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Abstract: Primary or acquired resistance to therapeutic agents is a major obstacle in the
treatment of cancer patients. Cervical cancer is the fourth leading cause of cancer deaths
among women worldwide and, despite major advances in cancer screening and treatments,
many patients with advanced stage cervical cancer have a high recurrence rate within
two years of standard treatment, with drug resistance being a major contributing factor.
The development of cancer cell lines with acquired resistance to therapeutic agents can
facilitate the comprehensive investigation of resistance mechanisms, which cannot be easily
performed in clinical trials. This study aimed to create three novel and robust cervical
cancer cell lines (HeLa, CaSki, and SiHa) with acquired resistance to a fibroblast growth
factor receptor (FGFR) tyrosine kinase inhibitor (PD173074). All three drug-resistant (DR)
cell lines overexpressed FGFR1, FGFR2, FGF2, FGF4, and FGF7 proteins that were also
localized to the nucleus. In addition, the DR cells had a significantly more aggressive
phenotype (more migratory and proliferative, less apoptotic) compared to the parental
cell lines. These novel DR cervical cancer cells are a critical tool for understanding the
molecular mechanisms underpinning drug resistance and for the identification of potential
cervical cancer biomarkers. Moreover, the availability of such DR cell lines may facili-
tate the development of more effective therapeutic strategies using FGFR inhibitors in
combination with other agents that target pathways responsible for acquired resistance to
FGFR inhibitors.

Keywords: drug resistance; cervical cancer; FGF(R); HeLa; CaSki; SiHa; cervical cancer
treatment

1. Introduction
Cancer is a complex cellular disease characterized by its heterogeneity, which is

impacted by multiple genetic, epigenetic, internal (microenvironment), and external en-
vironmental factors. These characteristics can make it challenging to effectively target
cancer therapeutically, especially in its late stages. Cervical cancer, in particular, is largely
preventable through effective primary (i.e., HPV vaccination) and secondary (i.e., Papani-
colaou screening and HPV PCR testing) prevention and is curable when diagnosed early.
Despite this, cervical cancer remains the fourth most common cancer among women glob-
ally; in 2022, ~350,000 women worldwide died from the disease [1,2]. The primary risk
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factor for cervical cancer is persistent infection with high-risk HPV types (e.g., HPV-16 and
the slightly less common, but still significant, HPV-18) [3]. Although there is optimism
about the potential elimination of cervical cancer through vaccination and screening, the
lack of universal global access to prophylactic vaccines, the evolution of HPV subtypes,
and the acquisition of multi-drug resistance complicates efforts to control and eradicate the
disease [4].

Resistance to current cancer therapies is a significant challenge that can reduce treat-
ment efficacy and often result in poor outcomes in patients with cervical cancer [5]. For
example, in cervical cancer, its resistance to cisplatin is well documented [6–8]. Cancer cells
utilize diverse mechanisms to become resistant to interventions [9]. For example, the tumor
microenvironment (TME), which is comprised of many cellular and acellular components,
can provide a protective niche for cancer cells [10]. Enhanced angiogenesis due to hypoxia
within the TME can alter cellular metabolism [11]. Furthermore, acquired mutations in
a protein target can hamper its interaction with a drug. For example, in cervical cancer, the
TP53 gene is often altered, leading to chemotherapy resistance and poor progression-free
survival [12–14]. In addition, epigenetic modifications (i.e., DNA methylation, histone
acetylation, and non-coding RNA regulation) can alter the expression of genes involved in
drug resistance (e.g., silencing of tumor suppressor genes) [15–18]. The overexpression of
drug efflux pumps (e.g., P-glycoprotein) can reduce intracellular drug concentrations and
the cytotoxic effects of cancer drugs by actively transporting them out of the cell [19,20].
Chemotherapies that target proteins involved in homologous recombination repair can
increase the activity of DNA repair mechanisms and, therefore, allow cancer cells to survive
certain chemotherapies and radiation that utilize DNA damage as their mode of action [21].
Cancer cells can also develop mechanisms to avoid apoptosis induced by chemotherapeutic
treatment, such as the upregulation of anti-apoptotic (e.g., B-cell lymphoma 2 (Bcl-2)) and
the downregulation of pro-apoptotic (e.g., Bcl-2-associated protein x (Bax)) proteins [22].
Ultimately, it is important to improve our understanding of the mechanisms used by cancer
cells to become treatment-resistant to help drive the development of alternative cancer
therapies, including therapies for cervical cancer. This can be achieved by employing com-
bination therapies, targeting specific resistance mechanisms, and personalizing treatment
approaches [23].

One example of targeted cancer therapy is the use of tyrosine kinase (TK) inhibitors
(TKIs), a class of small-molecule compounds that target the activity of TKs. These enzymes
are important components that drive downstream signaling cascades that orchestrate cellu-
lar proliferation, migration, survival, and differentiation [24,25]. These TKIs are approved
to be used, and have shown promise, as treatment in a number of haematological and solid
malignancies in an attempt to target pathways driven by receptor TKs (RTKs), such as
vascular endothelial growth factor receptors (VEGFRs), platelet-derived growth factor re-
ceptor (PDGFR), FGFR, stem cell factor receptor (KIT), rearranged during transfection (RET)
(e.g., each targeted by Regorafenib), mesenchymal epithelial transition (MET) (Gabozan-
tinib), and epidermal growth factor receptor (EGFR) (e.g., erlotinib and gefitinib) [26]. As
with other cancer treatments, cells can also develop resistance mechanisms to TKIs [26,27].
FGFRs are members of the RTK family and are essential for the attainment of normal cellu-
lar homeostasis, particularly during’ embryogenesis and development [28,29]. Given the
involvement of FGFRs in wide-ranging processes such as cell proliferation, differentiation,
organogenesis, angiogenesis, neurogenesis, bone development, wound healing, and tissue
repair [30,31], it is unsurprising that this RTK also has an essential role in the evolution of
cancer (e.g., breast, ovarian, endometrial, lung, and cervical cancer) [28,32] and that many
TKIs used in clinical trials target the FGFR axis (e.g., erdafitinib, pemigatinib, infigratinib,
derazantinib, futibatinib and AZD4547 (AZD)) [33–35].
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Previously, we have demonstrated the importance of FGFR signaling in cervical cancer
by activating the FGFR axis with FGF ligand in the presence or absence of an FGFR inhibitor
(PD173074) and monitoring the functional consequences [36]. The FGF-induced activation
of the FGFR axis was accompanied by increased cancer cell proliferation and migration,
and reduced apoptosis. These effects were reversed or abolished upon co-treatment with
PD173074 (PD) [36]. This study expands on our previous work [36], addressing the crit-
ical issue of drug resistance in cervical cancer by developing a suite of robust cell line
models (SiHa, CaSki, and HeLa) that are resistant to an FGFR inhibitor to facilitate future
mechanistic studies that dissect drug resistance pathways.

2. Results
2.1. Establishing PD173074-Resistant Cervical Cancer Cell Lines

The three human cervical cancer cell lines (HCCCLs) employed here, HeLa, CaSki, and
SiHa, were initially treated with increasing concentrations (from 2 µM to 7 µM) of the small-
molecule FGFR inhibitor PD173074 to establish an effective dose for long-term treatment to
support the development of drug resistance. Incucyte cell proliferation and crystal violet
colony formation assays revealed significantly reduced cell growth (Figure 1A–C; p < 0.001)
and colony formation (Figure 1D–L; p < 0.01 above 2 µM) in all three cell lines and with
all PD173074 concentrations used. After four days of incubation, 6 and 7 µM of PD173074
almost completely abrogated the HeLa and CaSki cell proliferation (Figure 1A,B). In the
case of the SiHa HCCCL (Figure 1C), although both concentrations dramatically reduced
the cell growth by ~75–~90%, 7 µM of PD173074 had the most prominent effect. With all of
the results taken together, the amount of 5 µM of PD173074 was selected for further study
given that it was the concentration with the most impactful, but non-lethal, effect on the
cells over time.

2.2. Profiling FGF(R) Protein Expression, Secretion, and Activation in PD173074-Resistant
Cell Lines

Next, all three CCCLs were treated for nine months with 5 µM of PD173074, similar to
the duration employed to develop gefitinib-resistant cell lines in non-small cell lung cancer
(NSCLC) [37]. Once the drug-resistant (DR) cells were established, they were screened for
FGFR1, FGFR2, FGF2, FGF4, and FGF7 proteins, the main receptors/ligands expressed
in normal CCCLs, as determined previously [36]. Interestingly, acquired resistance to the
FGFR TKI was accompanied by an increased expression of FGFR1 and FGFR2 proteins in
all three DR CCCLs (Figure 2A–D). In addition, there was an apparent increased nuclear
expression of these receptors in all three DR CCCLs (Figure 2A,E; confocal z-stacks can
be viewed on the borders of each image in Figures 2E and S3). In terms of the protein
expression of the FGFR ligands, all three DR CCCLS had increased staining for FGF2, FGF7,
and FGF4, which was particularly evident in the nucleus (Figure 2A).

The drug-resistant cells were also compared with their parental counterparts to in-
vestigate whether their FGF secretion was altered (Figure 2F). The cells were grown in
serum-free conditions for 48 h prior to collection of the media for ELISA analysis. The
cell proliferation assays did not reveal any significant differences in cell number between
the parental and DR CCCLs over the 48 h (Figure S1A), possibly due to the serum-free
conditions making them less metabolically active. All three CCCLs secreted FGF2 but not
FGF4 or FGF7 into the medium (Figure S1B,C). Overall, in the parental and DR CCCLs,
the FGF2 ligand concentrations reached between 370 and 490 pg/mL after 48 h of culture
(Figure 2F). For the HeLa and CaSki cells, there was no significant difference in FGF2
secretion between the parental and DR cell lines (Figure 2F). However, the FGF2 secretion
was significantly lower (p < 0.01) in the DR SiHa cells compared with their parental cell line,
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with ~388 pg/mL and ~472 pg/mL being secreted, respectively (Figure 2F). Such findings
suggest that parental and DR CCCLs might activate FGFR through an autocrine loop.

