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Abstract  
Cancer remains one of the most formidable global health challenges, demanding a comprehensive exploration of 
its molecular underpinnings to advance therapeutic innovation. Tumorigenesis is driven by interrelated patholo
gical processes such as metastatic dissemination, therapy resistance, and immune evasion, which are intricately 
linked to epithelial-mesenchymal transition (EMT). Rif, a member of the Rho GTPase family, has been implicated as 
an important modulator of oncogenic transformation. Through systematic investigation across various solid tu
mors, we identify Rif overexpression as a biomarker of histopathological aggressiveness and poor survival out
comes in breast, ovarian, and stomach tumors. Rif facilitates oncogenic progression by suppressing apoptosis and 
promoting cell proliferation, metastasis, and EMT induction. Integrated multiomics and functional profiling reveal 
ERK2 as a key downstream effector of Rif’s protumorigenic effects. While engaging with tumor-specific signaling 
contexts (e.g., AHR, TGF-β/SMAD3), the Rif-ERK2 axis may represent a conserved and actionable target across 
various solid tumors. Targeted disruption of pathological signaling pathways may provide a novel approach to 
impede cancer aggressiveness and improve clinical outcomes in oncology. 
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Introduction 
Phenotypic plasticity, a defining feature of neoplastic evolution, 
enables cancer cells to acquire different malignant phenotypes that 
enhance adaptability under dynamic environmental pressures [1]. 
Central to this adaptive capability is epithelial-mesenchymal 
plasticity (EMP), a paradigmatic manifestation wherein cancer cells 
undergo reversible phenotypic shifts across a spectrum spanning 
hybrid epithelial-mesenchymal intermediates to fully mesenchymal 
phenotypes [2]. This process includes phenomena such as 
epithelial-mesenchymal transition (EMT), partial EMT (pEMT), 
and mesenchymal-epithelial transition (MET), all of which are 
regulated by microenvironmental factors, including biochemical 
gradients and mechanical stimuli, which drive dynamic cellular 
reprogramming [3,4]. EMT is an intricate and multifaceted process 
that is activated by various intrinsic and extrinsic factors and is 
finely mediated by a series of signaling pathways [5]. Clinically, 
elevated EMT activity is strongly associated with adverse outcomes, 
reflecting its role in promoting metastatic dissemination and 

conferring resistance to chemotherapeutic and targeted therapies 
[6,7]. Despite advances in characterizing EMT-related pathways, 
delineating their spatiotemporal regulation and functional interplay 
with cancer evolution remains a critical frontier in oncology 
research. 

Extracellular signal-regulated kinase 1 and 2 (ERK1/2), key 
members of the mitogen-activated protein kinase (MAPK) family, 
regulate critical physiological and pathological processes [8–10]. 
Notably, ERK2 exhibits superior tissue abundance and stability 
compared to ERK1 [11], ranking among the top 400 proteins in 
NIH3T3 fibroblasts with a 53-h half-life [12]. Its broad substrate 
diversity (hundreds of phosphorylation targets) highlights the 
devastating consequences of its dysregulation [13]. ERK2 silencing 
markedly reduces global ERK activity, disrupting senescence [14], 
fibrosis diseases [15], embryogenesis [16], cardiac remodeling 
[17,18], and cardiac contractility [19]. In oncological contexts, 
ERK2 silencing suppresses EMT across breast [20], pancreatic [21], 
and lung cancer [22], affects colitis-associated colorectal tumor
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igenesis [23], mediates hepatocyte growth factor (HGF)-induced 
motility in lung carcinoma [24], and blocks metabolic adaptation in 
hepatocellular carcinoma [25]. ERK2 overexpression also potenti
ates the cancer stem cell (CSC) phenotype and metastasis in triple- 
negative breast cancer (TNBC) [26], while its inhibition triggers 
DNA damage response cascades and apoptotic signaling in 
melanoma and ovarian cancer [27–29]. More importantly, the 
discovery of ERK small-molecule inhibitors has gradually become a 
research hotspot in cancer pharmacology [30]. Amplification of the 
ERK2 gene has been observed in tumors from patients treated with 
anti-EGF receptor kinase inhibitors, which has been proposed to 
contribute to treatment resistance [31]. A deeper mechanistic 
exploration of ERK2 may facilitate the development of antitumor 
drugs aimed at overcoming drug resistance. 

Rho guanosine triphosphatase (GTPase) serves as a molecular 
switch for cytoskeletal organization, migratory behavior, and 
adhesive dynamics through its spatiotemporal regulation of actin 
networks [32–34]. Ras homolog family member F (Rif), a member 
of the Rho GTPase family, plays an important role in multiple cell 
functions, such as vesicular trafficking, membrane protrusion 
formation, and cell adhesion [33,35]. Rif mainly promotes 
filopodium formation on the dorsal surface of cells [36,37]. In 
hepatocellular carcinoma, Rif has been shown to trigger the 
Warburg effect to withstand metabolic stress via RAB3D [38]. In 
pancreatic cancer, Rif promotes Snail1 lactylation by promoting 
PKM2-induced glycolysis [39,40]. Another study revealed that Rif 
mediates the Wnt5a-Ror1-Dvl2 axis to form polarized filopodia in 
lung adenocarcinoma cells cultured on 3D matrices [34]. These 
findings suggest that Rif regulation may be an early event in the 
carcinogenesis process. However, further studies and preclinical 
trials are essential to understand Rif’s oncogenic effects. 

In this study, we found a significant association between Rif 
overexpression and adverse clinical outcomes across multiple 
malignancies. Rif facilitates oncogenic progression in breast, 
ovarian, and stomach tumors through the activation of the ERK2 
signaling pathway. Our data highlight a functional role for the Rif- 
ERK2 axis in cancer pathogenesis and propose its therapeutic 
targeting for multimodal anticancer interventions. 

