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Abstract

Background and Objective

KIF11, a mitotic kinesin, has been implicated in oncogenesis, but its specific role and
mechanism in RA pathogenesis remain largely unexplored. We aim to explore func-
tional role and molecular mechanism of KIF11 to promote RA progression.

Methods

Bioinformatics analysis was first performed on public RA datasets (GSE55457,
GSE55235, GSE2053, GSE12021, and GSE1919) to identify KIF11-associated
DEGs and their enriched pathways using GO/KEGG and GSEA analysis.
Lentivirus-mediated shRNA was employed to knock down KIF11 expression in MH7A
cells and M1-polarized macrophages. The effects on macrophage activation were
assessed by FACS for the surface marker CD86. The expression of inflammatory
cytokines were measured by quantitative PCR and ELISA, respectively.

Results

Bioinformatic analysis showd that KIF11-associated genes were significantly enriched
in immune activation pathways, especially adaptive immune system and cytokine-
cytokine receptor interaction. In vitro data demonstrated that KIF11 knockdown
suppressed the M1 macrophage phenotype, with a marked decreased expression of
CD86. Furthermore, KIF11 deficiency led to a profound decrease in the mRNA levels
and protein secretion of cytokines in M1 macrophages.

Conclusion

Depletion of KIF11 markedly inhibited the proliferation, migration, and inflammatory
cytokine secretion in MH7A and attenuated the maturation of M1 macrophages, as
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well as the production of inflammatory cytokines, suggesting its pivotal role in RA
pathology.

Introduction

RA is a prototypical chronic systemic autoimmune disorder with persistent synovial
inflammation, progressive joint destruction, and significant functional impairment. It
predominantly affects small joints, but its systemic nature can result in manifestations
beyond the musculoskeletal system, contributing to substantial morbidity [1]. Epide-
miologically, RA affects approximately 0.5—1% of the adult population worldwide, with
a higher prevalence in women and an increased incidence with advancing age. The
disease imposes a substantial burden not only on individuals but also on healthcare
systems due to its chronicity, progressive disability, and association with comorbidi-
ties such as cardiovascular disease and osteoporosis [2]. The heterogeneity in clini-
cal presentation, disease course, and therapeutic response further underscores the
complexity of RA and the pressing need for more precise diagnostic and prognostic
biomarkers, as well as innovative therapeutic strategies [3].

Current research in RA pathogenesis has delineated pivotal roles for various
immune cell subsets, such as B cells, macrophages, and fibroblast-like synoviocytes
(FLSs), in perpetuating synovial inflammation and joint degradation [3]. Extensive
investigations have elucidated the contributions of pro-inflammatory cytokines
and their downstream signaling cascades in driving the inflammatory milieu of RA
synovium [4,5]. Moreover, recent advances in genomic and transcriptomic profiling
have found enormous differentially expressed genes implicated in RA, facilitating
the discovery of potential biomarkers and therapeutic targets [4,6]. Despite these
achievements, the focus has primarily centered on classical immune and inflamma-
tory mediators, while the involvement of cell cycle-related proteins, particularly those
regulating mitotic processes in synovial cells, remains underexplored [7,8].

Our previous research identified kinesin family member 11 (KIF11) as one of the
ten hub genes in the pathogenesis of rheumatoid arthritis (RA) [9]. KIF11, a micro-
tubule motor protein essential for mitotic spindle assembly and proper chromosomal
segregation during cell division, has emerged as a molecule of interest [10]. KIF11
is upregulated in a variety of malignancies, where it facilitates tumor cell prolifera-
tion, migration, and resistance to therapy [11,12]. Notably, bioinformatics analyses
of synovial tissue gene expression have identified KIF11 as a DEG in RA, suggest-
ing a potential link between its mitotic functions and the pathological expansion of
synovial fibroblasts [1]. Furthermore, machine learning-based analyses integrating
multiple transcriptomic datasets have consistently highlighted KIF11 as a hub gene
correlated with immune cell infiltration and inflammatory processes in RA synovium
[3]. However, direct functional evidence delineating the role of KIF11 in the context of
RA, particularly with regard to its impact on synovial cell behavior and inflammatory
networks, remains lacking.

In the present study, we employed an integrative bioinformatics approach by
analyzing multiple transcriptomic datasets to elucidate the molecular networks
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associated with KIF11 in RA. Importantly, these analyses are complemented by experimental validation using both clin-
ical synovial tissue samples and established RA-derived fibroblast-like synoviocyte cell lines. The integration of multiple
datasets and analytical modalities enhances the robustness and generalizability of the findings, while the incorporation

of clinical samples ensures translational relevance. In summary, the overarching objective of this study is to clarify the
functional involvement and molecular mechanisms of KIF11 in RA pathogenesis, thereby evaluating its viability as a novel
therapeutic target. This research aspires to broaden the current understanding of disease mechanisms and foster the
development of innovative, targeted intervention strategies for patients with refractory or progressive RA [13]. By system-
atically characterizing the expression patterns, regulatory networks, and cellular consequences of KIF11 dysregulation in
RA, this research aspires to broaden the current understanding of disease mechanisms and foster the development of
innovative, targeted intervention strategies for patients with refractory or progressive RA.

Materials and methods

RA-related datasets

The datasets GSE55457, GSE55235, GSE2053, GSE12021, and GSE1919 were sourced from GEO. A comparative
analysis of DEGs among the five datasets was conducted utilizing the Xiantao platform (https://www.xiantao.love/). The

thresholds established for significance were [log2 (FC)|>1 and an adjusted p-value of < 0.05. Common DEGs identified
across these five datasets were subsequently visualized using a Venn diagram.

GO/KEGG analysis and GSEA analysis

For GO/KEGG pathway enrichment analysis, we selected the GSE55235 and GSE55457 datasets, which utilize the same
Affymetrix HG-U133A platform (GPL96), to identify overlapping differentially expressed genes for in-depth functional anno-
tation. The other datasets (GSE2053, GSE12021, and GSE1919) were used for preliminary cross-validation of differential
genes and subsequent validation of hub gene expression patterns to ensure the reproducibility of our findings across
different cohorts.