The extracellular signal-regulated kinase (ERK) pathway is known to be activated via
the FGFR axis [36], so we hypothesized that this pathway could be mechanistically affected
in the new DR cells. However, the acquired resistance of the CCCLs to the FGFR TKI
did not appear to alter their activation of ERK signalling. Despite the cells being resistant
to PD173074, the FGF2 induced ERK phosphorylation (p-ERK; commensurate with ERK
activation) in all CCCLs and was abolished with treatment with 2 µM PD173074 in the
parental cells, as expected, but also in their equivalent DR cell lines (Figure 2G–I).
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CCCL colonies were formed and stained with crystal violet. (G–I) Graphical representation of the 
number of colonies present for each of the different concentrations of PD173074. The colonies were 
enumerated by eye, each colony contains >50 cells. Graphs (J–L) represent the colonies shown; the 
crystal violet was dissolved and the absorbance was measured at 595 nm for each treatment. Graph-
ical data represent the mean (±SEM) of three independent experiments and differences between 
mean values were analyzed with one-way ANOVA followed by Tukey’s post-hoc multiple compar-
ison test; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, when compared with control (DMSO) values. 
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Figure 1. Effect of the FGFR1 inhibitor, PD173074, on CCCL growth. The CCCLs HeLa (A,D,G,J),
CaSki (B,E,H,K), and SiHa (C,F,I,L) were plated at low confluence and (A–C) with their confluency
monitored over time in the presence of increasing concentrations of PD173074 (2 µM–7 µM) or DMSO
control (0 µM). (D–F) A visual representation (at day 12) of the six-well culture plate in which CCCL
colonies were formed and stained with crystal violet. (G–I) Graphical representation of the number of
colonies present for each of the different concentrations of PD173074. The colonies were enumerated
by eye, each colony contains >50 cells. Graphs (J–L) represent the colonies shown; the crystal
violet was dissolved and the absorbance was measured at 595 nm for each treatment. Graphical
data represent the mean (±SEM) of three independent experiments and differences between mean
values were analyzed with one-way ANOVA followed by Tukey’s post-hoc multiple comparison test;
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, when compared with control (DMSO) values.
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Figure 2. Mapping FGF receptor and FGF ligand protein expression in PD173074-resistant CCCLs.
(A) FGFR and FGF protein expression in parental and drug-resistant (DR) HeLa, CaSki, and SiHa
CCCLs revealed by immunocytochemistry. FGFR1 (red), FGFR2 (green), FGF2 (red), FGF4, and FGF7
(both green) expression were all visibly greater in all three DR cell lines; FGFR1, FGFR2, FGF2, FGF4,
and FGF7 ligands were predominately localized in the nucleus, cytoplasm, and plasma membrane.
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Negative control cells were incubated with immunoglobulin G (IgG) from the same species as the
primary antibody (rabbit for FGFR1, FGFR2, FGF4, and FGF7; mouse for FGF2). Nuclei were stained
with DAPI (blue); scale bar, 50 µm. (B–D) Relative fluorescence intensities of FGFs/FGFRs were
quantified using ImageJ (v1.54p, Wayne Rasband, National Institute of Health (NIH), Bethesda, MD,
USA) in parental and DR CCCLs. (E) Confocal z-stacks confirmed the nuclear localization of FGFR1
(red) and FGFR2 (green) in parental and DR HeLa, CaSki, and SiHa CCCLs, and it was at apparently
higher levels in all three DR cell lines. Negative control cells were treated as in ‘A’; scale bar, 50 µm.
(F) FGF2 secretion was determined using ELISA after 48 h culture; SiHa parental cells secreted more
FGF2 compared to their corresponding DR cell line. (G–I) Erk phosphorylation (p-ERK; activation)
after FGF2 stimulation in parental (G) HeLa, (H) CaSki, (I) SiHa versus their corresponding DR
CCCLs. The CCCLs were stimulated for 15, 30, and 60 min, ±2 µM PD173074 with FGF2 ligand,
and displayed ERK phosphorylation between 15 and 60 min in both parental and DR cell lines.
However, with PD173074, the increase in phosphorylation was abolished in both cell lines. The
data represent the mean (± SEM) of three independent experiments. Differences between means
(compared to control) were analyzed with (B–D) two-way ANOVA followed by Dunnett’s post-hoc
multiple comparison test and (F) one-way ANOVA followed by Tukey’s post hoc test; * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001.

2.3. Morphological and Functional Characteristics of PD173074-Resistant Cervical Cancer
Cell Lines

Overall, the gross morphologies of the DR cells were similar to those of their parental
counterparts (Figure 3). The analysis of various nuclear and cellular parameters re-
vealed that the HeLa DR cells displayed a similar nuclear and cellular area, perime-
ter circularity, and Feret diameter (Figure 3A–F), although the cells did become signif-
icantly more circular (Figure 3(Fiii)). In contrast, the DR SiHa and CaSki cells became
less circular (Figure 3(Liii,Riii), respectively). However, the SiHa DR cells also exhib-
ited reduced circularity of the nucleus (Figure 3(Kiii)), while the CaSki DR cells showed
the opposite, with their nuclei being more circular than those of their parental cells
(Figure 3(Qiii)). In addition, the CaSki DR cells exhibited a significant reduction in both
their nuclear and cellular area and perimeter (Figure 3(Q,Ri,Rii)), whereas the SiHa DR
cells had an increased cell area and perimeter (Figure 3(Li,Lii)) without any significant
change in their nuclear dimensions, apart from their circularity being slightly decreased
(Figure 3(Ki–Kiii)). The nuclear and cellular Feret diameter remained unchanged in the
Hela DR cells (Figure 3(Eiii,Fiii)) but was increased in the SiHa DR (Figure 3(Kiii,Liii)) and
decreased in the CaSki (Figure 3(Qiii,Riv)) cells.

Interestingly, the DR HeLa and CaSki cells displayed reduced staining of filamentous
actin, while the actin staining was greater in the SiHa DR cells compared to their parental
counterparts, supporting that DR cells possess a modified actin network (Figure 3S). The
H&E staining demonstrated that all three DR CCCLs (Figure 3B,H,N,T) had darker nuclear
staining compared to their parental counterparts (Figure 3A,G,M,T), consistent with the
more cancerous phenotype of actively dividing cells due to increased chromatin density
and nucleic acid content (e.g., active transcription of RNA) whilst preparing for cell divi-
sion. Vimentin, which is a hallmark of epithelial to mesenchymal transition (EMT) and is
associated with a more metastatic cell behaviour, was expressed in all three parental and
DR CCCLs at comparable levels (Figure 3U).

Several clones were selected from each of the three DR cervical cancer cell populations,
and cell proliferation assays confirmed their heterogeneity, with some clones exhibiting
greater proliferation rates compared to others (Figure 4A–C). The proliferation was also
assessed between the mixed DR populations and their equivalent parental CCCLs (HeLa,
CaSki, and SiHa) in the presence and absence of two FGFR inhibitors, PD173074 and
AZD4547 (Figures 4D–G, S2, S4A–D and S5A–D). For simplicity and because the data
were consistent with all three cell lines, the SiHa cell line data are presented here, and



Int. J. Mol. Sci. 2025, 26, 1799 7 of 22

the data from the other two cell lines are provided within the Supplementary Materials
(Figures S4 and S5).
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(M) CaSki parental and (N) DR cells; nuclei are stained purple, cytoplasm is stained pink; scale bar
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10 µm. Phalloidin staining of (C) HeLa parental and (D) DR cells, (I) SiHa parental and (J) DR
cells, (O) CaSki parental and (P) DR cells; nuclei (DAPI) are stained blue, cytoskeletal F-actin
(rhodamine phalloidin) is stained red; scale bar 100 µm. Pictures taken on (A,B,G,H,M,N) Nikon
DS-Fi2 microscope (×40 objective) and (C,D,I,J,O,P) Evos digital inverted microscope (×40 objective).
Analysis of morphological differences between (E) HeLa parental and DR cells, (K) SiHa parental and
DR cells, (Q) CaSki parental and DR cells at the nuclear level ((i) nuclear area, (ii) nuclear perimeter,
(iii) nuclear circularity, (iv) nuclear Feret diameter) and (F) HeLa parental and DR cells, (L) SiHa
parental and DR cells, (R) CaSki parental and DR cells at the cellular level ((i) cellular area, (ii) cellular
perimeter, (iii) cellular circularity, (iv) cellular Feret diameter) after DAPI and phalloidin staining.
Expression of (S) actin filaments and (U) vimentin in all parental and DR CCCLs (n = 3). (T) Nuclear
densitometry of H&E staining in parental and DR CCCLs. H: HeLa, HDR: HeLa DR, C: CaSki,
CDR: CaSki DR, S: SiHa, SDR: SiHa DR. The data represent the mean (±SEM) of three independent
experiments. Differences between means were analyzed by t-test followed by Mann–Whitney test;
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.
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proliferation assays showing, when compared to the parental heterogeneous cell line: (A) colony 3
of HeLa DR cell line proliferating faster and colony 13 proliferating slower; (B) colony 2 of CaSki
DR cell line proliferating faster and colony 14 proliferating slower; (C) colony 15 of SiHa DR cell
line proliferating faster and colony 14 proliferating slower. (D) H2B-GFP transfected SiHa parental
and DR cell lines treated with 2 µM PD173074 (PD) or DMSO (control). (E) Selection of images
at ×10 magnification captured by IncuCyte Zoom system (2018A, Essen Bioscience, Ann Arbor,
Michigan, USA) showing the proliferation rate of cells exposed to ±2 µM PD173074 or DMSO
between SiHa parental and DR cells. Scale bar, 300 µm. (F) IC50 curves of SiHa parental versus
SiHa DR calculated after the cells were treated with PD173074 for 96 h, showing cell confluency (%)
of SiHa parental versus DR cells treated at increasing concentrations of PD173074 (0, 0.01, 0.1, 0.5,
1, 2, and 10 µM). (G) SiHa parental and DR cell lines were treated with 2 µM AZD4547 (AZD) or
DMSO. (H,I) A 700–800 µm-wide wound was created by a wound maker in SiHa parental and DR
cell lines and media ±2 µM PD173074 was added. (I) Selection of images at ×10 magnification from
IncuCyte Zoom (2018A, Essen Bioscience, Ann Arbor, Michigan, USA) showing the difference in
wound closure rate between SiHa parental and DR cells. Scale bar, 300 µm. (J,K) SiHa parental cells
±2 µM PD173074 with IncuCyte® Annexin V Red Reagent (4641; Essen BioScience, Ann Arbor, MI,
USA) show a higher apoptotic rate than the DR lines after 24 h. (J) The cell red object confluence (%)
was measured using the IncuCyte software (2018A, Essen Bioscience, Ann Arbor, Michigan, USA).
(K) Selection of images at ×10 magnification from Incucyte Zoom system showing the difference
in apoptotic rate between SiHa parental and DR cells. The red dots show apoptotic cells. Scale
bar, 300 µm. The data represent the mean of three independent experiments (± SEM). Differences
between means were analyzed with (D,G,H) two-way ANOVA or (J) one-way ANOVA, followed by
Tukey’s post-hoc test; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.