Materials and Methods 
Two-dimensional (2D) cell culture 
Human normal breast epithelial cell line MCF-10A was maintained 
in DMEM F12 (1:1) medium (11320033; Gibco, Carlsbad, USA) 
supplemented with 5% horse serum (26050088; Gibco), 1% L- 
glutamine (25030081; Gibco), 1% penicillin-streptomycin (PS; 
15140122; Gibco), 10 μg/mL insulin (CI6561; Coolaber, Beijing, 
China), 0.5 μg/mL hydrocortisone (SL4150; Coolaber), 20 ng/mL 
human EGF (PHG0313; Gibco), and 100 ng/mL cholera toxin 
(227036; Sigma, St Louis, USA). Human breast cancer cell line MCF- 
7 was maintained in DMEM medium (12430054; Gibco) supple
mented with 5% fetal bovine serum (FBS; DCF-101-0500; DCELL, 
Shanghai, China), 1% L-glutamine, and 1% PS. Human breast 
cancer cell line SUM159 was maintained in DMEM F12 (1:1) 
medium supplemented with 5% FBS, 1% L-glutamine, 1% PS, 
10 μg/mL dexamethasone (SL4070; Sigma), and 5 μg/mL insulin. 
Human ovarian cancer cell line OVCAR5 was maintained in RPMI 
1640 medium (C11875500BT; Gibco) supplemented with 10% FBS, 
1% L-glutamine, 1% PS, and 5 μg/mL insulin. Human stomach 
adenocarcinoma cell lines (MKN28, MKN45, SGC-7901, and BGC- 

803), and ovarian cancer cell line HO-8910 were maintained in 
RPMI 1640 medium supplemented with 10% FBS, 1% PS, and 1% 
L-glutamine. Human gastric mucosal epithelial cell line GES-1, 
normal ovarian epithelial cell line IOSE-80, ovarian cancer cell lines 
(A2780 and SKOV3 cells) were maintained in DMEM medium 
supplemented with 10% FBS, 1% PS, and 1% L-glutamine. All cells 
were obtained from the National Collection of Authenticated Cell 
Culture (Shanghai, China) and incubated at 37°C in a humidified 
5% CO2 atmosphere. 

Three-dimensional (3D) cell culture 
Cells were cultured using the CERO cell culture simplified (OMNI 
Life Science, Bremen, Germany) as previously described [41,42]. 
For each experiment, 1 × 107 cells were seeded into each Falcon 
tube. The cultivation process involved two distinct phases: an initial 
inoculation period and a subsequent culture period. During the 
inoculation phase, all cells were cultured in suspension under the 
following conditions: rotation pause 0 s, rotation period 1 s, 
agitation pause 40 min, agitation period 2 min, and rotation speed 
50 rpm. This phase lasted for 4 h. For the culture phase, the 
parameters were adjusted as follows: rotation pause 0 s, rotation 
period 1 s, agitation pause 0 s, agitation period 2 min, and rotation 
speed 80 rpm. This phase was maintained indefinitely (∞). Each 
Falcon tube was filled with 40 mL of complete growth medium. 
After 72 h, 30 mL of medium was carefully removed and replaced 
with an equivalent volume of fresh complete growth medium to 
ensure optimal nutrient availability and waste removal. 

Reagents and antibodies 
Reagents used in this study included: RIPA (SL1020; Coolaber), 4′,6- 
diamidino-2-phenylindole (DAPI; D3571; Invitrogen, Carlsbad, 
USA), BSA (A6003; Sigma), DMSO (D2650; Sigma), propidium 
iodide (PI; P4170; Sigma), paraformaldehyde (PFA; P6148; Sigma), 
and FR180204 (S7524; Selleck, Shanghai, China). 

Antibodies used in this study included: anti-Rif antibody 
(ab81024; abcam, Cambridge, UK); Alexa Fluor® 594 Phalloidin 
(A12381; Invitrogen); anti-Cdk2 (M2) (sc-163; Santa Cruz Biotech
nology, Dallas, USA); anti-NF-κB p65 (D14E12) XP® Rabbit mAb 
(8242; CST, Danvers, USA); anti-PTEN Monoclonal antibody 
(60300-1-Ig), anti-AHR Monoclonal antibody (67785-1-Ig), anti- 
CYP1A1 Polyclonal antibody (13241-1-AP), anti-E2F7 Polyclonal 
antibody (24489-1-AP), anti-GSTP1 Polyclonal antibody (15902-1- 
AP), anti-P27;KIP1 Polyclonal antibody (25614-1-AP), and anti- 
MYC Tag Monoclonal antibody (60003-2-Ig) (Proteintech, Wuhan, 
China); anti-p-AKT1 (abs140184) and anti-Phospho-ERK1/2 
(Thr202/Tyr204) Polyclonal antibody (abs130614) (absin, Shang
hai, China); anti-Erk1/2 (AF0155), anti-E-Cadherin (AF0131), anti- 
Vimentin (AF7013), anti-MAGI2 (AF0492), and anti-AKT1 
(AF0836) (Affinity Biosciences, Liyang, China); anti-CyclinE 
(BA0774; BOSTER; Wuhan, China); ProteinFind® Anti-β-Tubulin 
Mouse Monoclonal antibody (HC101), ProteinFind® Anti-GAPDH 
Mouse Monoclonal antibody (HC301-02), ProteinFind® Goat Anti- 
Mouse IgG(H+L) HRP Conjugate (HS201), and ProteinFind® Goat 
Anti-Rabbit IgG(H+L) HRP Conjugate (HS101) (TransGen Biotech, 
Beijing, China). 