PPI network

The PPI network encompassing genes related to KIF11 was acquired from the STRING database (https://string-db.org/).
To ensure the reliability of interactions, the network was constructed with a medium confidence interaction score threshold
set at 0.40. The resultant PPl network was then imported into Cytoscape software (version 3.9.1) for advanced topologi-
cal analysis. The top ten nodes were ranked using the Maximum Clique Centrality (MCC) method. To ascertain the most
pivotal nodes within the network, the ten hub genes were identified based on their connectivity degrees through Cytos-
cape’s built-in plugins. The expression levels of these hub genes in RA tissues were quantified and presented as mean
values £ standard deviation (SD).

Cell lines

The human RA-FLS cell line MH7A cells were obtained from JENNIO Biological Technology (Guangzhou, China) and
cultured in DMEM supplemented with 10% FBS at 37 °C in a 5% CO, atmosphere. To simulate RA conditions, MH7A
cells were treated with TNF-a (10ng/mL; Cat. no. 14832962; Thermo Fisher Scientific Inc.) or IL-13 (10 mg/L; Cat. no.
SRP3083; Sigma-Aldrich Corp., St. Louis, MO, USA) for a duration of 24 hours.

GO/KEGG and GSEA analysis

GO/KEGG and GSEA Analysis were performed on KIF11-associated DEGs using the Xiantao platform. The criteria for GO
and KEGG analyses were set at absolute log2 Fold change>1 and adjusted p-value<0.01. GSEA was executed based
on DEGs identifiers and log2 Fold values. Gene set permutations were conducted 1000 times for each analysis, with the
screening criteria defined as a false discovery rate (FDR) < 0.25 and p.adjust<0.05.
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KIF11 shRNA lentiviruses and KIF11 overexpressed plasmid

KIF11 human shRNA lentiviral particles (Locus ID 3832, Catalog Number: TL311921V) and their corresponding control
lentiviral particles (Catalog Number: TR30021V) were obtained from Origene Inc. These lentiviral particles contain four
unique 29-mer target-specific shRNAs and have lentiviral titers exceeding 107 TU/ml. The transduction of both KIF11
shRNA and control shRNA lentiviral particles was conducted following the protocol provided by Origene and as described
[14]. Moreover, Human, KIF11 cDNA ORF clone (Cat: HG17895-UT) and the control vector p CMV3-untagged (Cat.No.
CV011) were purchased from Sino Biological (Beijing,China). The overexpressed procedure was used according to the
protocol.

MTT assay

An MTT assay was conducted to assess cell viability, following previously established protocols. Specifically, MH7A

cells were seeded in 96-well plates at a density of 5x 1073 cells per well in 100 pL complete medium. MH7A cells were
infected with either KIF11 shRNA or control shRNA lentiviruses for 24 h, 48 h, and 72 h, respectively. After adherence, cells
were infected with either KIF11 shRNA or control shRNA lentiviruses. At 24 h, 48 h, and 72 h post-infection, 10 yL of MTT
solution (5mg/mL) was added to each well and incubated for 4 hours. Subsequently, the culture medium was carefully
removed, and 150 pL of dimethyl sulfoxide (DMSQO) was added to each well to dissolve the formazan crystals. The optical
density (OD) of each well was measured at a wavelength of 490 nm using a microplate reader.

EdU incorporation assay

Cell proliferation was assessed using the 5-ethynyl-2’-deoxyuridine (EdU) incorporation assay with the Click-iT EdU Imag-
ing Kit (Thermo Fisher Scientific, Cat# C10354) according to the manufacturer’s instructions. Briefly, MH7A cells were
seeded in 96-well plates at a density of 5x 102 cells per well and infected with KIF11 shRNA or control shRNA lentiviruses
the next day. At 24 h or 48 h post-infection, cells were pulsed with 50 uM EdU for 2h at 37°C. Cells were then fixed with
4% paraformaldehyde in PBS for 15min at room temperature, permeabilized with 0.5% Triton X-100 in PBS for 20 min,
and washed with PBS. EdU incorporation was detected by incubating cells with the Click-iT reaction cocktail (containing
Alexa Fluor™ 594) for 30 min at room temperature, protected from light. Nuclei were counterstained with Hoechst 33342
(5 pg/mL) for 10 min. Images were captured using a fluorescence microscope (Olympus 1X73) at 100 x magnification.

Migration assay

The migration assay was executed utilizing Boyden chambers, which incorporated Transwell membrane filter inserts
(Catalog Number: 3422, Corning Costar). In brief, 3 x 10* cells per well were plated in serum-free DMEM within the upper
chambers of a 24-well Transwell chamber (8 um pore size) for migration assays, followed by incubation for 24 hours

and 48 hours, respectively. The MH7A cells adhering to the lower surface of the filter were subsequently fixed in a 10%
formalin solution for 30 minutes and then stained with 0.1% crystal violet for another 30 minutes. The number of migratory
cells was enumerated under a light microscope, with counts performed across five fields within a single chamber for three
samples.

Western blot analysis

The primary antibodies utilized in this study included the rabbit recombinant monoclonal KIF11 antibody [EPR12280-76]
(ab181981, Abcam), NF-kappaB p65 (D14E12) Rabbit Monoclonal Antibody (Cat.N0.8242), Phospho-NF-kappaB p65
(Ser536) (93H1) Rabbit Monoclonal Antibody (Cat.No.3033), Anti-alpha tubulin antibody (Cat.No. ab4074), Anti-Lamin
B1 antibody (Cat. No. ab16048) and the pB-actin antibody [SP124] (ab115777, Abcam). Cell lysates were prepared using
an immunoprecipitation assay buffer (Beyotime, Cat.No. P0013). A total protein separation was conducted via 10%
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SDS-PAGE, and the procedure was following previously described [15]. Band visualization was achieved using enhanced
chemiluminescence reagents (Pierce; Thermo Fisher Scientific, Inc.).