The SiHa DR cells treated with either PD173074 (Figure 4D) or AZD4547 (Figure 4G),
or neither, possessed higher proliferation rates compared to their parental equivalents
that were treated or not treated with the same inhibitors (Figure 4D,E,G). The IC50 value
for PD173074 increased ~5.5 fold from 2.069 µM (parental cells) to 11.25 µM (DR cells)
(Figure 4F). These functional results indicate that the DR cell lines have become resistant to
further treatment with the FGFR inhibitors, despite the fact that these same treatments could
attenuate the activation of p-ERK when the cells were stimulated with FGF2 (Figure 2G–I).
Because the mixed population of DR cells responded well in functional studies and be-
cause they were a more representative cervical cancer model due to their heterogenicity,
further experiments were performed using these cells and not a selected clone with higher
proliferation rates (Figure 4A–C).

Next, scratch wound healing assays were performed to determine the migratory
behaviour/proliferation of each cell line. Concomitant with the effects observed in the cell
proliferation assays, the DR cells closed the wound significantly faster than the parental
cells, and treatment with the FGFR TKI PD173074 did not have any effect on the wound
closure of the DR CCCLs (Figure 4H,I). Furthermore, compared to the parental cells, the
DR CCCLs were also less susceptible to PD173074- induced apoptosis (Figure 4J,K).

2.4. No Mutations Exist in the FGFR1 TK Domain of the Three PD173074-Resistant Cervical
Cancer Cell Lines

Because the DR cells, when compared with their parental counterparts, displayed clear
functional differences, both with and without FGFR inhibitors, samples were prepared and
sequenced by Sanger sequencing to determine whether they had acquired any mutation(s)
in the FGFR1 TK domain (TKD). Such mutation(s) could affect drug binding and/or FGFR
phosphorylation/activation, although the cells responded to FGF ligand and blockade with
PD173074 at biochemical levels (Figure 2G–I). Sanger sequencing revealed no mutations in
the TKD of FGFR1 in all three of the DR CCCLs (Figures 5, S6 and S7).
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(A) Alignment of the TKD of FGFR1 (NM_023110.3) to that of SiHa parental and DR cells. PD173074
binds to FGFR1 within the area delimited by the red dashed lines in the TKD. Chromatographs of
(B) SiHa parental and (C) SiHa DR cells using the second set of forward primers. Similar data were
seen in the other CCCLs.

3. Discussion
Resistance to anti-cancer therapy, including targeted therapy or traditional cytotoxic

chemotherapies, in advanced or recurring cervical cancer is a major problem that can lead
to poor outcomes. To our knowledge, this study represents the first time HCCCLs that are
resistant to an FGFR TKI have been generated and characterized. The drug-resistant cell
lines provide a robust tool to identify and further elucidate potential genes, proteins, and
signaling pathways involved in cancer drug resistance.

All three generated DR cell lines were a heterogeneous population, as expected,
mimicking the true nature of cancer. The blockade of FGFR signaling has an inhibitory
effect on cell proliferation, as described previously [36]. The characterized DR cells had
increased levels of receptor (FGFR1 and FGFR2) proteins as well as ligand (FGF2, FGF4,
and FGF7) proteins, compared with their parental cells. Interestingly, these proteins were
also detected at higher levels in the nucleus, consistent with previous findings on cervical,
breast, and pancreatic cancer suggesting that the total FGF(R) and nuclear localization
are associated with more metastatic behaviour [36,38–40]. This agrees with findings that
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nuclear FGFR1 in oestrogen receptor-positive tumors was positively correlated with anti-
oestrogen therapy (fulvestrant) resistance [41]. However, the CCCLs only secreted FGF2,
and not the other FGF ligands. This suggests that, whilst the other ligands were retained
intracellularly, FGF2 might be a critical driver for promoting cancer progression by affecting
cancer cells via autocrine or, in tumor microenvironments, via paracrine signaling similar
to that described in pancreatic cancer [38].

The present study has confirmed previous findings [36] that the activation of the FGFR
axis via FGF2 leads to ERK activation and that pre-treatment with PD173074, an FGFR
small-molecule inhibitor, blocked this response. However, the DR cells also responded to
the inhibitor treatment, which blocked ERK activation, suggesting that the inhibitor can still
bind to the FGFR TKD and that the activation of other pathways (i.e., phosphoinositol-3-
kinase/protein kinase B (PI3K/AKT)) might play a compensatory role. The DR cells might
have developed partial resistance, with other pathways being upregulated to compensate
for and bypass the FGFR activation [9,42]. This could involve the activation of other RTKs
or downstream effectors that drive proliferation, migration, and cell survival. It is also
plausible that the heterogeneity of our cell population masks some effects, with some cells
retaining sensitivity to PD173074 and others not and developing resistance mechanisms.
This might explain the observed inhibition of the FGFR–ERK axis after PD173074 treatment
in the overall population, while a more aggressive phenotype is still maintained in terms of
the functional studies. Moreover, even though PD173074 inhibited FGFR–ERK signaling,
the DR cells might have developed mechanisms to rapidly reactivate the pathway or
compensate through other means. For example, in FGFR inhibitor-resistant lung cancer
cells, NRAS amplification and DUSP6 deletion resulted in mitogen-activated protein kinase
(MAPK, i.e., ERK) reactivation [43]. All these aspects are currently under investigation in
our laboratory.

Mutations in the TKD of FGFR1 frequently modify the activation loop or the adenosine
triphosphate (ATP)-binding pocket of the kinase, causing structural alterations that obstruct
drug binding. For example, mutations in the FGFR1 kinase domain, including N546K
and V561M, confer resistance to the FGFR TKIs ponatinib and erdafitinib [44,45]. These
substitutions either directly alter the drug’s affinity for the receptors’ ATP-binding site
or stabilize FGFR’s active conformation, which makes it more difficult for inhibitors to
bind [46]. Furthermore, FGFR1 TKD mutations can cause conformational changes that
enhance downstream signaling and further promote cancer cell survival. For example,
certain mutations result in elevated protein kinase activity that is independent of ligand
binding [47]. Additionally, these mutations can cause drug resistance by activating other
signaling pathways including PI3K/AKT or ERK, compensating for the attenuated FGFR
activation [48,49]. In the current study, Sanger sequencing confirmed that the DR cells
did not have any mutations in their TKD that would affect PD173074 drug binding and
subsequent FGFR activation. For example, valine (Val)559 and Val561, which determine
selectivity, and alanine (Ala)564, glutamic acid (Glu)562, lysine (Lys)514, aspartic acid
(Asp)641, Lys514, Glu531, methionine (Met)535, isoleucine (Ile)545, Val559, Val561, Ala640,
and phenylalanine (Phe)642, which are important for the binding of PD 173074 to the
ATP-binding cleft [50–54], were not mutated in any of the three DR CCCLs.

Mutations outside the TKD can also drive drug resistance. For example, S249C muta-
tion in the extracellular domain of FGFR3, in association with other mutations (e.g., K650E
and K650M in TKD), can have strong transforming activities associated with drug resis-
tance [45]. FGFR2 extracellular domain mutations can alter the function of the receptor and
potentially influence drug resistance in patients with FGFR2-fusion-positive immunocyto-
chemistry [45,55]. Mutations in the transmembrane domain (e.g., FGFR3 Y373C mutation)
and in the juxtamembrane domain might also influence drug responses [45,55,56]. Further
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characterization of the genetic alterations supporting the generated DR cells may highlight
mechanisms of the observed change in phenotypes (e.g., growth and migration).

Despite the lack of mutations in the TKD and their persistent sensitivity to PD173074
in the context of p-ERK blockade, the DR cells were more proliferative and migratory
and less apoptotic compared to their equivalent parental cells. Importantly, treatment
with two FGFR inhibitors (PD173074 and AZD4547) did not reduce their proliferative and
migratory capacities; furthermore, PD173074 did not increase apoptosis in the DR cells.
These findings support the conclusion that all three DR cell lines were insensitive to both
of the two FGFR inhibitors at the functional level. In addition, the PD173074 IC50 in the
DR cells was ~5.5-fold higher than that of the parental cells. Although, according to some
reports, resistance is indicated by an increase in IC50 of 10 times or more [57], a two- to
three-fold increase is considered the lower threshold for resistance [58]. The magnitude of
the IC50 change observed in this study is frequently reported as a strong signal of resistance
in the context of resistance to targeted treatments or chemotherapeutics. For instance,
studies on TKIs in resistant cancer cell lines have demonstrated that, depending on the
mutations and resistance mechanisms involved, IC50 values might increase from 5 to over
50 times [59–61].

Because cancer cells are typically more migratory and invasive, resisting cell death,
and, as in this study, even more so when they become DR, they typically undergo some
morphological changes. For example, they may lose their typical epithelial characteristics
and become more fibroblast-like, displaying a more spindle-shaped morphology, a loss of
epithelial polarity, nuclear positioning, and a more elongated shape, as well as sometimes
having cell protrusions (e.g., filopodia or lamellipodia). This change is referred to as the
EMT (e.g., [62]). In addition, due to changes in their growth rate and cell metabolism, DR
cells might appear larger in size and possess an increased nucleus size due to increased
transcriptional activity and chromatic remodeling [63,64]. Although there were no consis-
tent changes across all three DR cells, nuclear enlargement was observed in the SiHa DR
cells; H&E hyperchromasia was also observed in all three DR cells, an indication that they
are more proliferative.

Whilst EMT is usually associated with drug resistance, this relationship is complex
and can vary based on the cancer and drug type. It is plausible that the CCCLs already
possessed some EMT features before they became DR, a notion supported by the similar
expression levels of vimentin found in all three parental and DR CCCLs. In addition,
drug resistance in cancer cells can cause substantial cytoskeletal alterations that may affect
the shape of the cell without producing the elongated, mesenchymal phenotype that is
commonly linked to EMT. These alterations may entail the rearrangement of microtubules
and actin filaments, resulting in non-mesenchymal alterations in cell shape [65–68].

