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Abstract

Platinum-based regimens are the most widely used chemotherapy regimens, but
cancer cells often develop resistance, which impedes therapy outcome for patients.
Previous studies have shown that fibroblast growth factor 13 (FGF13) is associated
with resistance to platinum drugs in HelLa cells. However, the mechanism and univer-
sality of this effect have not been clarified. Here, we found that FGF13 was associ-
ated with poor platinum-based chemotherapy outcomes in a variety of cancers, such
as lung, endometrial, and cervical cancers, through bioinformatics analysis. We then
found that FGF13 simultaneously regulates the expression and distribution of hCTR1
and ATP7A in cancer cells, causes reduced platinum influx, and promotes platinum
sequestration and efflux upon cisplatin exposure. We subsequently observed that
FGF13-mediated platinum resistance requires the microtubule-stabilizing effect of
FGF13. Only overexpression of FGF13 with the -SMIYRQQQ- tubulin-binding domain
could induce the platinum resistance effect. This phenomenon was also observed in
SK-MES-1 cells, KLE cells, and 5637 cells. Our research reveals the mechanism of
FGF13-induced platinum drug resistance and suggests that FGF13 can be a sensibili-
zation target and prognostic biomarker for chemotherapy.
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1 | INTRODUCTION

The fibroblast growth factor (FGF) superfamily has 23 distinct
members (FGF1-FGF23) and can be divided into seven fami-
lies.! In contrast to other FGFs, all members of the FGF11 family
(FGF11-FGF14) cannot be secreted to the extracellular milieu due
to the lack of a secretory signal peptide,2 but they exert intra-
cellular functions instead. FGF13 can modulate ion channels®*
and may have important functions in multiple tissues, organs, and
systems according to current research. In the cardiovascular sys-
tem, knockout of FGF13 in murine hearts shows cardioprotective
effects during cardiac pressure overload but increases arrhyth-
mia susceptibility.*> In the nervous system, FGF13 regulates heat
nociception in the dorsal root ganglion and modulates neuronal
polarization and migration during brain development and the re-
covery process after spinal cord injury.®® In addition, FGF13 is
associated with the permeability of placental trophoblasts, the
proliferation and differentiation of skeletal muscle, and the me-
tabolism of fat.?*!

In contrast to its physical functions, FGF13 participates in the
pathological process of some diseases. Its roles in neoplasms have
gained the most attention in recent years. Researchers found that
FGF13 enables precancerous cells to escape apoptosis during onco-
genesis12 and promotes the migration and invasion of triple-negative
breast cancer, colorectal cancer, and glioma cells.**> Prostate
cancer patients with higher levels of FGF13 in their tumor tissues
also have a shorter time to biochemical recurrence after radical
prostatectomy.16

Platinum drugs can enter cells, and the ensuing effects, includ-
ing DNA damage and mitochondrial apoptosis, facilitate their broad
antitumor activity. Thus, platinum-containing chemotherapy plays
an important role in the therapy of human neoplasms and accounts
for a significant fraction of all chemotherapy regimens.!” As the first
platinum drug put into clinical application, cisplatin has been widely
used for over 40 years and still shows high therapeutic value in the
treatment of various malignant tumors. Although a variety of plat-
inum anticancer complexes have been synthesized, so far, none of
them are comparable to cisplatin in terms of its broad anticancer
spectrum and high efficacy.*® However, patients receiving platinum-
based chemotherapy often develop drug resistance, which severely
affects their prognosis.}’ Therefore, much research has been put
into the mechanisms of platinum resistance. The current consen-
sus is that cancer cells show at least three molecular mechanisms
of platinum drug resistance, including decreased cellular drug accu-
mulation, increased drug inactivation, and enhanced DNA repair.20
Interestingly, the uptake and excretion of platinum drugs by cells are
closely related to cellular copper transport. A major copper influx
transporter, copper transporter 1 (CTR1, SLC31A1), which is ex-
pressed on the cell membrane, also enables platinum drugs to enter
cells.?! In addition, copper-transporting ATPases, including ATP7A
and ATP7B, which are copper efflux transporters, can sequester

platinum drugs and expel drugs out of cells.?? Focusing on certain

molecules and pathways in those processes to predict prognosis or
find potential therapeutic targets has already shown promising pros-
pects in clinical practice.?®