Cell transfection 
The transfections were performed using Lipofectamine 2000 
Reagent (11668019; Invitrogen) following the guidelines provided 
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by the manufacturer. Cell transfection was performed on 1 × 106 

cells using one of the following: 50 nM negative control siRNA 
(siNC), 50 nM small interfering RNA (siRNA), 2.5 μg control 
plasmid pcDNA3.0, 2.5 μg overexpression plasmid pcDNA3.0-Rif 
(Rif), 2.5 μg control plasmid pcDNA3.1, or 2.5 μg overexpression 
plasmid pcDNA3.1-ERK2 (ERK2). Subsequently, the cells were 
cultured for another 24 h or 48 h to allow gene expression 
modulation before proceeding with subsequent analyses. In multi
ple transfection experiments, the second transfection was per
formed 24 h after the first transfection. After another 24 h of culture, 
samples were collected for analysis. The transfection efficiency was 
measured by real-time quantitative-PCR (RT-qPCR) and western 
blot analysis. The siNC and siRNA sequences, designed and 
synthesized by Sangon Biotech (Shanghai, China), are detailed in 
Supplementary Table S1. Both the control plasmid (pcDNA3.0 and 
pcDNA3.1) and the overexpression plasmid (pcDNA3.0-Rif and 
pcDNA3.1-ERK2) were maintained in the laboratory under standard 
storage conditions. This approach ensured consistent and reliable 
transfection efficiency for downstream experimental applications. 

RT-qPCR 
RNA extraction was conducted using TRIzol reagent (ET111; 
TransGen Biotech), adhering to guidelines provided by the 
manufacturer. Complementary DNA (cDNA) synthesis was carried 
out with the HiScript II 1st Strand cDNA Synthesis Kit (+gDNA 
wiper) (R212; Vazyme Biotech, Nanjing, China) on a Light Cycler 96 
thermal cycler (SENSOQUEST, Goettingen, Germany), following an 
established method [42]. Target genes were amplified via PCR using 
cDNA templates and gene-specific primers. qPCR was performed 
using PerfectStart® Green qPCR SuperMix (AQ601; TransGen 
Biotech) on a LightCycler 480 II instrument (Roche, Basel, 
Switzerland). Relative gene expression was quantified using the 
comparative ΔΔCq method [43]. The information of primer 
sequences, designed and supplied by Sangon Biotech, is provided 
in Supplementary Table S2. 

Immunofluorescence assay 
The immunofluorescence assay was processed following estab
lished protocols [41]. Briefly, cells plated onto glass coverslips were 
allowed to adhere for 24 h prior to experimental treatments. 
Following 48 h of Rif expression modulation, the cells were fixed 
using 4% PFA for 15 min, permeabilized with 0.1% Triton X-100 for 
5 min, and subsequently treated with sodium borohydride for 
10 min. To label F-actin, adherent cells were incubated with Alexa 
Fluor® 594 Phalloidin (diluted 1:200 in 1% BSA) for 1 h. The nuclei 
were counterstained with DAPI (1:5000 dilution in H2O). Fluores
cence imaging was performed using a laser scanning confocal 
microscope 710 (Carl Zeiss, Wetzlar, Germany). 

Western blot analysis 
The assay was performed following established protocols [44], and 
appropriate modifications were made. The treated cells were 
extracted on ice with RIPA buffer. The total protein concentration 
was quantified via a Pierce™ BCA Protein Assay Kit (23227; Thermo 
Fisher Scientific, Waltham, USA). Proteins were then separated by 
12% SDS-PAGE and electrotransferred onto PVDF membranes 
(Millipore, Billerica, USA). Following transfer, the membranes were 
blocked with 5% DifcoTM Skim Milk prepared in 1% Tween 20 in 
PBS (PBST) for 1 h at room temperature, followed by overnight 

incubation at 4°C with primary antibodies (1:1000 diluted in PBST) 
under gentle rotation. After three washes with PBST, membranes 
were probed with a species-specific secondary antibody (1:20,000 
diluted in PBST) at room temperature for 1 h with mild shaking. 
Protein bands were detected using Pierce ECL Western Blotting 
Substrate (32106; Thermo Fisher Scientific). Relative protein levels 
were quantified using the ChemiDoc XRS system (Bio-Rad, 
Hercules, USA) and analyzed with Image Lab (Version 5.2.1). 

DNA ploidy assay 
DNA ploidy was determined as previously described [41]. Follow
ing treatment, cells were harvested using 0.05% or 0.25% trypsin, 
rinsed twice with ice-cold PBS, and fixed in 70% ethanol overnight 
at –20°C. The following day, the cells were washed with PBS and 
stained with a solution containing 50 μg/mL PI and 50 μg/mL RNase 
A in PBS. The staining process was conducted on ice for 30 min in 
the absence of light. Cell cycle profiling was performed using a 
FACSCalibur flow cytometry system with CELLQuest v3.3 software 
(BD Biosciences, San Jose, USA). Data analysis and quantification 
of cell cycle phases were quantified using ModFit LT v3.0 software 
(Verity Software House, Topsham, USA). 

Apoptosis assay 
After 48 h post transfection, cells were harvested and subjected to 
apoptosis detection using the FITC Annexin V Apoptosis Detection 
Kit I (556547; BD Biosciences) as per the provided guidelines [45]. 
Apoptosis analysis was performed using a FACSCalibur flow 
cytometry system, and data quantification was performed with 
CELLQuest v3.3 software. 

Cell proliferation assay 
Twenty-four hours post-transfection, 2 × 103 cells were seeded onto 
a 96-well plate and allowed to adhere overnight. Cell viability was 
determined using a 10% Cell Counting Kit-8 (BS360A; Biosharp, 
Beijing, China) for 2 h in the dark within a cell culture incubator 
(Thermo Fisher Scientific). Absorbance was measured at 450 nm 
using a spectrophotometric microtiter plate reader (BioTek Epoch; 
Agilent Technologies, Santa Clara, USA). 

