantly downregulated CTLA-4 expression on CD8+ T cells (CD8+CTLA-4+, Figure 4H). Briefly, these results indicate that 
MCR enhanced CD8+ T cell infiltration, reduced Tregs and CTLA-4, and promoted TAM polarization from M2 to M1 in the 
tumor microenvironment.

In the spleen microenvironment, MCR reduced CD8+ T cell infiltration but did not affect CD4+ T cells (Figure 4I). 
TCM, TEM, and stem cell-like memory T (TSCM, CD44lowCD62LHi) cells percentages in CD4+ remained similar, except 
for a decrease in CD8+ TEM cells at 4 g/kg MCR (Figure 4J and K). MCR also decreased TAMs population (Figure 4L), 
however, no significant difference was observed in TAM polarization (Figure 4M). A significant decrease in Tregs and 
CD8+ CTLA-4+ lymphocytes was observed in the MCR-treated group (Figure 4N and O). Consequently, MCR improved 
the immunosuppressive landscape by lowering Tregs, TAMs, and CTLA-4 in the spleen.

Figure 3 MCR inhibited tumor growth and pulmonary metastasis in breast cancer models. (A) The 4T1-Luc tumor model was treated with MCR (4 g/kg, 8 g/kg) and DOX 
(2.5 mg/kg) for 4 weeks; tumor growth curves were presented. (B–D) Weights of tumors, spleens, and lungs in the model and MCR groups. (E) 8-week-old MMTV-PyMT 
mice received MCR (8 g/kg) for 5 weeks; tumor weights were shown. (F) PCNA expression in tumors was analyzed via immunohistochemistry, and PCNA+ cell percentages 
were quantified with Image J. (G and H) Spleen and lung weights in PyMT mice. (I) Representative graphics and H&E staining of lung tissue. (J) Average metastases from five 
lung sections per mouse. (K) Lung metastases tumor area statistics, with red arrows indicating nodules. Data are presented as mean ± SEM, n= 8 or 9 mice/group. Outliers 
exceed three standard deviations from the mean. *p < 0.05, **p < 0.01, ***p < 0.001 vs model group. One-way ANOVA followed by the post hoc Tukey-Kramer test was 
employed for comparisons among three or more groups, while an unpaired t-test was used for two-group comparisons.
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Figure 4 MCR improved the tumor immunosuppressive microenvironment by inhibiting M2 tumor-associated macrophages and regulatory T cell infiltration. (A) The 
percentages of CD4+ (identified by CD45+CD3+CD4+) and CD8+ (identified by CD45+CD3+CD8+) T cells in tumor of both model and MCR-treated mice. (B) The 
percentages of effector memory (TEM, stained by CD44HiCD62LLow), central memory (TCM, identified by CD44HiCD62LHi) and T memory stem cells T (TSCM, identified by 
CD44LowCD62LHi) among CD4+, and (C) among CD8+ T cells in tumor. (D) The percentages of Treg (identified by CD4+CD25+CD127−) cells in tumor. (E) The 
percentages and representative flow cytometric plots of tumor associated macrophages (identified by CD45+CD11b+F4/80+) in breast tumors. (F) The percentages of M1 
(identified by CD86+CD206−) and M2 (identified by CD86−CD206+) TAMs cells in tumor. (G) Representative flow cytometric plots of CD4+, CD8+, Tregs, M1 and M2 
TAMs cells in tumor of both groups. (H) The percentages of CD8+CTLA-4+ cells in tumor of both groups were measured. (I) The percentages of CD4+ and CD8+ T cells in 
spleen of model and MCR-treatment mice. (J and K) The percentages of TEM, TCM, and TSCM among CD4+, and among CD8+ T cells in spleen. (L)The percentage of TAMs in 
spleen of model and MCR-treatment mice. (M) The percentages of M1 and M2 TAMs cells in spleen. (N) The percentages of Treg cells in spleen of model and MCR- 
treatment mice. (O)The percentages of CD8+CTLA-4+ cells in spleen of both groups. Data represents the mean ± SEM, n=8 mice/group; *p < 0.05, **p < 0.01, ***p < 0.001 
vs model group, as determined by one-way ANOVA followed by post hoc Tukey-Kramer test. Outliers exceed three standard deviations from the mean.
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MCR Modulates the Expression of Inflammatory Mediators Within Tumor 
Microenvironments
Inflammatory mediators play a crucial role in the recruitment of immune cells through various mechanisms, including 
chemotaxis, modulation of adhesion molecule expression, enhancement of vascular permeability, activation and polarization 
of immune cells. To determine the specific chemokines and cytokines modulated by MCR, we performed quantitative qRT- 
PCR array analysis. The results demonstrated a significant reduction in the expression levels of CCL1, CCL5, and TGF in the 
MCR-treated group (Figure 5A–C). IL-10 and IL-4 are key cytokines involved in macrophage polarization. Our study found 
that the levels of IL-10 and IL-4 in the tumor microenvironment were significantly down-regulated following MCR treatment 
(Figure 5D and E). TNF-α and IL-6 are central mediators of cancer-related inflammation. Our data revealed a significant 
decrease in both mRNA and protein levels of TNF-α and IL-6 in the tumor microenvironment of the MCR group compared 
to the model group (Figure 5F–I). Importantly, MCR treatment resulted in a marked increase in the expression levels of 
CCL7, CXCL10, and IL-24 (Figure 5J–L). These findings indicate that MCR may influence inflammatory mediator 
expression in the tumor microenvironment to control immune cell infiltration.