Another possibility is that the DR cells generated here possess an intermediate epithe-
lial/mesenchymal phenotype or a partial or intermediate EMT, a plasticity that has been
previously reported to be associated with drug resistance [69–72]. In this state, certain mes-
enchymal characteristics, such enhanced motility or resistance to apoptosis, are acquired by
the cells while they maintain certain epithelial characteristics, including cell–cell attachment.
Cells in this ‘hybrid’ state exhibit a different morphology from their parental counterparts
despite not entirely elongating or becoming spindle-shaped [73]. Drug resistance has been
associated with this sort of partial EMT, which can produce a phenotype that is halfway
between epithelial and mesenchymal. Interestingly, according to recent data, cancer cells
that have undergone partial or hybrid EMT naturally have a high degree of flexibility and
the ability to initiate metastases, but cancer cells that have undergone full EMT have less
potential for metastatic spread. It has also been suggested that EMT-dependent mechanisms
control the dissemination of tumor cells as clusters by collective migration [74–77].
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Drug-resistant cancer cells frequently change shape to adapt to their treatment envi-
ronment and microenvironment. This adaptation, as opposed to the dispersed, migratory
phenotype observed in cells undergoing EMT, may cause cells to become more compact or
take a form that promotes survival under stress, which might explain why the Hela DR cells
became more circular. Rather than a whole shift to a mesenchymal state, these adaptations
could result from modifications in cell–matrix and cell–cell adhesion characteristics [78–80].
For instance, a morphology that is more rounded or irregular due to resistance to targeted
therapies (especially those that block pathways involved in cell survival and proliferation)
may result from a compromise between maintaining certain epithelial characteristics and
adjusting to the stress imposed by a drug [81–84]. The cell shape can also be affected by
modifications in the ways that cells interact with the matrix that surrounds them. DR cells
may exhibit a morphology that is neither completely dispersed nor clearly mesenchymal
due to changes in their attachment to the extracellular matrix (ECM) or in their expression
of integrins and other cell adhesion molecules and tight junctions [85,86]. When the cells
adjust to new ECM circumstances or modified mechanical signals from the microenviron-
ment, these modifications may produce a morphology that is more rounded or compact.
Therefore, in future investigations, it would be meaningful to interrogate more EMT mark-
ers in these cell lines (beyond vimentin, e.g., E-cadherin, Snail, and Slug) and also study
cell–cell and ECM interactions in DR and parental cervical cancer cells in 3D organotypic
models that are more realistic than 2D culture.

In summary, our findings demonstrate that all three DR CCCLs exhibited a significant
upregulation of FGFR1, FGFR2 FGF2, FGF4, and FGF7 protein expression. Notably, this
increased expression was particularly pronounced in the nucleus. In addition, the DR
CCCLs possess a more metastatic signature, and they are resistant to the FGFR inhibitor
PD173074 in terms of proliferation, migration, and apoptosis, despite the lack of an FGFR
TKD mutation. Therefore, these three CCCLs can be used as a reliable model to study
signaling mechanisms involved in drug resistance. It would be of particular interest to
investigate genes, proteins, and signaling mechanisms that might differ between all three
parental and DR cells in the future, with a view to applying the resulting knowledge to more
clinically based studies. This can be done by identifying: (i) predictive biomarkers for drug
resistance and cells’ response to treatment; (ii) molecular targets for combination therapies;
(iii) new drug development/novel compounds against resistant cells; (iv) mutations or
alterations associated with acquired resistance; (v) assays to monitor treatment responses by
tracking resistance-associated markers in real-time; and (vi) molecular profiles of patients
to be able to determine an informed protocol or treatment.

4. Materials and Methods
4.1. Cell Culture

Three HCCCLs, CaSki, SiHa, and HeLa, were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA) and the three DR HCCCLs were generated using
a potent ATP-competitive FGFR inhibitor, PD173074 (P2499; Sigma-Aldrich, St. Louis, MO,
USA). The HCCCLs were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (D5796;
Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS)
(F9665; Sigma-Aldrich, St. Louis, MO, USA) and 200µg·mL−1 penicillin–streptomycin
(P4333; Sigma-Aldrich, St. Louis, MO, USA). Cells were grown under sterile conditions in
a humidified incubator at 37 ◦C/5% CO2 and passaged when at 80% confluence.

4.2. Establishment of PD173074-Resistant Cell Lines

Parental HCCCLs (HeLa, SiHa, and CaSki) were cultured at 37 ◦C in medium contain-
ing 10% FBS, with a confluency of 1 × 103 cells per well in 6-well plates (3516; Corning
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costar treated plates, Corning, NY, USA). Following a 24 h period, the medium was re-
plenished, and the cells were treated with several concentrations of PD173074 (0, 2, 4, 5, 6,
and 7 µM) or DMSO as negative control and incubated at 37 ◦C. The medium/drug was
changed every two days. After 10 days incubation, the medium was discarded and the
cells were rinsed with phosphate buffered saline (PBS), then fixed with 4% formaldehyde
and stained with 0.5% crystal violet. Each well was photographed, and the cells were man-
ually counted. The ultimate concentration of PD173074 selected to create the DR cell lines
was 5 µM, and these cell lines were consistently cultured at the same drug concentration
until they developed resistance (after nine months) and for the duration of the project to
maintain resistance.

More specifically, the DR cells were maintained by supplementing their media with
5 µM PD173074, which was replenished every two days for two passages, then the dose of
PD173074 was gradually increased to 5.5 µM and 6 µM for the subsequent passage. The
DR cells were cultured without the drug for a week before performing each experiment.

4.3. PD173074-Resistant Colony Formation

Heterogeneous DR CCCLs were plated in 6-well tissue culture plates (3516; Corning
costar treated plates, Corning, NY, USA) at varying confluences, ranging from 100 to
3000 cells per well. The plates were then left to incubate for 10 days in media containing
10% FBS, or until each colony had approximately 20 cells. Under a microscope, each colony
was examined and carefully removed to generate a new culture. they were then each
transferred into a well of a 96-well plate (3596; Corning costar treated plates, Corning,
NY, USA) and incubated until they reached 70–80% confluency. Thereafter, cultures were
transferred to 24-well tissue culture plates (3524; Corning costar treated plates, Corning, NY,
USA), then transferred to 6-well plates, and then lastly to T 75 flasks (156499; Nunc Easy
Flask 75cm Nunclon Delta Surface, Thermo Scientific, Manassas, VA, USA). Each colony
was treated with 5 µM PD173074 throughout these procedures and was subsequently used
in proliferation assays.

4.4. Functional Studies

Cells were stably transfected with the histone subunit (H2B)-GFP (11680; Addgene,
Watertown, MA, USA) construct before they were used for the functional studies, following
the steps previously described [87]. Briefly, the H2B-GFP construct was used to fluorescently
label cells. HEK293T cells were co-transfected with 5 µg of the lentiviral transfer plasmid,
3.25 µg of pCMVR8.2 (12263; Addgene, Watertown, MA, USA), 1.7 µg of pMD2.G (12259;
Addgene, Watertown, MA, USA) packaging plasmids, and FuGENE transfection reagent
(Promega, Madison, WI, USA). The virus was extracted 48 h after transfection and kept
at −80 ◦C. To transduce cell lines to stably express H2B-GFP (in 6-well plates), 1 mL of
viral-containing supernatant was added to the target cells (~30% confluent), then medium
was changed 24 h later and cells were assessed for expression of the construct after 48 h.

4.4.1. Cell Proliferation

Cell proliferation assays were performed using an IncuCyte, ZOOM system (Essen
Bioscience, Ann Arbor, MI, USA). A total of 5 × 103 cells were cultured in medium con-
taining 10% serum for 6 h in flat-bottom 96-well plates (3300; Corning costar, Corning, NY,
USA) then treated with increasing concentrations of PD173074 (0, 0.01, 0.1, 0.5, 1, 2, and
10 µM) or DMSO (vehicle control) for 96 h (replenished every 48 h) and then placed in
the Incucyte. Cells were also cultured for 24 h then treated with either 2 µM AZD4547
or DMSO for 72 h and placed in the Incucyte. Images were captured every 3 h while the
plates were incubated for 96 h. A measure of culture confluence over time was obtained by
quantifying the proliferation rate using quantitative kinetic processing parameters from
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time-lapse picture acquisition; the graphs were plotted from the time the drugs were added
to the cultures. IC50 values were calculated using Graphpad Prism 9 (version 9.5.1, Dr.
Harvey Motulsky, San Diego, Clifornia, USA).

Colony cell proliferation assays were performed using parental cells, DR cells, and
their colonies by plating them in 96-well plates at 1 × 103 confluency and culturing for
10 days in media containing 10% serum in the IncuCyte ZOOM system (2018A, Essen
Bioscience, Ann Arbor, Michigan, USA), as described previously [36].

4.4.2. Lateral Migration

Lateral migration assays were performed by seeding cells to ~100% confluency in
reduced serum (5%) DMEM media to minimize proliferation. The monolayer was wounded
using a 96-well wound maker (Essen Bioscience) for IncuCyte ZOOM (2018A, Essen Bio-
science, Ann Arbor, Michigan, USA). Following wounding, the medium was withdrawn,
and detached cells were removed from the wells using a PBS wash. After adding fresh
medium, cells were treated for 48 h with either 2 µM PD173074 or DMSO (vehicle control).
To investigate the impact of treatments on wound closure, the IncuCyte was programmed
to take pictures every 3 h over a 48 h period. Cell migration was quantified in real time
using ‘relative wound density %’, as described previously [36].

4.4.3. Apoptosis

Apoptosis assays were performed by seeding 5 × 103 cells in 96-well plates (3300;
Corning costar, Corning, NY, USA). The IncuCyte Annexin V Red Reagent (4641; Essen
BioScience, Ann Arbor, MI, USA) was added to the cells at a final dilution of 1:200 (as
per the manufacturer’s instructions) once the cells had attained 30–50% confluency. The
plate was then placed in IncuCyte ZOOM system (2018A, Essen Bioscience, Ann Arbor,
Michigan, USA) and the scan interval set to every 2 h for 24 h using “red” and “phase
contrast” channels. The apoptotic cells were quantified in real time using the “red object
confluency (%)”.