ELISA assay

The assays for IL-1B (Cat.No. EHC002b.96), IL-6 (Cat.No. EHC007.96), TNF-a (Cat.No. EHC103a.48) and IL-8 (Cat.No.
EHCO008(H).96) were conducted using reagents obtained from Neobioscience corporation.

RNA extraction and real-time PCR

THP-1 cells were treated with 150 nM phorbol myristate acetate (PMA) for 24 h to differentiate into MO macrophages. The
MO macrophages were subsequently cultured in fresh serum-free medium supplemented with 20 ng/mL IFN-y and 10 pg/
mL lipopolysaccharide (LPS) for another 24 hours to generate M1 macrophages. M1 macrophages were then transduced
with KIF11 shRNA lentiviral particles as well as control shRNA lentiviral particles for a period of 48 hours. Total RNA was
extracted using the RNApure kit (Bioteke, China) and reverse transcribed utilizing MLV-reverse transcriptase (Invitrogen,
USA). Real-time PCR was conducted with an ABI Prism 7500, comprising 35 cycles at 95°C for 10 seconds and 55°C for
30 seconds. All PCR reactions were performed in duplicate. The primers were shown in Supplement File 1.

Statistical analysis

All the results were shown as the mean t standard deviation (S.D.). Independent samples were analyzed using an inde-
pendent samples t-test. One-way analysis of variation followed by Tukey’s post hoc test was used for comparisons
between >2 groups. All the experiments were repeat twice in duplicates. The statistical significance was set at p<0.05.

Results
KIF11 is significantly upregulated in rheumatoid arthritis synovial tissues and under inflammatory conditions

To systemically identify key drivers in the pathogenesis of rheumatoid arthritis (RA), we integrated and analyzed five
independent GEO datasets of RA synovial tissues. The results showed that 672 consistently differentially expressed
genes (DEGs) across all datasets, as illustrated in the Venn diagram (Fig 1A). Among these promising candidates, KIF11,
a mitotic kinesin, was one of the hub genes in RA progression as we previously reported [9]. We first sought to validate
the dysregulation of KIF11 at the transcriptional level. Comparative analysis confirmed that KIF11 mRNA level was signifi-
cantly elevated in RA synovial tissues compared to normal controls across all five independent cohorts (Fig 1B), under-
scoring its consistent association with the disease.

Given that the RA synovial microenvironment is characterized by chronic inflammation, we hypothesized that pro-
inflammatory cytokines might directly regulate KIF 11 expression. Next, we treated the human synovial cell line MH7A with
TNF-a and IL-1B. Strikingly, stimulation with these cytokines significantly induced the protein expression of KIF11 (Fig 1C
and D). This finding suggests that the inflammatory milieu in RA joints may be a direct upstream trigger for KIF11 upregu-
lation, pointing to a potential mechanistic link between inflammation and KIF11-driven pathology.

Identification of KIF11-associated pathways in RA

To investigate the potential biological functions and pathways through which KIF11 might drive RA pathogenesis, we iden-
tified 1350 overlapping DEGs from the GSE55235 and GSE55457. These overlapping DEGs were subjected to a compre-
hensive functional enrichment analysis, including GO/KEGG pathway analyses. As visualized in the bubble chart (Fig 2A),
the most significantly enriched GO terms were predominantly associated with immune and inflammatory processes. Key
enriched biological processes (BP) included leukocyte cell-cell adhesion, mononuclear cell differentiation and the positive
regulation of lymphocyte activation. In terms of cellular components (CC), the DEGs were significantly localized to the
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Fig 1. KIF11 is significantly upregulated in RA synovial tissues and inflammatory conditions. (A) A petal plot demonstrated 672 overlapping
DEGs identified from five RA synovial tissue datasets (GSE55457, GSE55235, GSE2053, GSE12021, and GSE1919). DEGs were selected with
thresholds of |log2FC| 2 0.5 and adjusted p-value <0.05. (B) The mRNA expression levels of KIF11 in rheumatoid arthritis (RA) and normal control (NC)
synovial tissues were analyzed in six independent GEO datasets: GSE1919, GSE12021, GSE55235, GSE55457, GSE77298, and GSE2053. Data are
presented as mean+SD. ***P<0.001, compared with NC controls. (C) MH7A cells were treated with TNF-a (10ng/mL) and IL-1B (10ng/mL) for 24 h, and
the expression of KIF11 was determined via western blotting. (D) The relative expression of KIF11 was shown in histogram. ***P <0.01, compared with
untreated group.

https://doi.org/10.1371/journal.pone.0347313.9001

external side of plasma membrane, clathrin-coated endocytic vesicle membrane, and clathrin-coated vesicle membrane.
MF analysis highlighted enrichments in immune receptor activity and signaling receptor activator activity. Concurrently,
KEGG pathway analysis revealed a strong involvement of these genes in critical immune-related pathways.

To elucidate the interrelationships between these enriched terms, we constructed a network diagram (Fig 2B). This
visualization clearly demonstrates that immune system processes form a central, highly interconnected cluster, with terms
like “cytokine-cytokine receptor interaction”, “leukocyte cell-cell adhesion”, “receptor ligand activity” and “mononuclear cell
differentiation” serving as major hubs, underscoring the central role of dysregulated immunity in the KIF11 related DEGs.
Subsequent functional experiments will be performed to further test the role of KIF11 in modulating these inflammatory
pathways. Furthermore, we performed a hierarchical clustering analysis of the enrichment terms based on Jaccard’s
similarity index to reduce redundancy and identify distinct functional modules. The resulting cluster tree (Fig 2C) effec-
tively grouped the highly similar GO terms and KEGG pathways into several coherent clusters, including immune receptor
activity, leukocyte cell-cell adhesion, signaling receptor activator activity. This clustering reinforces the notion that KIF11’s
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Fig 2. Functional enrichment analysis of 1350 overlapping differentially expressed genes (DEGs) in rheumatoid arthritis datasets of GSE55235
and GSES55457. A. Bubble plot of GO/KEGG enrichment analysis. The enrichment analysis results were visualized using the ggplot2 [version 3.4.4]
package. B. Network visualization of enrichment analysis results. This was performed using the ggplot2, igraph, and ggraph packages [42]. C. GO/KEGG
analysis cluster tree. The pairwise similarity of enriched terms was calculated using the Jaccard similarity index (JC). The results were then subjected to
cluster analysis via hclust, and the clustering outcome was visualized using the ggplot2 [version 3.4.4] package.

https://doi.org/10.1371/journal.pone.0347313.9002

role in RAis intricately linked to multiple, coordinated aspects of the aberrant immune response. This clustering analy-
sis, based on genes differentially expressed in RA synovium, groups immune and inflammatory pathways into coherent
modules. KIF11 is a member of this dysregulated gene set, and its potential involvement in these coordinated immune
processes is further investigated through functional experiments in subsequent sections.