Cell migration assay 
At 24 h post-transfection, 4 × 105 cells were seeded onto a 6-well 
plate and allowed to adhere overnight. Uniform wounds were 
created in the confluent cell monolayer using a sterile 200-μL pipette 
tip. Cells were then rinsed 3 times with PBS and incubated in 
medium containing 1% horse serum or FBS, with or without 
antibiotics and lysozyme. Wound closure progression was mon
itored using an inverted fluorescence microscope (Nikon, Tokyo, 
Japan), and images were acquired and analyzed using Nikon NIS- 
Element imaging software. 

Cell invasion assay 
Twenty-four hours post-transfection, 1 × 105 cells were seeded into 
the upper compartment of a Transwell chamber (3422; Corning, 
Corning, USA) containing serum-free medium. The lower chamber 
was filled with 600 μL of medium supplemented with 5% horse 
serum or FBS to serve as a chemoattractant. Following a 24-h 
incubation period, the cells were fixed with 4% PFA for 20 min and 
subsequently stained with 3% crystal violet (prepared in methanol 
absolute) for 60 min at room temperature in the dark. Images were 
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acquired and quantitatively analyzed using ZEN 2012 software 
(Carl Zeiss). 

Cell clonogenicity assay 
Twenty-four hours post-transfection, 2 × 103 cells were plated on a 
6-well culture dish and incubated until distinct colonies were 
visible. Upon colony formation, cells were fixed with 4% PFA for 
20 min, stained with 1.5% crystal violet (prepared in methanol 
absolute) for 20 min at room temperature, and shielded from light. 
The colonies were imaged, and the average colony counts were 
determined for quantitative analysis. 

RNA-sequencing 
MCF-7, A2780, and SGC-7901 cells were transfected with either 50 
nM siNC or 50 nM siRif according to the manufacturer’s guidelines. 
After transfection, RNA sequencing analysis was performed on 
these cells. The RNA-sequencing library was prepared by the 
BioMarker Technologies Company (Beijing, China). Raw sequen
cing reads were processed using the BMKCloud bioinformatics 
platform (www.biocloud.net). Differential gene expression analysis 
was conducted using DESeq2, with thresholds set at a false 
discovery rate (FDR) of < 0.05 and a fold change of ≥ 1.8. To 
identify statistically significant biological pathways, KOBAS soft
ware [46] was employed to analyze the enrichment of differentially 
expressed genes (DEGs) in Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways and Gene Set Enrichment Analysis 
(GESA). 

Bioinformatics methods and data source 
The gene expression profiles for patients with breast cancer, ovarian 
cancer, and stomach cancer were obtained from the TCGA database 
(https://portal.gdc.cancer.gov) via the Xena platform [47]. The 
immunohistochemistry (IHC) data were obtained from The Human 
Protein Atlas (https://www.proteinatlas.org) [48]. RNA expression 
and the co-expression analyses were conducted using the GEPIA 
database [49], with Spearman’s method applied to determine 
correlation coefficients. Additionally, Kaplan-Meier survival plots 
were generated using GEPIA. The protein-protein interaction (PPI) 
networks were constructed using the STRING database [50]. The 
RNA expression levels of Rif in lymph node metastasis were 
extracted from the UALCAN platform [51]. The Rap1 signaling 
pathway map (KEGG PATHWAY: map04015) was generated using 
the KEGG database [52]. 

Statistical analysis 
In general, at least three independent biological replicates were 
included for each experiment, and the data are presented as the 
mean ± SEM. All statistical analyses were conducted using Graph
Pad Prism version 9.5. Significance was determined using either 
Student’s unpaired t test or one-way or two-way analysis of 
variance (ANOVA) with Dunnett’s Multiple Comparison Test. 
Thresholds for statistical significance were set at P < 0.05.  

Results 
Rif is frequently elevated in human cancers and 
associated with poor prognosis 
To comprehensively explore genetic alterations in the Rif gene 
across human cancers, we analyzed publicly available datasets 
from TCGA and HPA. Rif mRNA expression was significantly 

upregulated in malignant compared to normal tissues across 
multiple cancer types in the TCGA dataset (Figure 1A). Whole- 
genome sequencing data from TCGA identified 30 somatic muta
tions in the Rif gene among 3233 cases, including frameshift, 
missense, splice acceptor, and synonymous mutations (Figure 1B 
and Supplementary Table S3). These mutations were distributed 
across 91 primary sites, including the brain, colon, breast, ovary, 
and stomach (Figure 1C), highlighting the conserved and functional 
importance of the Rif protein. 

Breast cancer (BRCA) and stomach adenocarcinoma (STAD) are 
among the leading causes of cancer-related death, while ovarian 
cancer (OVCa) exhibits one of the fastest-growing incidence rates 
[53,54]. To assess Rif’s clinical significance, we evaluated its 
expression patterns in a multicancer cohort with clinical annota
tion. Using an automated optimal cutoff point selection method 
[55], patients were stratified into Rif-high-expression and Rif-low- 
expression groups. Intriguingly, elevated Rif mRNA levels corre
lated with poor overall survival (OS) in the OVCa and STAD cohorts 
(Figure 1D), although no pathological stage-dependent variations in 
Rif transcript levels were detected (Supplementary Figure S1). IHC 
analysis revealed significantly higher Rif expression in cancer 
tissues than in normal tissues, where only weak signals were 
detected (Figure 1E). Additionally, Rif protein levels were sig
nificantly upregulated in 1 of 2 BRCA cell lines, 1 of 4 OVCa cell 
lines, and 3 of 4 STAD cell lines compared to immortalized normal 
cell lines (Figure 1F). TCGA data implied a significant correlation 
between Rif upregulation and lymph node metastasis in BRCA 
(Figure 1G). These findings implicate Rif overexpression as a 
prognostic biomarker associated with aggressive disease pheno
types in cancers. 