MCR Inhibited the Immunosuppressive Cells Infiltration Within Tumor 
Microenvironments by Promoting the Degradation of the Extracellular Matrix
We initially observed a significant reduction in FAK mRNA levels in tumor tissues after MCR treatment at 4 g/kg and 8 
g/kg (Figure 6A). To understand how MCR affects immune cell infiltration and T cell increase in tumors via FAK, we 
conducted RNA sequencing to analyze transcriptional changes. Using DESeq2, we identified differentially expressed 
genes (DEGs) with FDR<0.05 and |log2FC| ≥ 1, finding 727 genes upregulated and 103 downregulated by MCR 
(Figure 6B). Heat map analysis showed varying degrees of gene downregulation (Figure 6C). To gain biological insights, 
DEGs were analyzed for KEGG pathway enrichment, with P-values adjusted using the Benjamini-Hochberg method. 

Figure 5 MCR modulates the expression of inflammatory mediators within tumor microenvironments. (A) CCL1 mRNA expression in breast tumors of 4T1-Luc 
subcutaneous tumour model and MCR-treatment mice using qRT-PCR analysis. (B) CCL5, (C) TGF, (D) IL-10, (E) IL-4, (F) TNF-α and (G) IL-6 mRNA expression in breast 
tumors were analyzed using qRT-PCR analysis. (H) TNF and (I) IL-6 protein levels were detected by CBA assay in breast tumors. (J) CCL7, (K) CXCL10, and (L) IL-24 
mRNA expression in breast tumors were analyzed using qRT-PCR analysis. Data represents the mean ± SEM, n=8 mice/group; *p < 0.05, **p < 0.01, ***p < 0.001 vs model 
group, as determined by one-way ANOVA followed by post hoc Tukey-Kramer test. Outliers exceed three standard deviations from the mean.
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A p-adjusted values less than 0.05 indicated significant enrichment. The top four KEGG pathways identified were 
cytokine-cytokine receptor interaction, viral protein interaction with cytokines, chemokine signaling, and ECM-receptor 
interaction (Figure 6D).

In the FAK-TCRPs cell model, P-FAK and P-Erk activation were significantly upregulated compared to controls, 
confirming its utility for studying the FAK signaling pathway. MCR notably downregulated P-FAK and P-Erk activation 
(Figure 6E). Additionally, the expression of laminin, fibronectin, and MMPs (MMP2, MMP9) was higher in the model 
group than in controls, and MCR treatment significantly reduced their expression, suggesting MCR’s role in promoting 
degradation (Figure 6F–J). These findings suggest that MCR promotes extracellular matrix degradation and inhibits 
P-FAK and P-Erk activation.