Moreover, this analysis was uniquely combined with the directional information of gene expression changes (logFC) to
provide a more comprehensive functional profile. The results were visualized through multiple complementary graphical
representations. The bar plot (Fig 3A) provided a clear ranking of the most significantly enriched terms, effectively high-
lighting the top pathways based on their Z-scores. Moreover, a bubble plot (Fig 3B) and a circle plot (Fig 3C) were gener-
ated to give a more sophisticated overview of the interrelationships between the enriched terms and their association with
the gene expression dynamics. This multi-faceted enrichment analysis consistently points towards a state of heightened
immune activation in RA, with KIF11 potentially operating within a network of genes that are collectively upregulated to
drive pro-inflammatory pathways.

GSEA substantiates the activation of pro-Inflammatory pathways in RA

To complement the conventional enrichment analysis and gain a systems-level understanding of the transcriptional land-
scape, we performed GSEA on the 1350 overlapping DEGs. GSEA evaluates the distribution of genes across predefined
biological pathways without relying on an arbitrary significance cutoff, thereby capturing more subtle but coordinated
expression changes. All enriched gene sets met a significance threshold of an adjusted p-value<0.05.

The bubble plot (Fig 4A) and bar plot (Fig 4B) provide a consolidated overview of the most significantly enriched path-
ways. Both visualizations consistently highlighted a pronounced upregulation of immune-related processes. Key pathways
such as “adaptive immune system” and “cell adhesion molecules cams” were prominently ranked at the top, reinforcing
the central role of adaptive and innate immune responses in RA pathogenesis.

To visually capture the core enrichment signal within each gene set, we generated a mountain plot (Fig 4C). This visu-
alization clearly demonstrates a strong positive enrichment score (ES) for the aforementioned pathways, indicated by the
pronounced peak on the left side of each plot. Moreover, we performed hierarchical clustering based on Jaccard’s similar-
ity index (Fig 4D) and the dendrogram effectively grouped the pathways into distinct functional modules. One major cluster
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Fig 3. Combined GO/KEGG and logFC enrichment analysis. The enrichment analysis results were visualized using the ggplot2 package (version
3.4.4). A. Bar plot. B. Bubble plot. C. Circle plot.

https://doi.org/10.137 1/journal.pone.0347313.9003

encompassed signaling pathways directly related to adaptive immune system, while another cluster aggregated pathways
involved in signaling by nuclear receptors.

KIF11-correlated Hub genes in RA pathogenesis

To elucidate the core gene network centered on KIF11 in RA, we constructed a PPI network using the STRING database
with a confidence threshold of 0.40 (Fig 5A). We subsequently imported this PPl network into Cytoscape and employed
the MCC algorithm to identify the most critical hub nodes. This analysis robustly identified the top 10 hub genes (Fig 5B),
which included KIF11 itself, alongside other key players. The prominence of KIF11 as a first-stage node within this network
strongly implies its pivotal regulatory role in the RA-related gene module.

To investigate the clinical relevance of these computational predictions, we systematically examined the expression
patterns of the top 10 hub genes across five independent RA transcriptomic datasets (GSE55457, GSE55235, GSE2053,
GSE12021, and GSE1919). The consolidated log FC values, presented in the histogram (Fig 5C), yielded a consistent
and compelling finding: the majority of these KIF11-correlated hub genes were significantly upregulated in RA tissues
compared to controls. This consistent overexpression across multiple cohorts not only validates our network analysis but
also underscores the potential collective contribution of this hub gene network to RA pathology.

Knockdown of KIF11 suppresses the proliferative, migratory, and invasive phenotypes of MH7A cells

Our preliminary bioinformatics analyses identified KIF11 as one of the hub genes for RA[9]. Meanwhile, given that FLS
are key effector cells mediating synovial hyperplasia and joint destruction in RA, and their abnormal proliferation and
invasive behavior are closely related to the mitotic function of KIF11, although the transcriptomic data in this study were
derived from synovial tissue containing multiple cell types, the central pathological role of FLS led us to prioritize this cell
model for functional validation. Therefore, we first investigated the functional role of KIF11 in an RA-derived FLS cell line
(MH7A). To directly investigate the functional role of KIF11 in RA fibroblast-like synoviocytes (RA-FLSs), we genetically
knocked down KIF11 expression in MH7A cells using a lentivirus-mediated shRNA approach. The efficiency of knockdown
was confirmed by western blotting (Fig 6A and 6B). Firstly, the MTT assay revealed that KIF11 knockdown significantly
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Fig 4. GSEA analysis for 1350 overlapping DEGs in rheumatoid arthritis datasets of GSE55235 and GSE55457. The results of the enrichment
analysis and GSEA were visualized using the ggplot2 package via bubble plot (A), bar plot (B), and ridge plot (C), with an adjusted p-value <0.05 (D).
The pairwise similarity of enriched terms was calculated using the Jaccard similarity index (JC), followed by cluster analysis of the results using hclust.
The clustering outcome was then visualized using the ggplot2 package.

https://doi.org/10.137 1/journal.pone.0347313.9004

impaired MH7A cell viability in a time-dependent manner, with the suppressive effect becoming more pronounced at 48
and 72 h post-infection (Fig 6C). To further corroborate this finding, we performed an EdU incorporation assay. Consistent
with the MTT results, the percentage of EdU-positive cells was dramatically reduced in the shKIF11 group compared to
the shCtrl group at both 24 and 48 hours, indicating a substantial inhibition of DNA synthesis and cell proliferation (Fig 6D
and 6E, ¥*P<0.001). Furthermore, the long-term clonogenic survival ability of MH7A cells was severely compromised
upon KIF11 knockdown, as evidenced by a significant reduction in both the number and size of cell colonies formed after
two weeks in culture (Fig 6F and 6G).