Rif inhibits cancer apoptosis and promotes malignant 
progression 
Cancer cells are characterized by their ability to sustain 
proliferative signaling, evade growth-inhibitory mechanisms, 
and resist apoptosis [56,57]. To explore the role of Rif in these 
processes, we produced cell lines with varying Rif expression 
levels. Cell lines exhibiting high Rif expression (MCF-7, A2780, 
SGC-7901, and MKN45) were subjected to siRNA-mediated 
knockdown, while those with low Rif expression (SUM159, HO- 
8910, SKOV3, and MKN28) were used for overexpression 
experiments. The transfection efficiency was detected by western 
blot analysis (Figure 2A,B and Supplementary Figure S2). The 
results showed that altering Rif expression level significantly 
changed the proportion of cells in the S or G2/M phase (Figure 2C 
and Supplementary Table S4), suggesting that Rif can regulate 
cancer cell cycle progression. Our data revealed that Rif knock
down resulted in a significant increase in apoptosis rates 
compared to controls, whereas Rif overexpression reduced 
apoptosis (Figure 2D and Supplementary Table S5). Additionally, 
Rif depletion notably reduced cancer cell proliferation, while Rif 
overexpression enhanced it (Figure 3A,B). Colony formation 
assays supported Rif’s role in promoting cancer cell survival 
(Figure 3C,D and Supplementary Figure S3A). In 3D culture 
models, Rif inhibition reduced tumor spheroid size, whereas Rif 
overexpression increased it (Figure 3E,F). Wound-healing and 
transwell migration assays demonstrated that Rif depletion 
significantly reduced cancer cell migration and invasion. Con
versely, Rif overexpression markedly enhanced cell motility 
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(Figure 3G–J) and Supplementary Figure S3B,C). These findings 
indicate that Rif suppresses apoptosis and promotes cell cycle 
progression, thereby contributing to cancer cell survival, prolif
eration, and metastasis. 

Rif activates the ERK2 signaling pathway to mediate 
EMT in cancer cells 
To explore the molecular mechanisms underlying the function of 
Rif, RNA-sequencing analysis of Rif-knockdown cells was used to 
predict its downstream pathway. GSEA showed that Rif expression 

was associated with many pathways, such as the MAPK, TGF-β and 
PI3K/AKT signaling pathways (Figure 4A), which were invariably 
able to activate EMT [58]. A previous study showed that EMT 
programs across various biological contexts, whether in develop
mental stages or disease states, exhibit numerous common hall
marks. In cells undergoing EMT, the actin cytoskeleton is 
rearranged, resulting in a mesenchymal shape that resembles a 
spindle and increased motility through membrane protrusion 
formation [58]. To explore the effect of Rif on EMT, we assessed 
morphological changes in cancer cells. Immunofluorescence stain

Figure 1. Rif is associated with poor prognosis (A) The Rif gene expression profile in all tumor samples and paired normal tissues. Data are 
analyzed with GEPIA website, matched TCGA normal and GTEx data, using log2(TPM+1) for log-scale. ANOVA methods. (B) Location of mutation 
sites in Rif gene across different tumor types from TCGA. (C) Pie chart of the distribution of the primary sites where Rif gene undergoes mutation. 
Data were extracted from TCGA. (D) Kaplan-Meier curves are made to show the survival rate of the patients with high and low Rif mRNA 
expression levels. (E) IHC staining showing Rif protein expression. Data were extracted from HPA. Scale bar: 10 μM. (F) The Rif protein expression 
in human breast, ovary, and stomach cells, normalized to β-Tubulin, and expressed as a ratio to the normal cell line. Data are presented as the 
mean ± SEM, n = 3, one way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. (G) The RNA expression of Rif in lymph node metastasis in BRCA. Data 
were extracted from UALCAN.  

5  

Zhao et al. Acta Biochim Biophys Sin xxxx 

https://www.sciengine.com/ABBS/doi/10.3724/abbs.2026019


ing revealed that Rif-depleted cells displayed a cobblestone-like 
appearance with diminished F-actin fibers, whereas cells over
expressing Rif exhibited an elongated, spindle-like morphology 
with prominent F-actin fibers (Figure 4B,C). Further analyses 
demonstrated that Rif depletion suppressed EMT-like alterations, 
characterized by E-cadherin upregulation, Vimentin inhibition, and 
the suppression of a group of core EMT transcription factors (EMT- 

TFs), including SIP1, Slug, Snail, Twist, and Zeb1. Conversely, Rif 
overexpression reversed these changes (Figure 4D,E and Supple
mentary Figure S4A). Consistent findings were obtained based on 
Immunofluorescence assay (Supplementary Figure S4B). 

In addition, bioinformatics analysis of public data from the UCSC 
Xena platform was conducted to validate gene expression RNA-seq 
across BRCA, OVCa, and STAD tissues. A combination of the six- 

Figure 2. Rif inhibits apoptosis and promotes cell cycle progression in cancer cells (A,B) The protein levels of Rif in human breast, ovary, and 
stomach cells transfected with 50 nM siRif, 50 nM siNC, 2.5 μg pcDNA3.0, or 2.5 μg pcDNA3.0-Rif (Rif). (C) The FACS assay of cells stained with PI to 
analyze the quality of DNA content. (D) The apoptosis analysis of the indicated cells under the treatment. The percentage of apoptotic cells 
was analyzed by flow cytometry. Data are presented as the mean ± SEM, n = 3, one-way ANOVA in (A,B) and two-way ANOVA in (C,D). *P < 0.05, 
**P < 0.01, ***P < 0.001. ns, not significant.  
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screening dataset showed that ERK2 emerged as a potential 
downstream target of Rif (Figure 5A). Similar to previous reports 
[20,27], ERK2 overexpression is associated with cancer progression 
in BRCA, OVCa, and STAD (Supplementary Figure S5). Although 

the relationship between ERK2 and Rif remains underexplored, PPI 
network analysis suggested a potential interaction between the two, 
supported by coexpression and interaction of their putative 
homologs in other organisms (Supplementary Figure S6 and 