4.5. Western Blot Analysis

FGF and inhibitor treatments were performed as described previously [36]. Briefly,
recombinant human FGF2, FGF4, and FGF7 protein (R&D Systems, Minneapolis, MN,
USA) stock solutions (0.1µg·µL−1) were made in PBS and stored for up to three months at
−20 ◦C. Prior to treatment, 2 × 105 cells were plated in 6-well plates (3516; Corning costar
treated plates, Corning, NY, USA) and serum-starved overnight at 70–80% confluency. For
FGF treatments, cells were cultured for 15, 30, or 60 min in 100 ng·mL−1 FGF2, FGF4, or
FGF7 ligands in the presence of 300 ng·mL−1 heparin. In parallel experiments, before being
exposed to the ligand, cells were pre-treated for 1 h with either DMSO (0.01%) as vehicle
control or 2 µM PD173074. The cells were prepared for western blotting after treatment.

An equal number of cells for each treatment was lysed using Bolt LDS sample buffer
(4×) (Invitrogen, Carlsbad, CA, USA) mixed with 50 mM DTT and diluted to 2× with
deionized water. Equal volumes of protein samples, containing 2 × 105 cells, were loaded in
each lane and separated by electrophoresis on hand-cast 10% Tris gels. Proteins were trans-
ferred onto nitrocellulose membranes, blocked with 5% bovine serum albumin (BSA), and
incubated overnight at 4 ◦C with primary antibodies: phospho-p44/42 MAPK (T202/Y204),
p44/42MAPK, (9101 and 4695, respectively; Cell Signalling Technology, Danvers, CA,
USA), vimentin (RV202) (sc-32322, Santa Cruz Biotechnology, Dallas, TX, USA), or HSC70
(PA5-24624; Thermo-Scientific, Manassas, VA, USA) each diluted 1:1000 in 5% BSA/PBS.
The membranes were then incubated for 1 h at room temperature with the secondary anti-
bodies IRDye® 680LT Donkey (926-68023; LI-COR, Lincoln, Nebraska, USA) and IRDye®

800CW Donkey (926-32212; LI-COR, Lincoln, Nebraska, USA), diluted 1:10,000. PBS con-
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taining 0.1% Tween 20 (PBST) was used to wash the membranes between antibodies three
times for 5 min each at room temperature. The Odyssey CLx infrared imaging system
(LICOR-Biosciences) was used to visualize bands on membranes using the IMAGE STUDIO
software (version 6.0, LI-COR Biosciences, Lincoln, Nebraska, USA) at 700 nm and 800 nm,
which correspond to the red and green channels, respectively. The brightness and contrast
were changed to obtain a suitable signal-to-noise ratio.

4.6. Immunocytochemistry and H&E Staining

Cells (0.5 × 105) were seeded in 24-well plates (3524; Corning costar treated plates,
Corning, NY, USA) that contained 13 mm-diameter glass coverslips at the base of each well.
Once the cells reached 70–80% confluency they were fixed with 10% formalin for 15 min at
room temperature.

For immunocytochemistry, fixed cells were permeabilized in 0.1% saponin/PBS for
10 min and blocked with 5% BSA in PBS for 45 min at room temperature. Cells were incu-
bated for 1 h with primary antibodies (Table S1a) diluted in 5% BSA/PBS. After washing
three times with PBS, cells were incubated for 1 h with secondary antibodies (Table S1b)
diluted in 5% BSA/PBS 1:250, then washed three times with PBS and finally washed with
water before being mounted with Prolong® Diamond Antifade with DAPI (Molecular
Probes (Eugene, OR, USA), Life Technologies (Carlsbad, CA, USA), Thermo Fisher Sci-
entific (Manassas, VA, USA)). The EVOS microscope (Life Technologies, Carlsbad, CA,
USA), Leica SP2 AOBS laser scanning confocal microscope, or Zeiss imaging system (Axio
Observer ZEN 2.3 Systems) were used to acquire fluorescent images at ×40 magnification.
IMAGE J (v1.54p, Wayne Rasband, National Institute of Health (NIH), USA) (developed
by Wayne Rasband) was used to analyze the fluorescence intensity and morphological
differences of the cells.

For H&E staining, fixed cells were stained in haematoxylin for 8 min, then rinsed in
tap water for 5 min. Afterwards, they were stained in eosin for 10 s, then rinsed in 90%
alcohol for 10 s and dehydrated in absolute alcohol for 15 s. Cells were then dehydrated
and cleared in Histochoice and mounted with Histomount. A Nikon DS-Fi2 microscope
was used to acquire images at ×40 magnification.

4.7. ELISA

Serum-free conditions were used to cultivate 2 × 105 cells per well in 24-well (3524;
Corning costar treated, Corning, NY, USA) plates with PD173074 or DMSO (vehicle control)
for 24 h. Employing the ab99979-FGF basic (FGF2) human ELISA kit (Abcam, Cambridge,
UK), EHFGF4 human FGF4 kit, and EHFGF7 human FGF7 (KGF) ELISA kit (Thermo-
Fisher Scientific, Manassas, VA, USA), the FGF2, FGF4, and FGF7 secretion into the media
were determined. The manufacturer’s instructions were followed in the preparation of all
reagent samples and standards.

4.8. Polymerase Chain Reaction (PCR) and Sanger Sequencing

RNeasy (74134; Qiagen, Hilden, Germany) was used to extract total RNA, then the
CCCLs’ cDNA was synthesized using the superscript TM IV cell direct cDNA synthesis
system kit (18091050; Invitrogen, Life Technologies, Carlsbad, CA, USA) according to the
manufacturer’s guidelines. PCR was carried out using MegaMix blue (2MMB-5; Microzone,
Stourbridge, UK). Primer pairs (Table 1) were designed using NCBI Primer-BLAST (Primer3
version 2.5.0, National Center for Biotechnology Information (NCBI), Bethesda, Maryland,
USA) for the TKD of FGFRs (Table 1). The NCBI reference sequence used to design primers
was FGFR1 NM_023110.3. The annealing temperature was 62 ◦C.
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Table 1. PCR primers designed for FGFR TKDs.

Primer Template Strand Length Start Stop Product Length

TKD FGFR Forward (set 1)
TAGGCAAACCCCTGGGAGA 19 9 27 802

TKD FGFR Reverse (set 1)
AAGGTGGGTCTCTGTGAGGG 20 810 791

TKD FGFR Forward (set 2)
TGCATCCATGAACTCTGGGG 20 5 24 825

TKD FGFR Reverse (set 2)
AGTTCCTCCACAGGCACAC 19 829 811

After the PCR reaction was completed, the ladder (1 kb G571A; Promega, Madison,
WI, USA) and PCR products were separated on a 1% agarose gel with Gel Red in a Tris-
borate-EDTA (1x TBE) to check the quality of amplicons. The gels were visualized using
a G Box imaging system (Syngene, Bangalore, India) and related Gene Tools imaging
software (Image Lab 6.0.1). The PCR products were next submitted for Sanger sequencing
at Genewiz (Azenta Life Sciences, Burlington, MA, USA), where the amplicon was purified
and sequenced.

4.9. Statistical Analysis

Graphpad Prism 9 (version 9.5.1, Dr. Harvey Motulsky, San Diego, CA, USA) was
used for statistical analysis. Each experiment was carried out at least three times, with
separate independent biological replicates. Student’s t-test, one-way ANOVA, and two-way
ANOVA were applied to the raw data as required, followed by Mann–Whitney and Tukey’s
and Dunnett’s post-hoc multiple comparison tests, respectively.
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PDGFR Platelet-derived growth factor receptor
P-ERK Phospho Extracellular signal-regulated kinase
PI3K/AKT Phosphoinositol-3-kinase/protein kinase B
Phe Phenylalanine
RET Rearranged during transfection
RTKs Receptors tyrosine kinase
VAL Valine
VEGFR Vascular endothelial growth factor receptor

References
1. World Health Organization. Cervical Cancer. 2020. Available online: https://www.who.int/health-topics/cervical-cancer#tab=

tab_1 (accessed on 1 November 2024).
2. Bray, F.; Laversanne, M.; Sung, H.; Ferlay, J.; Siegel, R.L.; Soerjomataram, I.; Jemal, A. Global cancer statistics 2022: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2024, 74, 229–263. [CrossRef]
[PubMed]

3. Pruski, D.; Millert-Kalinska, S.; Klemenska, P.; Jach, R.; Przybylski, M. Clinical use of the Onclarity test with extended HPV
genotyping and phenotyping in patients with suspected squamous intraepithelial lesions. Ginekol. Pol. 2024, 95, 328–334.
[CrossRef] [PubMed]

4. Sun, Q.; Wang, L.; Zhang, C.; Hong, Z.; Han, Z. Cervical cancer heterogeneity: A constant battle against viruses and drugs.
Biomark. Res. 2022, 10, 85. [CrossRef] [PubMed]

https://www.who.int/health-topics/cervical-cancer#tab=tab_1
https://www.who.int/health-topics/cervical-cancer#tab=tab_1
https://doi.org/10.3322/caac.21834
https://www.ncbi.nlm.nih.gov/pubmed/38572751
https://doi.org/10.5603/gpl.96712
https://www.ncbi.nlm.nih.gov/pubmed/38099664
https://doi.org/10.1186/s40364-022-00428-7
https://www.ncbi.nlm.nih.gov/pubmed/36397138


Int. J. Mol. Sci. 2025, 26, 1799 19 of 22

5. George, I.A.; Chauhan, R.; Dhawale, R.; Iyer, R.; Limaye, S.; Sankaranarayanan, R.; Venkataramanan, R.; Kumar, P. Insights into
therapy resistance in cervical cancer. Adv. Cancer Biol.-Metastasis 2022, 6, 100074. [CrossRef]

6. Bhattacharjee, R.; Dey, T.; Kumar, L.; Kar, S.; Sarkar, R.; Ghorai, M.; Malik, S.; Jha, N.K.; Vellingiri, B.; Kesari, K.K.; et al. Cellular
landscaping of cisplatin resistance in cervical cancer. Biomed. Pharmacother. 2022, 153, 113345. [CrossRef]

7. Masadah, R.; Rauf, S.; Pratama, M.Y.; Tiribelli, C.; Pascut, D. The Role of microRNAs in the Cisplatin- and Radio-Resistance of
Cervical Cancer. Cancers 2021, 13, 1168. [CrossRef]

8. Tan, X.; Wang, X.; Liao, X.; Wang, X.; Jiang, Z.; Liang, W.; Cao, C.; Gong, D.; Hu, Z.; Tian, X. Downregulation of VPS13C promotes
cisplatin resistance in cervical cancer by upregulating GSTP1. iScience 2023, 26, 107315. [CrossRef]

9. Bou Antoun, N.; Chioni, A.M. Dysregulated Signalling Pathways Driving Anticancer Drug Resistance. Int. J. Mol. Sci. 2023,
24, 12222. [CrossRef]