Next, we examined whether KIF11 influences the migratory and invasive capabilities of MH7A cells, which are critical
for the pannus formation and joint destruction in RA. The Transwell migration assay demonstrated that the number of
migrated cells was significantly lower in the shKIF11 group than in the control group at both 24 and 48 hours (Fig 7A), indi-
cating that KIF11 deficiency attenuates the migratory potential of MH7A cells.

KIF11 knockdown attenuates the pro-inflammatory function of MH7A cells

Given the pivotal function of FLSs in the inflammatory microenvironment of RA, we also measured the secretion of key
pro-inflammatory cytokines. ELISA data revealed that the levels of IL-13, IL-6, and IL-8 in the cell culture supernatant
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were markedly decreased following KIF11 knockdown (Fig 7B). This suggests that KIF11 not only drives cellular prolif-
eration and invasion but also contributes to the inflammatory activation of RA-FLSs. However, KIF11 knockdown cannot
fully exclude potential off-target effects, we have performed functional rescue experiments in MH7A cells with stable
KIF11 knockdown. Specifically, we transfected the knockdown cells with a human KIF11 cDNA ORF Clone overexpres-
sion plasmid or the empty control vector (pCMV3-untagged). As shown in the Fig 7C, western blot analysis confirmed
that re-expression of KIF11 in the knockdown cells restored KIF11 protein levels to a point significantly higher than both
untreated cells and cells transfected with the control vector (***P <0.001, compared with control plasmid transfected
cells, Fig 7D). Concurrently, we measured the secretion of key pro-inflammatory cytokines. The results, presented in
the Fig 7E, demonstrated that re-expression of KIF11 effectively reversed the suppression of inflammatory cytokine
secretion induced by KIF11 knockdown. Specifically, the levels of TNF-a, IL-1$, IL-6 and IL-8 in the cell culture super-
natant were significantly upregulated upon KIF11 overexpression compared to the control vector-transfected knock-
down cells.

KIF11 regulates the NF-kB signaling pathway in RA-FLS

To explore the molecular mechanism by which KIF11 modulates the inflammatory phenotype of RA-FLS, we first per-
formed GSEA on the overlapping DEGs associated with KIF11. The analysis revealed a significant enrichment of genes
involved in the “TNFR2 Non-Canonical NF-kB Pathway” (REACTOME_TNFR2_NON_CANONICAL_NF_KB_PATHWAY,
NES=1.97, p.adj<0.05), suggesting a potential link between KIF11 and NF-kB signaling, a central regulator of inflamma-
tion. To experimentally validate this bioinformatic prediction, we examined the activation status of the NF-kB pathway in
MH7A cells following KIF11 knockdown. Western blot analysis showed that phosphorylation of the NF-kB subunit p65 was
markedly reduced in shKIF11-infected cells compared to control cells (Fig 8A). Furthermore, to assess the functional con-
sequence of this reduced phosphorylation, we performed subcellular fractionation. The results demonstrated that KIF 11
knockdown significantly impaired the nuclear translocation of p65. In control cells stimulated under pro-inflammatory con-
ditions, p65 robustly accumulated in the nucleus. In contrast, this nuclear accumulation was attenuated in KIF11-deficient
cells, with a corresponding higher retention of p65 in the cytoplasm (Fig 8B). These data indicate that KIF11 is required for
the activation and nuclear translocation of NF-kB in RA-FLS, providing a mechanistic basis for the observed downregula-
tion of NF-kB downstream targets, such as IL-1f3 and IL-6.
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https://doi.org/10.1371/journal.pone.0347313.9g006

Knockdown of KIF11 attenuates the M1 macrophage activation marker CD86 and CD80

To directly investigate the functional role of KIF11 in macrophage-driven inflammation, we employed a lentivirus-
mediated knockdown approach in THP-1-derived M1 macrophages. First, we confirmed the efficiency of KIF11 knockdown
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and IL-8 was detected by ELISA assay in cell supernatant. ***P<0.001. (C) Rescue of KIF11 expression in knockdown cells. MH7A cells with
stable KIF11 knockdown (shKIF11) were transfected with either a human KIF11 cDNA overexpression plasmid (KIF11-OE) or the empty control
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vector (Pcmv3 vector). After 24 hours, KIF11 protein expression was analyzed by Western blotting. B-actin served as a loading control. (D) The
relative KIF11 protein levels were shown in histogram. Data are presented as mean*SD (n=3). ***P<0.001 vs. the vector-transfected shKIF11
group. (E) Rescue of pro-inflammatory cytokine secretion. The cell culture supernatants from the experiment described in (D) were collected,
and the concentrations of TNF-a, IL-1B, IL-6, and IL-8 were measured by ELISA. Data are presented as mean*SD (n=3). ***p<0.001 vs. the
control vector-transfected shKIF11 group.