Figure 3. Rif promotes cancer cell survival, proliferation, migration and invasion (A–J) The cell proliferation assay (A,B), colony formation 
assays (C,D), 3D culture assay (E,F), wound healing assays (G,H), and transwell invasion assays (I,J) in human breast, ovary, and stomach cells 
transfected with 50 nM siRNA, 50 nM siNC, 2.5 μg pcDNA3.0, or 2.5 μg pcDNA3.0-Rif (Rif). All assays were performed in three independent 
replications. Data are presented as the mean ± SEM, (A) and (B) were analyzed using two-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001.  
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Supplementary Table S6). The RT-qPCR assay demonstrated that 
silencing of Rif inhibited ERK2 mRNA expression (Figure 5B). 
Further experimental validation revealed that both ERK2 and p- 
ERK2 protein levels were notably downregulated in Rif-silenced 
cells and upregulated in Rif-overexpressing cells (Figure 5C,D). We 
further examined whether ERK2 is involved in Rif-induced EMT in 
the absence or presence of the ERK2 inhibitor FR180204. 
Pharmacological inhibition of ERK2 with FR180204 significantly 

reduced p-ERK2 level and inhibited EMT alteration, as evidenced by 
Vimentin inhibition and E-cadherin upregulation (Figure 5E). In 
addition, overexpression of ERK2 completely abrogated the EMT- 
like changes induced by Rif depletion (Figure 5F,G). Taken 
together, these results indicate that ERK2 is a key downstream 
regulator of Rif. Moreover, Rif is also able to activate other factors 
downstream of ERK, including ATF2, c-Jun, c-fos, ELK1, NF-κB, c- 
Myc, and MMPs (Supplementary Figure S7). Our findings demon

Figure 4. Rif promotes EMT phenotypes in cancer cells (A) The GESA analysis of the functional pathway in Rif-knockdown cells. (B,C) 
Representative images of immunofluorescence staining with anti-F-actin (red) and DAPI/nuclei (blue), visualized by LSCM 710. Scale bar: 50 μm. 
Cells were transfected with 50 nM siRif, 50 nM siNC, 2.5 μg pcDNA3.0, or 2.5 μg pcDNA3.0-Rif (Rif). The proportion of spindle cells was quantified. 
Data are presented as the mean ± SEM, n = 3, Student’s unpaired t-test. *P < 0.05, **P < 0.01, ***P < 0.001. (D,E) The protein levels in the indicated 
cells. Data are presented as the mean ± SEM, n = 3, two-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001.  
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strate that Rif induces EMT in multiple solid tumor types through 
activation of the ERK2 signaling pathway. 

Rif induces EMT via the MAGI2 signaling pathway in 
cancer cells 
Bioinformatics analyses revealed significant enrichment of small 
GTPase Rap1-associated signaling networks, including the MAPK, 
PI3K-Akt, cAMP, and Ras signaling pathways (Figures 4A and 

Supplementary Table S7). Notably, MAGI2, a member of the MAGI 
family which serves as a classical upstream regulator of Rap1 [59– 
61], exhibited upregulated transcriptional upregulation among 
DEGs (Supplementary Figure S8A and Supplementary Table S7). 
Clinical profiling exhibited significantly reduced MAGI2 expression 
in OVCa patients compared to normal subjects (Figure 6A), 
corroborated by IHC showing reduced MAGI2 protein levels in 
cancer compared to normal tissues (Figure 6B). However, based on 

Figure 5. Rif actives ERK2 signaling to promote cancer cell progression (A) ERK2 was identified as a candidate target of Rif. The upper shows 
the heat maps of DEGs in Rif-depleted BRCA, OVCa, and STAD cells (datasets 1-3). The lower panel shows a partial list of DEGs in BRCA, OVCa, and 
STAD tissues (datasets 4-6). (B) The expression levels of Rif and ERK2 mRNA. (C,D) The expression levels of ERK2, p-ERK2 in indicated cells. (E) 
Cells were treated with FR180204 (20 μM). The relative protein expression was measured by western blot analysis. (F,G) Cells were transfected with 
50 nM siRif or siNC for 24 h and then transfected 2.5 μg pcDNA3.1, or 2.5 μg pcDNA3.1-ERK2 (ERK2) for 24 h before harvesting. The relative protein 
expression was measured by western blot analysis. All assays were performed in three independent replications. Data are presented as the mean  
± SEM, two-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant.  
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the current limited clinical data, MAGI2 transcript levels did not 
differ significantly across OVCa pathological stages (Supplementary 
Figure S8B), with no significant prognostic correlation to survival 
outcomes (Supplementary Figure S8C). Our data suggested that Rif 
depletion upregulated MAGI2 protein levels, while Rif overexpres
sion induced the opposite result (Figure 6C,D). In addition, MAGI2 
depletion elevated ERK2, p-ERK2, and Vimentin levels while 
downregulating E-cadherin level (Figure 6E). Interestingly, Rif 
depletion in MAGI2-silenced cells reversed these effects (Figure 6F). 

These findings confirm that MAGI2 is an essential mediator of Rif/ 
ERK2-driven EMT. 