A previous study found that upregulating FGF13 expression in
Hela cells increased their resistance to platinum drugs.?* However,
the mechanism and universality of this effect have not been clari-
fied. In this study, we found that FGF13 simultaneously regulates
the expression and distribution of hCTR1 and ATP7A in cancer cells,
causes reduced platinum influx, and promotes platinum sequestra-

tion and efflux upon cisplatin exposure.

2 | MATERIALS AND METHODS
2.1 | Bioinformation analysis

The University of California, Santa Cruz (UCSC) Xena browser
(http://xena.ucsc.edu) was used to analyze and download the clini-
cal information and the FGF13 expression profiles of patients in The
Cancer Genome Atlas (TCGA) database.?

2.2 | Cell culture

We cultured five kinds of cancer cells in this study, including A549
and the corresponding cisplatin-resistant cell line A549/CDDP, SK-
MES-1, KLE, and 5637. All cell lines were verified by short tandem
repeat authentication. The detailed culture procedures are indicated

in Supplementary Methods.

2.3 | Measurement of cytotoxicity

The measurement of cytotoxicity was based on cell viability. Cells
(1 x 10%/mL, 100 uL/well) were seeded into 96-well plates and cul-
tured for 48 hours in the presence of various concentrations of cis-
platin (0, 0.5, 1, 2, 4, 8, 16, 32, and 64 pg/mL, Sigma). CellTiter 96®
AQueous One Solution Cell Proliferation Assay (Promega) was used
to measure cell viability. The detailed procedures are indicated in

Supplementary Methods.

2.4 | RNA extraction and quantitative real-time PCR
The primer sequences are shown in Table S1. The detailed proce-
dures are indicated in Supplementary Methods.

2.5 | Western blotting and quantification

The detailed procedures of Western blotting are indicated in

Supplementary Methods. Signal intensities were detected and
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quantified by using the Odyssey infrared image system (LI-COR
Biosciences).

2.6 | Immunofluorescence

The detailed procedures are indicated in Supplementary Methods.

2.7 | Coimmunoprecipitation

Coimmunoprecipitation (Co-IP) assays were carried out by using
the Pierce™ Crosslink Magnetic IP/Co-IP Kit (Thermo Scientific) and
following the instructions. The detailed procedures are indicated in
Supplementary Methods.

2.8 | Adenoviral vector transfection

Adenoviral vectors for shRNA-mediated knockdown of FGF13
(GV119), FGF13-VY overexpression (GV314), mutant FGF13-VY
overexpression (GV314), and their negative controls were con-
structed by GeneChem. Cells were transfected with adenovirus
(multiplicity of infection [MOI] = 10) for 48 hours. The target se-
quences of the shRNAs are listed in Table S2. The vector information
can be obtained from the GeneChem website.

GV119: https://www.genechem.com.cn/index/supports/zaiti_
info.html?id=7
GV341: https://www.genechem.com.cn/index/supports/zaiti_

info.htm1?id=45

2.9 | Measurement of cellular cisplatin accumulation

Liquid chromatography-tandem mass spectrometry assays for
the quantification of cisplatin in samples have previously been re-
ported.?® Cells (1 x 10%/mL, 3 mL) were exposed to 10 pg/mL cispl-
atin for 3 hours, washed with phosphate-buffered saline three times,
subjected to repeated rapid freeze-thawing to disrupt the cells, and
then centrifuged (10 000 g, 5 minutes) to obtain supernatant sam-
ples. Subsequently, cisplatin in the samples was measured by mass
spectrometry (4000 Q TRAP, AB Sciex Instruments).