https://doi.org/10.1371/journal.pone.0347313.9007
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Fig 8. KIF11 regulates the NF-kB signaling pathway in MH7A cells. (A) KIF11 knockdown inhibited NF-kB p65 phosphorylation. MH7A cells were
infected with control shRNA (shCtrl) or KIF11 shRNA (shKIF11) lentivirus for 24 hours. Whole-cell lysates were subjected to Western blotting using
antibodies against phospho-p65 (p-p65), total p65, and KIF11. B-actin served as a loading control. (B) The histogram shows the relative ratio of p-p65
to total p65. Data are presented as mean+SD (n=3). ***P<0.001 vs. shCtrl group. (C) KIF11 knockdown impaired nuclear translocation of NF-kB p65.
Cytoplasmic and nuclear fractions were extracted from shCtrl- and shKIF11-infected MH7A cells. The distribution of p65 in the cytoplasm (Cyto) and
nucleus (Nuc) was analyzed by Western blotting. Lamin B1 and a-tubulin were used as markers for nuclear and cytoplasmic fractions, respectively.
(D)The relative abundance of p65 in the nuclear and cytoplasmic fractions were shown in histograms, normalized to their respective loading controls.
Data are presented as mean+SD (n=3). ***P<0.001 vs. shCtrl group.
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PLOS One | https://doi.org/10.1371/journal.pone.0347313 May 13, 2026 13/21




PLO\Sﬁ\\.- One

at the protein level. Immunoblotting analysis revealed a significant reduction of KIF11 expression in cells transduced with
KIF11-specific shRNA (shKIF11) compared to those transduced with a control shRNA (shCtrl) (Fig 9A). Densitometric
quantification of the protein bands confirmed a highly efficient knockdown (Fig 9B, **P<0.01).

We next assessed the impact of KIF11 deficiency on the surface expression of CD86 and CD80, the classical mark-
ers for pro-inflammatory M1 macrophages. Flow cytometry analysis demonstrated that while M1 polarization markedly
upregulated CD86 expression compared to MO macrophages, genetic knockdown of KIF 11 significantly attenuated the
increase of CD86 and CD80 (Fig 9C&9D). Quantitative analysis of the percent of CD86 and CD80 positive cells confirmed
a substantial decrease in M1 macrophages with KIF11 depletion, compared with M1 macrophages transfected with control
shRNA (Fig 9E, #**P<0.001), indicating that KIF11 is required for the full activation of the M1 phenotype.

Knockdown of KIF11 suppresses the expression and secretion of pivotal inflammatory factors

Given the critical role of cytokines and inflammatory mediators in M1 macrophage function, we examined the transcrip-
tional levels of key pro-inflammatory factors. Quantitative PCR (qPCR) analysis showed that the mRNA expression of
IL-1B, IL-6, INOS, and TNF-a was significantly downregulated in shKIF11-treated M1 macrophages compared to the
shCtrl group (Fig 10A, ***P <0.001). To determine whether this transcriptional suppression translated to a reduction in
protein secretion, we measured the cytokine levels in the cell culture supernatant by enzyme-linked immunosorbent
assay (ELISA). Consistent with the gPCR data, the secretion of IL-1B, IL-6, and TNF-a was profoundly suppressed in the
shKIF11 group compared to the control (Fig 10B, ***P <0.001).

Discussion

RA substantially impairs patient quality of life. The intricate pathogenesis of RA involves a complex interplay of immune
cells, proinflammatory cytokines, and aberrant signaling pathways that drive synovial hyperplasia and tissue damage
[16,17]. Despite advances in therapeutic options, including biologics targeting key inflammatory mediators, a subset of
patients remains refractory to treatment, and high relapse rates persist. These clinical challenges underscore the neces-
sity for deeper mechanistic insights into RA pathophysiology, especially regarding the molecular regulators orchestrating
synovial fibroblast and macrophage pathogenic behaviors [18]. Elucidating novel molecular contributors beyond classical
inflammatory pathways is imperative to identify innovative targets that could improve disease management and patient
outcomes.

The present study systematically investigates the role of KIF11 in RA pathogenesis by integrating multi-omics analyses
with functional validation. By leveraging transcriptomic data from multiple RA synovial tissue cohorts and corroborating
findings in clinical samples and in vitro models, the study reveals a significant upregulation of KIF11 associated with
inflammatory activation of fibroblast-like synoviocytes and macrophages. Functional perturbation experiments demon-
strate that KIF11 knockdown attenuates cellular proliferation, migration, and inflammatory cytokine production, implicating
this motor protein as a pivotal modulator of synovial inflammation and tissue invasion. These findings pave the way for a
detailed discussion on the mechanistic significance of KIF11 in RA and its potential as a novel therapeutic target.

Our previous research identified kinesin family member 11 (KIF11) as one of the ten hub genes in the pathogenesis of
rheumatoid arthritis (RA) [9]. In the present study, the pronounced upregulation of KIF11 in RA synovial tissue, as well as in
MHT7A cells following pro-inflammatory cytokine stimulation, highlights a pivotal molecular alteration in the pathogenesis of
RA. Prior systematic analyses integrating multiple GEO datasets have identified KIF11 as a robustly upregulated hub gene
in RA synovia, with both transcript and protein levels significantly exceeding those in healthy controls. This finding aligns with
multi-cohort biomarker discovery studies that consistently place KIF11 among top diagnostic candidates, where its expres-
sion correlates strongly with immune cell infiltration, particularly T cells and macrophages [19]. Mechanistically, the regulation
of KIF11 by inflammatory mediators such as TNF-a and IL-1p suggests direct transcriptional or post-transcriptional
modulation, potentially through canonical inflammatory pathways including NF-kB and JAK/STAT cascades, which are known
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Fig 9. Knockdown of KIF11 in THP-1-derived M1 macrophages suppresses the activation and secretion of inflammatory factors of M1 macro-
phages. A. KIF11 was knock down in M1 macrophages for 24 h. B. The histogram of gray value was shown IN Ctrl. shRNA or KIF11 shRNA lentiviruses
infected M1 macrophages. **P<0.01. Interference with KIF11 in M1 macrophages decreased the expression of CD86. The intensity of surface molecules
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CD14 and CD86 (C) and CD86(D) were determined by flow cytometry in THP-1-derived MO and M1 cells, shKIF11 lentivirus or ctrl. shRNA lentivirus
infected M1 macrophages. E. The histogram of CD86 and CD80 expression was shown. ***P <0.001.