Rif activates the MAGI2/PI3K/AKT1 signaling pathway to 
promote cancer progression 
Bioinformatics analysis of DEGs identified the PI3K/AKT signaling 
pathway as one of the top-enriched pathways (Figure 4A). This 
pathway plays a critical role in modulating essential cellular 
processes, including growth regulation, proliferation, cellular 

Figure 6. Rif actives the MAGI2-ERK2/PTEN/AKT1 signaling pathway to mediate cancer cell EMT (A) The gene expression profile of MAGI2 in 
human ovary tumor tissues and normal tissues. Data are analyzed with GEPIA website, matched TCGA normal and GTEx data, using log2(TPM+1) 
for log-scale. ANOVA methods. (B) IHC staining showing MAGI2 expression levels. Data were extracted from HPA. Scale bar: 50 μm. (C–J) The 
protein expression levels of MAGI2, Rif, E-cadherin, Vimentin, ERK2, p-ERK2, PTEN, AKT1, and p-AKT1 in OVCa cells transfected with 50 nM siRNA, 
50 nM siNC, 2.5 μg pcDNA3.0, or 2.5 μg pcDNA3.0-Rif (Rif). Data are presented as the mean ± SEM, n = 3, two-way ANOVA. *P < 0.05, **P < 0.01, 
***P < 0.001.  
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motility, metabolism and survival [62]. We found that Rif knock
down decreased the level of p-AKT1 in A2780 cells, while Rif 
overexpression amplified the p-AKT1 level in HO-8910 cells (Figure 
6G,H). Moreover, MAGI2 depletion similarly induced elevated level 
of p-AKT1 (Figure 6I). Interestingly, Rif depletion in MAGI2- 
silenced cells led to a restoration of MAGI2 expression level, 
accompanied by a downregulation of p-AKT1 (Figure 6J). The 
cancer suppressor PTEN, which is frequently inactivated in both 
heritable and sporadic malignances, including brain cancer, breast 
cancer, and prostate cancer [63,64], induces overactivation of the 
PI3K/AKT signaling pathway due to impaired lipid phosphatase 
activity [65,66]. In OVCa cells, Rif depletion upregulated PTEN 
protein level, while Rif overexpression suppressed it (Figure 6G,H). 
MAGI2 knockdown similarly reduced PTEN expression (Figure 6I). 
In addition, Rif silencing in MAGI2-deficient OVCa cells restored 
PTEN level (Figure 6J). These findings imply that Rif activates the 
MAGI2/PI3K/AKT1 signaling pathway to promote cancer progres
sion. 

Rif activates AHR signaling and the TGF-β/SMAD3 
signaling pathway to promote cancer progression 
The aryl hydrocarbon receptor (AHR), a basic helix-loop-helix/Per- 
Arnt-Sim (bHLH/PAS) transcription factor, regulates diverse cellular 
processes through interactions with structurally varied ligands [67]. 
While ligand-activated AHR suppresses BRCA proliferation via cell 
cycle arrest [68], recent evidence has demonstrated its endogenous 
role in modulating apoptotic pathways by the transcriptional 
regulation of apoptosis-associated genes, particularly during malig
nant transformation [69,70]. Clinical analyses detected no signifi
cant differences in AHR mRNA expression between BRCA patients 
and healthy controls (Figure 7A), but there was a significant 
difference in AHR mRNA expression at different pathological stages 
(Figure 7B). Moreover, survival analysis showed no association 
between AHR expression and clinical outcomes (Figure 7C). We 
further identified the functional crosstalk between Rif and AHR 
signaling in BRCA pathogenesis. RT-qPCR assay demonstrated that 
Rif knockdown significantly reduced AHR transcript level (Figure 
7D). Concordantly, our data confirmed that Rif inhibition signifi
cantly decreased AHR protein level alongside a concomitant 
downregulation of its downstream effectors, including p27, CDK2, 
CyclinE, and E2F7, while upregulating the effectors CYP1A1 and 
GSTP1 (Figure 7E). Conversely, Rif overexpression induced oppos
ing effects (Figure 7F). In addition, Rif overexpression failed to 
restore the expression of AHR and other downstream factors in 
AHR-depleted cells (Figure 7G), confirming AHR dependency in Rif- 
mediated oncogenesis. 

Transcriptomic profiling also revealed a significant enrichment of 
TGF-β signaling (Figure 4A), a pathway known to synergize with 
Ras-MAPK cascade during EMT [71–73]. We found that Rif 
depletion significantly reduced p-SMAD3 level, while Rif over
expression amplified them (Figure 7H). These results establish Rif 
as a modulator of EMT via activation of the TGF-β/SMAD3 axis. 

Discussion 
Malignant neoplasms remain a major global health challenge, 
marked by persistently high morbidity and mortality rates despite 
advances in treatment [53,54]. While tumor heterogeneity compli
cates therapeutic strategies, consistent evidence highlights that 
conserved oncogenic pathways drive progression through over

lapping mechanisms. Targeting these common pathways may 
reveal pancancer therapeutic vulnerabilities, enabling the develop
ment of therapies with broad applicability to improve clinical 
outcomes. 

Rho GTPases are critical regulatory molecules that modulate the 
actin cytoskeleton and regulate microtubule dynamics. In humans, 
20 canonical members have been identified: RHO (RHOA, RHOB, 
and RHOC); RAC (RAC1, RAC1B, RAC2, RAC3, and RHOG); CDC42 
(CDC42, G25K, TC10, TCL, WRCH1, and WRCH2); RHOD (RHOD 
and RIF); RND (RND1, RND2, and RND3); and RHOH [32]. Rho 
GTPases, represented by RhoA, promote malignant proliferation 
and metastasis [34,38–40,74–80], but recent studies indicate that 
RhoA can protect against tumorigenesis by preventing chromatin 
bridge breakage in cytokinesis [81]. Given that Rho GTPases are 
potential therapeutic targets in oncology, a comprehensive under
standing of their context-dependent functions is crucial for 
designing effective treatments. In this study, we explored the 
expression profile of Rif across BRCA, OVCa, and STAD. The 
analysis of TCGA data revealed significant associations between Rif 
upregulation and adverse clinicopathological features, including 
pathological stages, lymph node metastasis, and OS. These 
associations were validated in the HPA cohort, reinforcing Rif’s 
prognostic utility. Previous studies have indicated that Rif over
expression drives metastatic dissemination in diverse cancers [38– 
40]. Here, we revealed that Rif knockdown suppressed cancer cell 
viability, proliferation, and motility while inducing apoptosis in 
BRCA, OVCa, and STAD cells. Conversely, Rif overexpression 
enhanced these oncogenic phenotypes. These results underscore 
Rif’s significant role in cancer progression. 