10. Kaemmerer, E.; Loessner, D.; Avery, V.M. Addressing the tumour microenvironment in early drug discovery: A strategy to
overcome drug resistance and identify novel targets for cancer therapy. Drug Discov. Today 2021, 26, 663–676. [CrossRef]

11. Roy, S.; Kumaravel, S.; Sharma, A.; Duran, C.L.; Bayless, K.J.; Chakraborty, S. Hypoxic tumor microenvironment: Implications for
cancer therapy. Exp. Biol. Med. 2020, 245, 1073–1086. [CrossRef]

12. Chen, X.; Zhang, T.; Su, W.; Dou, Z.; Zhao, D.; Jin, X.; Lei, H.; Wang, J.; Xie, X.; Cheng, B.; et al. Mutant p53 in cancer: From
molecular mechanism to therapeutic modulation. Cell Death Dis. 2022, 13, 974. [CrossRef] [PubMed]

13. Zhang, L.; Liu, W.; Li, Y.; Fu, Y.; Xu, C.; Yu, M. Polyphyllin I Sensitizes Cisplatin-Resistant Human Cervical Cancer Cells to
Cisplatin Treatment. Nutr. Cancer 2024, 76, 656–665. [CrossRef]

14. Kuno, I.; Takayanagi, D.; Asami, Y.; Murakami, N.; Matsuda, M.; Shimada, Y.; Hirose, S.; Kato, M.K.; Komatsu, M.; Hamamoto,
R.; et al. TP53 mutants and non-HPV16/18 genotypes are poor prognostic factors for concurrent chemoradiotherapy in locally
advanced cervical cancer. Sci. Rep. 2021, 11, 19261. [CrossRef]

15. Heerboth, S.; Lapinska, K.; Snyder, N.; Leary, M.; Rollinson, S.; Sarkar, S. Use of epigenetic drugs in disease: An overview. Genet.
Epigenet. 2014, 6, 9–19. [CrossRef]

16. Cheng, Y.; He, C.; Wang, M.; Ma, X.; Mo, F.; Yang, S.; Han, J.; Wei, X. Targeting epigenetic regulators for cancer therapy:
Mechanisms and advances in clinical trials. Signal Transduct. Target. Ther. 2019, 4, 62. [CrossRef]

17. Wang, N.; Ma, T.; Yu, B. Targeting epigenetic regulators to overcome drug resistance in cancers. Signal Transduct. Target. Ther.
2023, 8, 69. [CrossRef]

18. Wajapeyee, N.; Gupta, R. Epigenetic Alterations and Mechanisms That Drive Resistance to Targeted Cancer Therapies. Cancer Res.
2021, 81, 5589–5595. [CrossRef] [PubMed]

19. Xue, X.; Liang, X.J. Overcoming drug efflux-based multidrug resistance in cancer with nanotechnology. Chin. J. Cancer 2012,
31, 100–109. [CrossRef]

20. Gottesman, M.M.; Pastan, I.H. The Role of Multidrug Resistance Efflux Pumps in Cancer: Revisiting a JNCI Publication Exploring
Expression of the MDR1 (P-glycoprotein) Gene. J. Natl. Cancer Inst. 2015, 107, djv222. [CrossRef]

21. Li, L.Y.; Guan, Y.D.; Chen, X.S.; Yang, J.M.; Cheng, Y. DNA Repair Pathways in Cancer Therapy and Resistance. Front. Pharmacol.
2020, 11, 629266. [CrossRef]

22. Pfeffer, C.M.; Singh, A.T.K. Apoptosis: A Target for Anticancer Therapy. Int. J. Mol. Sci. 2018, 19, 448. [CrossRef] [PubMed]
23. Boshuizen, J.; Peeper, D.S. Rational Cancer Treatment Combinations: An Urgent Clinical Need. Mol. Cell 2020, 78, 1002–1018.

[CrossRef] [PubMed]
24. Tomuleasa, C.; Tigu, A.B.; Munteanu, R.; Moldovan, C.S.; Kegyes, D.; Onaciu, A.; Gulei, D.; Ghiaur, G.; Einsele, H.; Croce, C.M.

Therapeutic advances of targeting receptor tyrosine kinases in cancer. Signal Transduct. Target. Ther. 2024, 9, 201. [CrossRef]
[PubMed]

25. Sudhesh Dev, S.; Zainal Abidin, S.A.; Farghadani, R.; Othman, I.; Naidu, R. Receptor Tyrosine Kinases and Their Signaling
Pathways as Therapeutic Targets of Curcumin in Cancer. Front. Pharmacol. 2021, 12, 772510. [CrossRef]

26. Ebrahimi, N.; Fardi, E.; Ghaderi, H.; Palizdar, S.; Khorram, R.; Vafadar, R.; Ghanaatian, M.; Rezaei-Tazangi, F.; Baziyar, P.; Ahmadi,
A.; et al. Receptor tyrosine kinase inhibitors in cancer. Cell. Mol. Life Sci. 2023, 80, 104. [CrossRef]

27. Ou, X.; Gao, G.; Habaz, I.A.; Wang, Y. Mechanisms of resistance to tyrosine kinase inhibitor-targeted therapy and overcoming
strategies. MedComm 2024, 5, e694. [CrossRef]

28. Xie, Y.; Su, N.; Yang, J.; Tan, Q.; Huang, S.; Jin, M.; Ni, Z.; Zhang, B.; Zhang, D.; Luo, F.; et al. FGF/FGFR signaling in health and
disease. Signal Transduct. Target. Ther. 2020, 5, 181. [CrossRef]

29. Laestander, C.; Engstrom, W. Role of fibroblast growth factors in elicitation of cell responses. Cell Prolif. 2014, 47, 3–11. [CrossRef]
30. Turner, N.; Grose, R. Fibroblast growth factor signalling: From development to cancer. Nat. Rev. Cancer 2010, 10, 116–129.

[CrossRef]
31. Ornitz, D.M.; Marie, P.J. FGF signaling pathways in endochondral and intramembranous bone development and human genetic

disease. Genes Dev. 2002, 16, 1446–1465. [CrossRef]
32. Chioni, A.M.; Grose, R.P. Biological Significance and Targeting of the FGFR Axis in Cancer. Cancers 2021, 13, 5681. [CrossRef]

https://doi.org/10.1016/j.adcanc.2022.100074
https://doi.org/10.1016/j.biopha.2022.113345
https://doi.org/10.3390/cancers13051168
https://doi.org/10.1016/j.isci.2023.107315
https://doi.org/10.3390/ijms241512222
https://doi.org/10.1016/j.drudis.2020.11.030
https://doi.org/10.1177/1535370220934038
https://doi.org/10.1038/s41419-022-05408-1
https://www.ncbi.nlm.nih.gov/pubmed/36400749
https://doi.org/10.1080/01635581.2024.2350107
https://doi.org/10.1038/s41598-021-98527-2
https://doi.org/10.4137/GEG.S12270
https://doi.org/10.1038/s41392-019-0095-0
https://doi.org/10.1038/s41392-023-01341-7
https://doi.org/10.1158/0008-5472.CAN-21-1606
https://www.ncbi.nlm.nih.gov/pubmed/34531319
https://doi.org/10.5732/cjc.011.10326
https://doi.org/10.1093/jnci/djv222
https://doi.org/10.3389/fphar.2020.629266
https://doi.org/10.3390/ijms19020448
https://www.ncbi.nlm.nih.gov/pubmed/29393886
https://doi.org/10.1016/j.molcel.2020.05.031
https://www.ncbi.nlm.nih.gov/pubmed/32559422
https://doi.org/10.1038/s41392-024-01899-w
https://www.ncbi.nlm.nih.gov/pubmed/39138146
https://doi.org/10.3389/fphar.2021.772510
https://doi.org/10.1007/s00018-023-04729-4
https://doi.org/10.1002/mco2.694
https://doi.org/10.1038/s41392-020-00222-7
https://doi.org/10.1111/cpr.12084
https://doi.org/10.1038/nrc2780
https://doi.org/10.1101/gad.990702
https://doi.org/10.3390/cancers13225681


Int. J. Mol. Sci. 2025, 26, 1799 20 of 22

33. Kommalapati, A.; Tella, S.H.; Borad, M.; Javle, M.; Mahipal, A. FGFR Inhibitors in Oncology: Insight on the Management of
Toxicities in Clinical Practice. Cancers 2021, 13, 2968. [CrossRef] [PubMed]

34. Patel, T.H.; Marcus, L.; Horiba, M.N.; Donoghue, M.; Chatterjee, S.; Mishra-Kalyani, P.S.; Schuck, R.N.; Li, Y.; Zhang, X.; Fourie
Zirkelbach, J.; et al. FDA Approval Summary: Pemigatinib for Previously Treated, Unresectable Locally Advanced or Metastatic
Cholangiocarcinoma with FGFR2 Fusion or Other Rearrangement. Clin. Cancer Res. 2023, 29, 838–842. [CrossRef] [PubMed]

35. Lamarca, A.; Vogel, A. Futibatinib: Second EMA approval for FGFR inhibitor in cholangiocarcinoma. ESMO Open 2023, 8, 102049.
[CrossRef]

36. Mahmood, H.A.; Tomas Bort, E.; Walker, A.J.; Grose, R.P.; Chioni, A.M. FGF signalling facilitates cervical cancer progression.
FEBS J. 2022, 289, 3440–3456. [CrossRef]

37. Terai, H.; Soejima, K.; Yasuda, H.; Nakayama, S.; Hamamoto, J.; Arai, D.; Ishioka, K.; Ohgino, K.; Ikemura, S.; Sato, T.; et al.
Activation of the FGF2-FGFR1 autocrine pathway: A novel mechanism of acquired resistance to gefitinib in NSCLC. Mol. Cancer
Res. 2013, 11, 759–767. [CrossRef]

38. Coleman, S.J.; Chioni, A.M.; Ghallab, M.; Anderson, R.K.; Lemoine, N.R.; Kocher, H.M.; Grose, R.P. Nuclear translocation
of FGFR1 and FGF2 in pancreatic stellate cells facilitates pancreatic cancer cell invasion. EMBO Mol. Med. 2014, 6, 467–481.
[CrossRef]

39. Chioni, A.M.; Grose, R. FGFR1 cleavage and nuclear translocation regulates breast cancer cell behavior. J. Cell Biol. 2012,
197, 801–817. [CrossRef]