https://doi.org/10.1371/journal.pone.0347313.9009
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Fig 10. Knockdown of KIF11 in THP-1-derived M1 macrophages suppresses the secretion of inflammatory factors by M1 macrophages. A.
QPCR assay was performed to test the relative expression of IL-1pB, IL-6, INOS and TNF-a in shKIF11 lentivirus infected M1 macrophages and control
lentivirus infected M1 macrophages. ***P <0.001. B. ELISA assay. THP-1-derived M1 macrophages were infected with shKIF11 lentivirus or negative
control lentivirus for 48 h. The concentration of IL-1B3, IL-6 and TNF-a in cell culture supernatant were tested in shKIF11 lentivirus -infected M1 cells or
negative control lentivirus-infected M1 cells. ***P<0.001, compared with the negative control group.

https://doi.org/10.1371/journal.pone.0347313.9010

to orchestrate gene expression programs in chronic inflammatory environments [17]. It is noteworthy that the enhanced
KIF11 expression observed in inflammatory and hyperproliferative contexts is not restricted to RA but extends to various
cancers and autoimmune diseases, where KIF11 often functions as a cell cycle regulator and is linked to disease aggressive-
ness or progression [20,21]. However, the direct demonstration of inflammation-induced KIF11 upregulation in FLS models
underscores a unique intersection between immunological signaling and cell cycle control that may be particularly relevant to
synovial hyperplasia in RA. In summary, the convergence of cytokine regulated KIF11 expression in RA synovium reveals a
complex molecular circuitry integrating inflammatory stress with pathological cell cycle activation.

Moreover, the comprehensive functional enrichment analyses consistently revealed that KIF11 and its co-expressed
gene networks are intensively involved in immune and inflammatory processes [22]. Multiple bioinformatics studies of RA
synovial gene expression have identified KIF11-related modules that are highly enriched in leukocyte adhesion, mono-
cyte differentiation, lymphocyte activation, and cytokine receptor signaling pathways, underscoring the gene’s central-
ity within immune regulatory circuits [3]. These findings are corroborated by similar network-based analyses in other
immune-mediated and proliferative diseases, where KIF11-associated genes cluster within cell cycle, DNA replication, and
immune cell communication pathways [23,24]. Furthermore, pan-cancer studies demonstrate that KIF11’s interaction and
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co-expression networks are not only integral to cell cycle progression but also to antigen processing, immune checkpoint
regulation, and the orchestration of the tumor microenvironment [11]. Our findings extend this paradigm to RA, where we
discovered that knockdown of KIF11 attenuated M1 macrophage activation and the secretion of pivotal cytokines includ-
ing IL-1B, IL-6, and TNF-a. The clustering of KIF11 within immune-centric gene networks in our RA bioinformatic analysis
supports a model in which this kinesin directly modulates immune cell dynamics within the inflamed synovium.

Based on these findings, we propose a novel, self-amplifying loop that drives RA pathogenesis. In this model, initial
inflammatory stimuli within the joint promote synovial cell proliferation and, critically, induce the upregulation of KIF11 in
these cells. The elevated KIF11 expression, in turn, acts as a critical regulator that fosters the polarization of macrophages
towards a pro-inflammatory M1 phenotype. Subsequently, these activated M1 macrophages secrete copious amounts of
IL-1B, IL-6, and TNF-a. These cytokines further fuel the inflammatory milieu, leading to sustained synovial hyperplasia
and additional rounds of KIF11 upregulation, thereby creating a positive feedback cycle that perpetuates and exacerbates
disease progression.

Functionally, targeted silencing of KIF11 in MH7A fibroblast-like synoviocytes (FLS) has been shown to markedly
attenuate their proliferative, clonogenic, migratory, and invasive capacities, implicating KIF11 as a master regulator of the
pathological behaviors that underpin synovial hyperplasia and joint destruction in RA. Studies in multiple cancer models
corroborate this observation, demonstrating that KIF 11 loss-of-function induces cell cycle arrest, impairs DNA synthesis,
and reduces tumorigenic potential both in vitro and in vivo [20,25]. Importantly, in gallbladder cancer and hepatocellular
carcinoma, KIF11 has been mechanistically linked to the ERBB2/PI3K/AKT and Wnt/B-catenin pathways, with its activity
modulated by epigenetic factors and protein stability regulators such as USP1 [25-27]. In the context of RA, the parallels
between synovial FLS and malignant cells—both exhibiting unchecked proliferation, resistance to apoptosis, and invasive
growth—highlight the relevance of these mechanistic insights. Comparative analyses further reveal that KIF11’s regula-
tion of cytoskeletal dynamics and microtubule-based processes is intimately intertwined with the activity of canonical FLS
effector molecules such as matrix metalloproteinases (MMPs), integrins, and cyclins, yet KIF11 appears to exert broader
control over cell cycle and migratory programs [28,29]. Thus, the suppression of FLS pathological traits upon KIF11 deple-
tion suggests that this kinesin integrates multiple oncogenic and inflammatory cues to drive tissue remodeling in RA.

Interestingly, KIF11 knockdown in MH7A cells exhibited a dynamic inhibitory pattern on DNA synthesis: while EdU
incorporation was profoundly suppressed at 24 h, a partial recovery was observed at 48 h, albeit remaining significantly
lower than controls (Fig 6D-E). This suggests that KIF11 depletion induces a transient rather than permanent cell cycle
arrest. The partial recovery may reflect adaptive cellular responses to KIF11 deficiency, such as compensatory upregula-
tion of alternative mitotic kinesins, activation of bypass cell cycle checkpoint pathways, or residual KIF11 expression in a
subset of cells that gradually re-enter the cell cycle. Importantly, however, the long-term colony formation assay revealed
that KIF11 knockdown nearly abolished the ability of MH7A cells to form colonies over a two-week culture period (Fig 6F-
G), demonstrating a sustained and fundamental impairment of FLS proliferative and self-renewal capacity. These seem-
ingly disparate findings collectively illuminate a critical biological insight: while KIF11 is a key regulator of FLS hyperplasia,
achieving optimal therapeutic suppression of synovial proliferation in RA may require sustained and complete KIF11 inhibi-
tion. Future therapeutic strategies should explore whether combining KIF11 inhibitors with agents targeting alternative
cell cycle pathways or survival mechanisms could overcome potential compensatory responses, thereby achieving more
profound and durable suppression of synovial hyperplasia in RA.