The Antitumor Effect of MCR is Partly Regulated by FAK
We used CRISPR-Cas9 to knockout the FAK gene in 4T1 tumor cells and studied MCR’s anti-tumor effects on these 
FAK-deficient cells.Western blot and qRT-PCR confirmed the absence of FAK protein and reduced mRNA in FAK−/−-4T1 
cells (Figure 7A and B). Using an xCELLigence system, we found that FAK−/−-4T1 cells proliferated slower than WT- 
4T1 cells (Figure 7C). In vivo, FAK−/−-4T1 tumors in mice were smaller and lighter compared to WT-4T1 tumors 

Figure 6 MCR inhibited the immunosuppressive cells infiltration within tumor microenvironments by ECM pathway. (A) Levels of FAK mRNA as determined by qRT-PCR 
analysis. (B) Volcano map showed the all transcriptional changes gene which conducted by RNA sequencing analysis of the breast tumour. (C) Heatmap analysis of down- 
regulated gene in breast tumors of 4T1-Luc subcutaneous tumour model and MCR-treatment mice. (D) KEGG analysis of differentially expressed genes. (E) Levels of 
P-FAK, FAK, P-Erk, and Erk protein as determined by Western blotting. (F) Levels of Laminin, Fibronectin, MMP-2, and MMP-9 protein as determined by Western 
blotting. (G–J) Statistical data for the Laminin, Fibronectin, MMP-2, and MMP-9 protein expression levels. Data represents the mean ± SEM, n=6 sample/group; *p < 0.05, 
**p < 0.01, ***p < 0.001 vs control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs model group, as determined by one-way ANOVA followed by post hoc Tukey-Kramer 
test.
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(Figure 7D and E). Additionally, FAK−/−-4T1 tumors showed increased CD8+ T cell infiltration (Figure 7F) and decreased 
Tregs, TAMs, and immune checkpoint molecules CTLA-4, TIGIT, and PD-1hi (Figure 7G–K). These findings position 
FAK as a promising antitumor target capable of dismantling the immunosuppressive microenvironment.

MCR’s antitumor effects were reduced in the FAK−/−-4T1 model compared to the WT-4T1 model, indicating partial 
mediation by FAK (Figure 7D and E). In WT-4T1 mice, MCR increased CD8+ cells and decreased Tregs, TAMs, CTLA- 
4, and TIGIT, with no significant change in PD-1hi levels (Figure 7F–K). In FAK−/−-4T1 mice, MCR has no significant 
effect on CD8+, TAMs, and CTLA-4, and its impact on Tregs and TIGIT is weakened (Figure 7F–J). Overall, MCR’s 
growth inhibition through immune engagement relies partly on FAK.

Discussion
Extracellular stimuli like cytokines (eg, EGF and insulin) and ECM components influence membrane signal pathways to 
regulate the cytoskeleton and alter focal adhesion dynamics.30 Real-time, non-traumatic monitoring of these changes is 
essential for model development. Impedance-based TCRPs reflect dynamic shifts in membrane resistance-bound plaque 
complexes, crucial for the cytoskeleton.31 EGF-induced FAK phosphorylation promotes cell proliferation and migration, 

Figure 7 The antitumor effect of MCR is partly regulated by FAK. (A) FAK protein expression in WT-4T1 and FAK−/− −4T1 cell were detected by Western blot. (B) FAK 
mRNA expression in these cells was analyzed via qRT-PCR. (C) The RTCA xCELLigence system evaluated the impact of WT-4T1 and FAK−/− −4T1 on cell proliferation. (D) 
WT-4T1 and FAK−/−-4T1 subcutaneous tumors were treated with MCR at 8 g/kg for 4 weeks, and tumor growth curves were presented. (E) Tumor weights in the model 
and MCR-treated groups were measured. (F) CD45+CD8+ cell percentages in tumors of model and MCR-treated mice were determined. (G) Treg cell percentages in 
tumors were analyzed. (H) TAM percentages in tumors of model and MCR-treated mice were assessed. (I) CD8+CTLA-4+ cell percentages in tumors were measured. (J) 
CD8+TIGIT+ cell percentages in tumors were evaluated. (K) Percentages and flow cytometric plots of CD8+PD-1Low, CD8+PD-1Int, and CD8+PD-1Hi cells in tumors of 
model and MCR-treated mice were analyzed. Data represents the mean ± SEM, n=8 mice/group; *p < 0.05, **p < 0.01, ***p < 0.001 vs model group; NSp> 0.05, #p < 0.05, 
##p < 0.01 vs FAK−/−-model group. One-way ANOVA followed by the post hoc Tukey-Kramer test was used for comparisons among three or more groups, and an unpaired 
t-test was applied for two-group comparisons.
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affecting focal adhesion dynamics.32 Previous studies have demonstrated that the inhibition of the EGF/FAK signaling 
pathway leads to a reduction in the viability, migratory capacity, and invasive potential of OSCC cells.33 We developed 
EGF-induced FAK signal TCRPs in COS-7 cells, observing increased FAK and P-FAK levels with varying EGF 
concentrations and stimulation times. Confocal imaging linked EGF-induced CI value increases to cytoskeletal changes, 
boosting cell-electrode impedance. Pretreating COS-7 cells with FAK inhibitors reduced EGF signaling, confirming the 
link between FAK and TCRPs. EGF binding to EGFR activates the FAK pathway, leading to intracellular signaling, 
including the ERK pathway. Our study showed increased phosphorylated ERK levels after EGF stimulation. These 
findings indicate that the kinetics induced by EGF are specifically stable and reproducible, being closely associated with 
FAK signaling. FAK-TCRPs were used to evaluate drug effects on FAK activity and quickly identify Traditional Chinese 
Medicines that inhibit FAK signaling.