40. Suh, J.; Kim, D.H.; Kim, S.J.; Cho, N.C.; Lee, Y.H.; Jang, J.H.; Surh, Y.J. Nuclear Localization of Fibroblast Growth Factor Receptor
1 in Breast Cancer Cells Interacting with Cancer Associated Fibroblasts. J. Cancer Prev. 2022, 27, 68–76. [CrossRef]

41. Servetto, A.; Kollipara, R.; Formisano, L.; Lin, C.C.; Lee, K.M.; Sudhan, D.R.; Gonzalez-Ericsson, P.I.; Chatterjee, S.; Guerrero-
Zotano, A.; Mendiratta, S.; et al. Nuclear FGFR1 Regulates Gene Transcription and Promotes Antiestrogen Resistance in ER(+)
Breast Cancer. Clin. Cancer Res. 2021, 27, 4379–4396. [CrossRef]

42. Iams, W.T.; Lovly, C.M. Molecular Pathways: Clinical Applications and Future Direction of Insulin-like Growth Factor-1 Receptor
Pathway Blockade. Clin. Cancer Res. 2015, 21, 4270–4277. [CrossRef] [PubMed]

43. Malchers, F.; Ercanoglu, M.; Schutte, D.; Castiglione, R.; Tischler, V.; Michels, S.; Dahmen, I.; Bragelmann, J.; Menon, R.;
Heuckmann, J.M.; et al. Mechanisms of Primary Drug Resistance in FGFR1-Amplified Lung Cancer. Clin. Cancer Res. 2017,
23, 5527–5536. [CrossRef] [PubMed]

44. Yue, S.; Li, Y.; Chen, X.; Wang, J.; Li, M.; Chen, Y.; Wu, D. FGFR-TKI resistance in cancer: Current status and perspectives. J.
Hematol. Oncol. 2021, 14, 23. [CrossRef] [PubMed]

45. Nakamura, I.T.; Kohsaka, S.; Ikegami, M.; Ikeuchi, H.; Ueno, T.; Li, K.; Beyett, T.S.; Koyama, T.; Shimizu, T.; Yamamoto, N.; et al.
Comprehensive functional evaluation of variants of fibroblast growth factor receptor genes in cancer. NPJ Precis. Oncol. 2021,
5, 66. [CrossRef]

46. Chell, V.; Balmanno, K.; Little, A.S.; Wilson, M.; Andrews, S.; Blockley, L.; Hampson, M.; Gavine, P.R.; Cook, S.J. Tumour cell
responses to new fibroblast growth factor receptor tyrosine kinase inhibitors and identification of a gatekeeper mutation in FGFR3
as a mechanism of acquired resistance. Oncogene 2013, 32, 3059–3070. [CrossRef]

47. Bunney, T.D.; Wan, S.; Thiyagarajan, N.; Sutto, L.; Williams, S.V.; Ashford, P.; Koss, H.; Knowles, M.A.; Gervasio, F.L.; Coveney,
P.V.; et al. The Effect of Mutations on Drug Sensitivity and Kinase Activity of Fibroblast Growth Factor Receptors: A Combined
Experimental and Theoretical Study. EBioMedicine 2015, 2, 194–204. [CrossRef]

48. Szymczyk, J.; Sluzalska, K.D.; Materla, I.; Opalinski, L.; Otlewski, J.; Zakrzewska, M. FGF/FGFR-Dependent Molecular Mecha-
nisms Underlying Anti-Cancer Drug Resistance. Cancers 2021, 13, 5796. [CrossRef]

49. Mahapatra, S.; Jonniya, N.A.; Koirala, S.; Ursal, K.D.; Kar, P. The FGF/FGFR signalling mediated anti-cancer drug resistance and
therapeutic intervention. J. Biomol. Struct. Dyn. 2023, 41, 13509–13533. [CrossRef]

50. Cheng, W.; Wang, M.; Tian, X.; Zhang, X. An overview of the binding models of FGFR tyrosine kinases in complex with small
molecule inhibitors. Eur. J. Med. Chem. 2017, 126, 476–490. [CrossRef]

51. Rabal, O.; Schneider, G.; Borrell, J.I.; Teixido, J. Structure-based virtual screening of FGFR inhibitors: Cross-decoys and induced-fit
effect. BioDrugs 2007, 21, 31–45. [CrossRef]

52. Lu, X.; Smaill, J.B.; Patterson, A.V.; Ding, K. Discovery of Cysteine-targeting Covalent Protein Kinase Inhibitors. J. Med. Chem.
2022, 65, 58–83. [CrossRef] [PubMed]

53. Mohammadi, M.; Froum, S.; Hamby, J.M.; Schroeder, M.C.; Panek, R.L.; Lu, G.H.; Eliseenkova, A.V.; Green, D.; Schlessinger, J.;
Hubbard, S.R. Crystal structure of an angiogenesis inhibitor bound to the FGF receptor tyrosine kinase domain. EMBO J. 1998,
17, 5896–5904. [CrossRef] [PubMed]

54. Klein, T.; Vajpai, N.; Phillips, J.J.; Davies, G.; Holdgate, G.A.; Phillips, C.; Tucker, J.A.; Norman, R.A.; Scott, A.D.; Higazi, D.R.;
et al. Structural and dynamic insights into the energetics of activation loop rearrangement in FGFR1 kinase. Nat. Commun. 2015,
6, 7877. [CrossRef] [PubMed]

https://doi.org/10.3390/cancers13122968
https://www.ncbi.nlm.nih.gov/pubmed/34199304
https://doi.org/10.1158/1078-0432.CCR-22-2036
https://www.ncbi.nlm.nih.gov/pubmed/36206041
https://doi.org/10.1016/j.esmoop.2023.102049
https://doi.org/10.1111/febs.16331
https://doi.org/10.1158/1541-7786.MCR-12-0652
https://doi.org/10.1002/emmm.201302698
https://doi.org/10.1083/jcb.201108077
https://doi.org/10.15430/JCP.2022.27.1.68
https://doi.org/10.1158/1078-0432.CCR-20-3905
https://doi.org/10.1158/1078-0432.CCR-14-2518
https://www.ncbi.nlm.nih.gov/pubmed/26429980
https://doi.org/10.1158/1078-0432.CCR-17-0478
https://www.ncbi.nlm.nih.gov/pubmed/28630215
https://doi.org/10.1186/s13045-021-01040-2
https://www.ncbi.nlm.nih.gov/pubmed/33568192
https://doi.org/10.1038/s41698-021-00204-0
https://doi.org/10.1038/onc.2012.319
https://doi.org/10.1016/j.ebiom.2015.02.009
https://doi.org/10.3390/cancers13225796
https://doi.org/10.1080/07391102.2023.2191721
https://doi.org/10.1016/j.ejmech.2016.11.052
https://doi.org/10.2165/00063030-200721010-00005
https://doi.org/10.1021/acs.jmedchem.1c01719
https://www.ncbi.nlm.nih.gov/pubmed/34962782
https://doi.org/10.1093/emboj/17.20.5896
https://www.ncbi.nlm.nih.gov/pubmed/9774334
https://doi.org/10.1038/ncomms8877
https://www.ncbi.nlm.nih.gov/pubmed/26203596


Int. J. Mol. Sci. 2025, 26, 1799 21 of 22

55. Goyal, L.; Saha, S.K.; Liu, L.Y.; Siravegna, G.; Leshchiner, I.; Ahronian, L.G.; Lennerz, J.K.; Vu, P.; Deshpande, V.; Kambadakone,
A.; et al. Polyclonal Secondary FGFR2 Mutations Drive Acquired Resistance to FGFR Inhibition in Patients with FGFR2
Fusion-Positive Cholangiocarcinoma. Cancer Discov. 2017, 7, 252–263. [CrossRef]

56. Zhou, Y.; Wu, C.; Lu, G.; Hu, Z.; Chen, Q.; Du, X. FGF/FGFR signaling pathway involved resistance in various cancer types. J.
Cancer 2020, 11, 2000–2007. [CrossRef]

57. Holohan, C.; Van Schaeybroeck, S.; Longley, D.B.; Johnston, P.G. Cancer drug resistance: An evolving paradigm. Nat. Rev. Cancer
2013, 13, 714–726. [CrossRef]

58. Housman, G.; Byler, S.; Heerboth, S.; Lapinska, K.; Longacre, M.; Snyder, N.; Sarkar, S. Drug resistance in cancer: An overview.
Cancers 2014, 6, 1769–1792. [CrossRef]

59. van der Wekken, A.J.; Saber, A.; Hiltermann, T.J.; Kok, K.; van den Berg, A.; Groen, H.J. Resistance mechanisms after tyrosine
kinase inhibitors afatinib and crizotinib in non-small cell lung cancer, a review of the literature. Crit. Rev. Oncol. Hematol. 2016,
100, 107–116. [CrossRef]

60. Tang, C.; Schafranek, L.; Watkins, D.B.; Parker, W.T.; Moore, S.; Prime, J.A.; White, D.L.; Hughes, T.P. Tyrosine kinase inhibitor
resistance in chronic myeloid leukemia cell lines: Investigating resistance pathways. Leuk. Lymphoma 2011, 52, 2139–2147.
[CrossRef]

61. Gandhi, J.; Zhang, J.; Xie, Y.; Soh, J.; Shigematsu, H.; Zhang, W.; Yamamoto, H.; Peyton, M.; Girard, L.; Lockwood, W.W.; et al.
Alterations in genes of the EGFR signaling pathway and their relationship to EGFR tyrosine kinase inhibitor sensitivity in lung
cancer cell lines. PLoS ONE 2009, 4, e4576. [CrossRef]

62. Plunder, S.; Danesin, C.; Glise, B.; Ferreira, M.A.; Merino-Aceituno, S.; Theveneau, E. Modelling variability and heterogeneity
of EMT scenarios highlights nuclear positioning and protrusions as main drivers of extrusion. Nat. Commun. 2024, 15, 7365.
[CrossRef] [PubMed]

63. Ogden, S.; Carys, K.; Ahmed, I.; Bruce, J.; Sharrocks, A.D. Regulatory chromatin rewiring promotes metabolic switching during
adaptation to oncogenic receptor tyrosine kinase inhibition. Oncogene 2022, 41, 4808–4822. [CrossRef] [PubMed]

64. Mishra, J.; Chakraborty, S.; Niharika; Roy, A.; Manna, S.; Baral, T.; Nandi, P.; Patra, S.K. Mechanotransduction and epigenetic
modulations of chromatin: Role of mechanical signals in gene regulation. J. Cell. Biochem. 2024, 125, e30531. [CrossRef] [PubMed]