Beyond its role in FLS biology, KIF11 depletion significantly reduces the secretion of key pro-inflammatory cytokines—
including IL-1pB, IL-6, and IL-8—and inhibits the polarization and activation of M1-type macrophages, as indicated by
decreased expression of CD86, INOS, and TNF-a. These observations resonate with pan-cancer and inflammatory dis-
ease studies, where KIF11 is implicated in modulating immune cell infiltration, cytokine signaling, and the broader inflam-
matory milieu [11,30]. In osteoclasts, for example, KIF11 has been shown to regulate the NF-kB pathway via mTORCH1,
thereby influencing differentiation and inflammatory osteolysis [31]. Moreover, investigations into FLS-
macrophage interactions in RA and other autoimmune contexts emphasize the importance of reciprocal cytokine
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exchange and contact-dependent signaling for sustaining chronic inflammation and tissue destruction [4]. Notably, KIF11’s
impact on immune cell polarization and cytokine production appears to be both cell-intrinsic and extrinsic, affecting not
only the effector phenotype of macrophages but also the inflammatory potential of stromal cells. Collectively, these data
delineate a dual role for KIF11 in orchestrating both local synovial cell pathology and the broader immune-inflammatory
axis within the RA microenvironment.

Despite the robust integration of multi-cohort transcriptomic datasets and the employment of both in vitro and ex vivo
validation strategies, this study is limited by the restricted number and heterogeneity of clinical synovial specimens, which
may not fully capture the spectrum of rheumatoid arthritis phenotypes or accommodate inter-individual variability in gene
expression. Additionally, the reliance on immortalized MH7A and THP-1-derived macrophage models, while enabling
controlled mechanistic interrogation, may not entirely recapitulate the complexity of the in vivo synovial microenvironment
or the multifaceted cellular interactions driving RA pathogenesis. Future research should prioritize the validation of KIF11’s
functional role in primary macrophages derived from the synovial fluid and peripheral blood of RA patients. Specifically,
it will be essential to correlate KIF11 expression levels with disease activity and macrophage activation states in clinical
samples, and to directly test whether genetic silencing or pharmacological inhibition of KIF11 can attenuate the pro-
inflammatory cytokine production and hyper-activated phenotype characteristic of RA-associated macrophages. These
studies are indispensable for confirming the pathophysiological relevance of our findings in immortalized cell models and
for critically evaluating the translational feasibility of targeting KIF11 in RA.

The pathogenic centrality of KIF11 in RA synovitis positions it as a compelling therapeutic target. Fortunately, KIF11
has been extensively pursued in oncology, providing a rich repository of clinical data and compounds for potential repur-
posing [32,33]. Several classes of KIF11 inhibitors have been developed, including ATP-competitive agents like Ispinesib
and allosteric inhibitors like Filanesib, which work by disrupting mitotic spindle assembly and arresting proliferating cells
[34-36]. Clinical trials, however, reveal a complex picture. In solid tumors, single-agent KIF11 inhibitors have shown
limited efficacy, often constrained by dose-limiting hematological toxicities, primarily neutropenia, reflecting the protein’s
essential role in rapidly dividing cells [36,37]. More promising activity has been observed in hematological malignancies
like multiple myeloma, where Filanesib combined with dexamethasone showed efficacy in specific patient subsets [34].
Common challenges across indications include primary and acquired resistance mechanisms (e.g., compensatory path-
ways involving other kinesins like KIF15) and a current lack of validated predictive biomarkers to select patients most
likely to benefit [37,38].

Translating these lessons to RA requires strategic consideration. The RA synovium shares with tumors a hyperprolif-
erative and invasive phenotype. Our data demonstrate that KIF11 knockdown not only suppresses fibroblast-like synov-
iocyte proliferation and migration but also attenuates M1 macrophage activation and pro-inflammatory cytokine (e.g.,
IL-18, IL-6, TNF-a) production. This dual role suggests that KIF11 inhibition in RA could uniquely target both the “tumor-
like” growth of the synovium and the underlying inflammatory drive. The lower incidence of neurotoxicity compared to tra-
ditional microtubule disruptors (e.g., taxanes) could be a relative advantage for chronic musculoskeletal conditions [39].
However, the systemic toxicity profile, especially myelosuppression, remains a significant hurdle for chronic autoimmune
disease therapy. Therefore, future development for RA should prioritize strategies to maximize local joint exposure while
minimizing systemic effects, such as intra-articular delivery systems or the development of soft drugs [40,41]. Further-
more, identifying RA patient subsets with high synovial KIF11 expression or specific pathogenic pathways dependent on
KIF11 could enable biomarker-driven clinical trials, increasing the likelihood of success. Exploring rational combinations,
for instance with conventional DMARDSs or biologic agents targeting complementary pathways, may also enhance effi-
cacy and allow for lower, less toxic doses of a KIF11 inhibitor. In conclusion, while direct repurposing faces challenges,
the clinical experience in oncology provides a crucial roadmap. Our study furnishes the mechanistic rationale, and a
tailored approach informed by oncology’s lessons could unlock KIF11’s potential as a novel therapeutic strategy for
refractory RA.
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In summary, our findings define KIF11 as a critical regulator of synovial cell proliferation, migration, and pro-
inflammatory activation, with network analyses implicating it at the center of immune-related gene modules in RA. The
attenuation of both FLS and macrophage inflammatory phenotypes following KIF11 knockdown highlights its dual func-
tional relevance and positions KIF11 as a potential therapeutic target. Future research should prioritize in vivo validation
using primary patient-derived synovial cells and animal models, as well as the exploration of KIF11-targeted interventions,
to evaluate translational feasibility and elucidate broader immunopathogenic mechanisms within RA.
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