As demonstrated in Supplementary Figure 1A, EGF stimulation causes cytoskeleton rearrangement, increasing cell- 
electrode impedance, thereby sharply raising the CI value. In the EGF-FAK-TCRPs model, various botanical extracts 
were tested, including Pogostemon cablin (Blanco) Benth., Adenophora tetraphylla (Thunb).Fisch., Salvia miltiorrhiza 
Bunge, Belamcanda chinensis (L). Redouté), Achyranthes bidentata Blume, F.A. Sophora flavescens Aiton, Polygala 
tenuifolia Willd., Wolfiporia cocos (F.A. Wolf) Ryvarden & Gilb., Armeniacae Amarum Semen, Moutan cortex radicis, 
were evaluated in the study (Supplementary Figure 1B–K). Only MCR and Salvia miltiorrhiza, both blood-activating and 
stasis-transforming medicines, reduced the CI peak. Notably, MCR treatment significantly reduced EGF signaling in 
a dose-dependent manner, proving more effective than the FAK inhibitor Y15. While FAK inhibitors are being developed 
for cancer treatment and have shown effectiveness against pancreatic cancer, studies on breast cancer are limited.34,35 

MCR notably reduced the volume and weight of 4T1-Luc breast tumors. Since metastasis, particularly to the lungs, 
causes about 90% of cancer deaths. In MMTV-PyMT mice, which develop advanced breast cancer within 10–14 weeks, 
MCR significantly slowed cancer progression, resulting in lower lung weights and fewer, smaller metastases compared to 
controls. Importantly, the antitumor effect of MCR was reduced in the FAK−/−-4T1 model, suggesting FAK partially 
regulates its properties.

Focal adhesion kinase aids tumor immune evasion.10–12 T cells are central to immune checkpoint therapy, and the 
tumor immune microenvironment is the official point of interaction between the tumor and the immune system.36 

Remodeling this environment and enhancing the anti-tumor response from immune cells are vital for effective immu
notherapy. Activated CD8+ T cells generate durable and effective anti-tumor responses.37 MCR increased CD8+ T cell 
infiltration in tumors, raised central memory and effector subsets of CD4+ and CD8+ T cell. The FAK signaling pathway 
regulates Treg proliferation and function, recruiting them while inhibiting CD8+ T cell activation.10 Flow cytometry 
revealed that MCR significantly reduced infiltrating Tregs in tumors and spleens. Tumor-associated macrophages support 
tumor growth, progression, immunosuppression, angiogenesis, and metastasis.38 MCR treatment reduced TAM infiltra
tion, decreased M2 macrophages, and increased M1 macrophages. Previous research has confirmed that the combination 
of immunotherapy with FAK inhibitors is effective in combating tumors and extending survival.39 After MCR treatment, 
there was a significant reduction in CTLA-4 and TIGIT levels, while PD-1hi levels remained unchanged. In FAK- 
deficient 4T1 mice, MCR did not alter the expression of CD8+, TAMs, or CTLA-4, but it significantly reduced the 
numbers of Tregs and TIGIT populations, suggesting that MCR’s regulatory effects on the tumor microenvironment are 
partially mediated by FAK.