65. Sinha, D.; Saha, P.; Samanta, A.; Bishayee, A. Emerging Concepts of Hybrid Epithelial-to-Mesenchymal Transition in Cancer
Progression. Biomolecules 2020, 10, 1561. [CrossRef] [PubMed]

66. Liao, T.T.; Yang, M.H. Hybrid Epithelial/Mesenchymal State in Cancer Metastasis: Clinical Significance and Regulatory Mecha-
nisms. Cells 2020, 9, 623. [CrossRef]

67. Canciello, A.; Cervero-Varona, A.; Peserico, A.; Mauro, A.; Russo, V.; Morrione, A.; Giordano, A.; Barboni, B. “In medio stat
virtus”: Insights into hybrid E/M phenotype attitudes. Front. Cell Dev. Biol. 2022, 10, 1038841. [CrossRef]

68. Sample, R.A.; Nogueira, M.F.; Mitra, R.D.; Puram, S.V. Epigenetic regulation of hybrid epithelial-mesenchymal cell states in
cancer. Oncogene 2023, 42, 2237–2248. [CrossRef]

69. Jolly, M.K.; Somarelli, J.A.; Sheth, M.; Biddle, A.; Tripathi, S.C.; Armstrong, A.J.; Hanash, S.M.; Bapat, S.A.; Rangarajan, A.; Levine,
H. Hybrid epithelial/mesenchymal phenotypes promote metastasis and therapy resistance across carcinomas. Pharmacol. Ther.
2019, 194, 161–184. [CrossRef]

70. Augimeri, G.; Gonzalez, M.E.; Paoli, A.; Eido, A.; Choi, Y.; Burman, B.; Djomehri, S.; Karthikeyan, S.K.; Varambally, S.; Buschhaus,
J.M.; et al. A hybrid breast cancer/mesenchymal stem cell population enhances chemoresistance and metastasis. JCI Insight 2023,
8, 18. [CrossRef]

71. Bontemps, I.; Lallemand, C.; Biard, D.; Dechamps, N.; Kortulewski, T.; Bourneuf, E.; Siberchicot, C.; Boussin, F.; Chevillard, S.;
Campalans, A.; et al. Loss of CD24 promotes radiation- and chemo-resistance by inducing stemness properties associated with a
hybrid E/M state in breast cancer cells. Oncol. Rep. 2023, 49, 4. [CrossRef]

72. Bornes, L.; Belthier, G.; van Rheenen, J. Epithelial-to-Mesenchymal Transition in the Light of Plasticity and Hybrid E/M States. J.
Clin. Med. 2021, 10, 2403. [CrossRef] [PubMed]

73. Nieto, M.A.; Huang, R.Y.; Jackson, R.A.; Thiery, J.P. Emt: 2016. Cell 2016, 166, 21–45. [CrossRef]
74. Pastushenko, I.; Brisebarre, A.; Sifrim, A.; Fioramonti, M.; Revenco, T.; Boumahdi, S.; Van Keymeulen, A.; Brown, D.; Moers,

V.; Lemaire, S.; et al. Identification of the tumour transition states occurring during EMT. Nature 2018, 556, 463–468. [CrossRef]
[PubMed]

75. Saxena, K.; Jolly, M.K.; Balamurugan, K. Hypoxia, partial EMT and collective migration: Emerging culprits in metastasis. Transl.
Oncol. 2020, 13, 100845. [CrossRef]

76. Huang, Y.; Hong, W.; Wei, X. The molecular mechanisms and therapeutic strategies of EMT in tumor progression and metastasis.
J. Hematol. Oncol. 2022, 15, 129. [CrossRef]

77. Coban, B.; Bergonzini, C.; Zweemer, A.J.M.; Danen, E.H.J. Metastasis: Crosstalk between tissue mechanics and tumour cell
plasticity. Br. J. Cancer 2021, 124, 49–57. [CrossRef]

https://doi.org/10.1158/2159-8290.CD-16-1000
https://doi.org/10.7150/jca.40531
https://doi.org/10.1038/nrc3599
https://doi.org/10.3390/cancers6031769
https://doi.org/10.1016/j.critrevonc.2016.01.024
https://doi.org/10.3109/10428194.2011.591013
https://doi.org/10.1371/journal.pone.0004576
https://doi.org/10.1038/s41467-024-51372-z
https://www.ncbi.nlm.nih.gov/pubmed/39198505
https://doi.org/10.1038/s41388-022-02465-w
https://www.ncbi.nlm.nih.gov/pubmed/36153371
https://doi.org/10.1002/jcb.30531
https://www.ncbi.nlm.nih.gov/pubmed/38345428
https://doi.org/10.3390/biom10111561
https://www.ncbi.nlm.nih.gov/pubmed/33207810
https://doi.org/10.3390/cells9030623
https://doi.org/10.3389/fcell.2022.1038841
https://doi.org/10.1038/s41388-023-02749-9
https://doi.org/10.1016/j.pharmthera.2018.09.007
https://doi.org/10.1172/jci.insight.164216
https://doi.org/10.3892/or.2022.8441
https://doi.org/10.3390/jcm10112403
https://www.ncbi.nlm.nih.gov/pubmed/34072345
https://doi.org/10.1016/j.cell.2016.06.028
https://doi.org/10.1038/s41586-018-0040-3
https://www.ncbi.nlm.nih.gov/pubmed/29670281
https://doi.org/10.1016/j.tranon.2020.100845
https://doi.org/10.1186/s13045-022-01347-8
https://doi.org/10.1038/s41416-020-01150-7


Int. J. Mol. Sci. 2025, 26, 1799 22 of 22

78. Leggett, S.E.; Hruska, A.M.; Guo, M.; Wong, I.Y. The epithelial-mesenchymal transition and the cytoskeleton in bioengineered
systems. Cell Commun. Signal. 2021, 19, 32. [CrossRef]

79. Jolly, M.K.; Boareto, M.; Huang, B.; Jia, D.; Lu, M.; Ben-Jacob, E.; Onuchic, J.N.; Levine, H. Implications of the Hybrid
Epithelial/Mesenchymal Phenotype in Metastasis. Front. Oncol. 2015, 5, 155. [CrossRef]

80. Datta, A.; Deng, S.; Gopal, V.; Yap, K.C.; Halim, C.E.; Lye, M.L.; Ong, M.S.; Tan, T.Z.; Sethi, G.; Hooi, S.C.; et al. Cytoskeletal
Dynamics in Epithelial-Mesenchymal Transition: Insights into Therapeutic Targets for Cancer Metastasis. Cancers 2021, 13, 1882.
[CrossRef]

81. Williams, E.D.; Gao, D.; Redfern, A.; Thompson, E.W. Controversies around epithelial-mesenchymal plasticity in cancer metastasis.
Nat. Rev. Cancer 2019, 19, 716–732. [CrossRef]

82. Santamaria, P.G.; Moreno-Bueno, G.; Cano, A. Contribution of Epithelial Plasticity to Therapy Resistance. J. Clin. Med. 2019,
8, 676. [CrossRef] [PubMed]

83. Bhatia, S.; Wang, P.; Toh, A.; Thompson, E.W. New Insights Into the Role of Phenotypic Plasticity and EMT in Driving Cancer
Progression. Front. Mol. Biosci. 2020, 7, 71. [CrossRef] [PubMed]

84. Bhat, G.R.; Sethi, I.; Sadida, H.Q.; Rah, B.; Mir, R.; Algehainy, N.; Albalawi, I.A.; Masoodi, T.; Subbaraj, G.K.; Jamal, F.; et al.
Cancer cell plasticity: From cellular, molecular, and genetic mechanisms to tumor heterogeneity and drug resistance. Cancer
Metastasis Rev. 2024, 43, 197–228. [CrossRef] [PubMed]

85. Bierie, B.; Pierce, S.E.; Kroeger, C.; Stover, D.G.; Pattabiraman, D.R.; Thiru, P.; Liu Donaher, J.; Reinhardt, F.; Chaffer, C.L.;
Keckesova, Z.; et al. Integrin-beta4 identifies cancer stem cell-enriched populations of partially mesenchymal carcinoma cells.
Proc. Natl. Acad. Sci. USA 2017, 114, E2337–E2346. [CrossRef]

86. Kyuno, D.; Takasawa, A.; Kikuchi, S.; Takemasa, I.; Osanai, M.; Kojima, T. Role of tight junctions in the epithelial-to-mesenchymal
transition of cancer cells. Biochim. Biophys. Acta Biomembr. 2021, 1863, 183503. [CrossRef]

87. Gibson, S.V.; Madzharova, E.; Tan, A.C.; Allen, M.D.; Keller, U.A.D.; Louise Jones, J.; Carter, E.P.; Grose, R.P. ADAMTS3 restricts
cancer invasion in models of early breast cancer progression through enhanced fibronectin degradation. Matrix Biol. 2023,
121, 74–89. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s12964-021-00713-2
https://doi.org/10.3389/fonc.2015.00155
https://doi.org/10.3390/cancers13081882
https://doi.org/10.1038/s41568-019-0213-x
https://doi.org/10.3390/jcm8050676
https://www.ncbi.nlm.nih.gov/pubmed/31091749
https://doi.org/10.3389/fmolb.2020.00071
https://www.ncbi.nlm.nih.gov/pubmed/32391381
https://doi.org/10.1007/s10555-024-10172-z
https://www.ncbi.nlm.nih.gov/pubmed/38329598
https://doi.org/10.1073/pnas.1618298114
https://doi.org/10.1016/j.bbamem.2020.183503
https://doi.org/10.1016/j.matbio.2023.06.005

	Introduction 
	Results 
	Establishing PD173074-Resistant Cervical Cancer Cell Lines 
	Profiling FGF(R) Protein Expression, Secretion, and Activation in PD173074-Resistant Cell Lines 
	Morphological and Functional Characteristics of PD173074-Resistant Cervical Cancer Cell Lines 
	No Mutations Exist in the FGFR1 TK Domain of the Three PD173074-Resistant Cervical Cancer Cell Lines 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Establishment of PD173074-Resistant Cell Lines 
	PD173074-Resistant Colony Formation 
	Functional Studies 
	Cell Proliferation 
	Lateral Migration 
	Apoptosis 

	Western Blot Analysis 
	Immunocytochemistry and H&E Staining 
	ELISA 
	Polymerase Chain Reaction (PCR) and Sanger Sequencing 
	Statistical Analysis 

	References