EMT drives malignancy by enhancing invasiveness, stem-like 
properties, and therapy resistance [6,82,83]. In this process, E- 
cadherin and vimentin play a central role. E-cadherin, an epithelial 
marker and cancer suppressor, regulates cell migration, differentia
tion, and polarity [84], while vimentin, a mesenchymal marker, 
facilitates invasive behavior and cancer expansion [85]. In this 
study, we demonstrated that Rif knockdown enhanced the 
expression of E-cadherin and reduced Vimentin expression, 
whereas Rif overexpression induced the opposite alterations. These 
results suggest that Rif can mediate EMT. 

EMT represents a highly complex and diverse biological process 
triggered by various intrinsic and extrinsic stimuli and is subject to 
precise temporal and spatial regulation [5]. Coordination of this 
process involves the activation of a series of core EMT-TFs, 
complemented by epigenetic modifiers, post-transcriptional con
trollers, and post-translational modulators. Multiple signaling 
pathways can activate these factors and induce transcriptional 
networks driving EMT-associated phenotypes [86]. In this study, 
GSEA revealed that Rif regulates several pathways, such as the 
AHR, MAPK, TGF-β/SMAD3, and PI3K/AKT signaling pathways. 
Functionally, Rif drives EMT in BRCA, OVCa, and STAD via 
coordinated activation of the MAGI2/ERK2 axis and TGF-β/SMAD3 
signaling pathway. Pathological Rif overexpression activates EMT 
and ultimately confers a range of malignant behaviors on cancer 
cells. Therapeutic targeting of EMT-associated epigenetic regulators 
may improve treatment efficacy. 

Normal cells activate the proliferative state only upon receiving 
mitogenic growth signals coupled with appropriate microenviron
mental conditions. In contrast, cancer cells autonomously produce 
growth signals, diminishing reliance on external microenviron
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mental stimuli [56,57]. In osteosarcoma, RHOA modulates apopto
sis via AMPK signaling [87]. In cervical cancer, RHOC controls radio 
resistance through ROCK2-dependent modulation of DNA repair 
pathways [88]. In hepatocellular carcinoma, Rif promotes metas
tasis by activating AMPK [38]. In this study, our KEGG pathway 
analysis implied that Rif depletion led to alterations in various 

signaling pathways, including the AHR, MAPK, cAMP, Rap1, Ras, 
TGF-β, and PI3K-Akt signaling pathways. Beyond EMT induction, 
Rif promotes proliferation via MAGI2-dependent ERK2 and AKT1 
activation. Functional studies further demonstrated that Rif facil
itates the G1/S checkpoint transition through AHR and its down
stream factors P27, CyclinE, cdk2, and E2F7, enabling sustained 

Figure 7. Rif activates the AHR signaling pathway and TGF-β/SMAD3 signaling pathway to mediate cancer cell progression (A) The gene 
expression profile of AHR in human breast tumor tissues and normal tissues. Data are analyzed with GEPIA website, matched TCGA normal and 
GTEx data, using log2(TPM+1) for log-scale. ANOVA was used. (B) The RNA expression of AHR in different stages of BRCA. Data were analyzed 
with GEPIA website. (C) Kaplan-Meier curves are made to show the survival rate of BRCA patients with high and low AHR mRNA expression levels. 
Data were analyzed with GEPIA 2 website. (D) The mRNA expression levels of Rif and AHR. (E–H) The protein expression levels of Rif, AHR, CyclinE, 
E2F7, P27, CDK2, CYP1A1, GSTP1, SAMD3, and p-SAMD3 in cells transfected with 50 nM siRNA, 50 nM siNC, 2.5 μg pcDNA3.0, or 2.5 μg pcDNA3.0- 
Rif (Rif). Data are presented as the mean ± SEM, n = 3, two-way ANOVA was used. *P < 0.05, **P < 0.01, ***P < 0.001.  
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tumor growth. The activation of the Rif/AHR axis additionally 
promotes cancer progression by activating chemical carcinogenesis 
via CYP1A1 and GSTP1, a mechanism requiring deeper investiga
tion. In conclusion, these findings highlight Rif as a key oncogenic 
factor, making it a potential therapeutic target for improving clinical 
efficacy in cancer and a biomarker for patient prognosis. 

This study has several limitations. First, previous research 
reported that different EMT-TFs and EMT dynamics have distinct 
contributions to cancer progression and metastasis. Therefore, 
although this experiment utilized multiple cell lines, expanded 
cellular models encompassing diverse genetic backgrounds and 
cancer types are still needed to ensure generalizability across 
heterogeneous malignancies. Second, the reliance on in vitro 
systems creates a translational gap. The absence of in vivo validation 
in biologically complex systems represents a key constraint for 
evaluating Rif′s therapeutic potential. Most importantly, Rif’s clinical 
relevance as a proliferative driver remains to be rigorously 
established. This necessitates the implementation of large-scale, 
well-controlled clinical trials with stratified patient cohorts. 
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Sinica online. 
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