FAK promotes the transcription of chemokines and cytokines that attract immunosuppressive cells to tumors, 
fostering immune tolerance and tumor growth.11 CCL1 and CCL5 are key for Treg recruitment, while TGF-β aids in 
Treg induction and expansion.40 IL-4 induces M2-like macrophage differentiation, which is anti-inflammatory, and their 
increase is linked to higher IL-10 levels.41 TNF-α is crucial for cancer-related inflammation, aiding in the recruitment and 
differentiation of immunosuppressive cells that help tumors evade the immune system and support tumor survival and 
growth.42 IL-6 contributes to tumor metastasis,42 CCL7 and CXCL10 boost CD8+ T cell infiltration and expansion for 
strong anti-tumor responses, whereas high IL-24 levels enhance T cell cytotoxicity.43–46 The study found that MCR 
treatment significantly decreased mRNA levels of CCL1, CCL5, TGF, IL-4, and IL-10, while both mRNA and protein 
levels of TNF-α and IL-6 were reduced. Meanwhile, mRNA levels of CCL7, CXCL10, and IL-4 increased. This indicates 
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that MCR modulates inflammatory mediator expression and immune cell infiltration in the tumor microenvironment, as 
supported by KEGG pathway analysis.

Tumorigenesis is frequently linked to varying degrees of extracellular matrix (ECM) accumulation, as observed in 
breast, liver, and pancreatic cancers.47 ECM remodeling by proteases like MMPs allows tumor invasion and metastasis.48 

Laminin and fibronectin are key components of the ECM. Laminin promotes tumor cell attachment and migration, while 
fibronectin enhances adhesion through integrin binding and activates signaling pathways such as FAK/Src and Erk to 
support cell proliferation and survival.49,50 The ECM serves as a critical barrier that impedes the infiltration of T cells 
into tumor nests.51 Degradation of the ECM fibers within tumors reduces matrix stiffness and diminishes its “physical 
wall” function. Concurrently, this degradation releases cytokines, leading to elevated local concentrations that enhance 
T cell proliferation and effector functions, thereby facilitating increased direct contact between tumors and T cells. 
Furthermore, ECM degradation attenuates TGF-β signaling and the mechanical tension derived from cancer-associated 
fibroblasts (CAFs), thereby mitigating the expansion of Tregs and the polarization of M2 macrophages.52,53 FAK 
hyperactivation drives ECM fibrosis and enhances the immunosuppressive tumor microenvironment. Studies have 
demonstrated that the combination of FAK inhibition and anti-PD1 therapy effectively suppresses the growth of 
hepatocellular carcinoma (HCC), reduces liver fibrosis, and increases the infiltration of CD8+ T cells.54 KEGG enrich
ment analysis of RNA sequencing data suggests that MCR significantly modulates the ECM signaling pathway while 
inhibiting FAK mRNA expression in tumor tissues. Preliminary results indicate that the activated levels of P-FAK and 
P-Erk proteins are downregulated in an EGF-stimulated cellular model. Given the absence of statistical analysis, it is 
limited to know the precise regulatory degree of MCR on P-FAK and P-Erk. However, MCR significantly lowered 
MMP2, MMP9, laminin, and fibronectin protein levels, inhibiting tumor growth and metastasis by preventing ECM 
remodeling.

In conclusion, the FAK-TCRPS model has demonstrated that the FAK-targeting Traditional Chinese Medicine, MCR, 
exhibits significant anti-tumor growth and metastasis effects across various tumor models, with these effects being 
partially mediated by FAK. Mechanistically, MCR was shown to inhibit the remodeling of ECM, subsequently down- 
regulating the phosphorylation of FAK and Erk. This modulation influences the expression of inflammatory mediators 
within the tumor microenvironment and affects the infiltration of CD8+ T cells, TAMs, and immune checkpoint 
molecules such as CTLA-4. Additionally, MCR significantly reduced the numbers of Tregs and TIGIT-expressing 
populations. A limitation of the current study is that all mechanistic and efficacy data were derived from murine models. 
In future research, we intend to validate these findings using patient-derived tumor organoids, employ humanized mouse 
models, and analyze available clinical biopsy samples to enhance the translational relevance of our results.
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