2.10 | Statistical analyses

Data are reported as the mean + SD from at least three independ-
ent experiments. Statistical analysis was performed using OriginPro
9.1. The Shapiro-Wilk test was used for normality test. Comparisons
between two sets of normally distributed data were performed
using two-sample Student’s t-tests with Welch correction for data
with unequal variances. One-way analysis of variance (ANOVA) was

used for comparisons among multiple sets of data. Non-normally
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distributed data were compared by the Kruskal-Wallis test. A P-
value < .05 was considered to indicate statistical significance.

3 | RESULTS

3.1 | High expression of FGF13 in cancers is
associated with a poor outcome of platinum-based
chemotherapy

We used the UCSC Xena platform to screen all data for cancer pa-
tients in the TCGA database who suffered from a specific type of
cancer, had been treated with chemotherapy containing platinum
drugs, and had been evaluated for the outcome of chemotherapy.
In clinical practice, chemotherapy outcomes are classified into four
categories: complete response, partial response, stable disease, and
progressive disease. According to the TCGA database, we found that
FGF13 expression was significantly increased in lung, endometrioid,
and cervical cancer patients with an incomplete response to plati-
num chemotherapy (Figure 1A-C). The patients with those cancers
were then summarized together for statistical analysis (Figure 1D).
A similar trend was observed in bladder cancer patients, although
there was no statistically significant difference between those with
complete vs incomplete responses (Figure S1). TCGA patient infor-
mation related to our study is shown in Table S3.

3.2 | FGF13 enhances resistance to cisplatin by
reducing cellular drug accumulation

To further investigate the relationship between FGF13 and cancer
resistance to platinum drugs, we used the lung adenocarcinoma cell
line A549 and the corresponding cisplatin-resistant cell line A549/
CDDP and compared their sensitivity with cisplatin, confirming
that A549/CDDP cells are more resistant to cisplatin (Figure 2A).
Immunoblotting and RT-gPCR analysis showed that A549/
CDDP cells had higher FGF13 expression than normal A549 cells
(Figure 2B,C). FGF13 has five isoforms in humans: FGF13-S (isoform
1), FGF13-U (isoform 5), FGF13-V (isoform 4), FGF13-Y (isoform 3),
and FGF13-VY (isoform 2). The mRNA expression of all five isoforms
was increased in A549/CDDP cells, and the increase in FGF13-VY
was the most obvious, with an average mRNA expression level 5.64
times higher than that in normal A549 cells (Figure 2D).

We then achieved FGF13 knockdown in A549/CDDP cells (kd#1:
Figure 2E,F; kd#2: Figure S2A) and FGF13-VY overexpression in
A549 cells (Figure 2H,l) using adenovirus vectors. Resistance to
cisplatin in A549/CDDP cells decreased significantly after FGF13
knockdown (kd#1: Figure 2G; kd#2: Figure S2B), and the resistance
to cisplatin in A549 cells increased significantly after FGF13-VY
overexpression (Figure 2J). Besides, FGF13-VY overexpression also
made A549 cells resistant to carboplatin (Figure S3). Resistance of
cancer cells to platinum drugs mainly involves three mechanisms: re-

duced cellular drug accumulation, drug inactivation, and enhanced
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FIGURE 1 High expression of fibroblast growth factor 13 (FGF13) in cancers is associated with a poor outcome of platinum-based
chemotherapy. A-C, FGF13 expression in lung, endometrioid, and cervical cancer patients with various therapy outcomes of platinum-
containing chemotherapy. D, Summary of FGF13 expression in patients with the above three cancers. Data are presented as box-whisker
plot. Error bars with outliers are depicted (coef = 1.5). P-values are indicated in the figure

DNA repair. We found that FGF13-knockdown A549/CDDP cells
showed increased intracellular cisplatin concentrations after expo-
sure to cisplatin for 12 hours, and FGF13-VY-overexpressing A549
cells showed decreased intracellular cisplatin concentrations after
exposure (Figure 2K). Therefore, FGF13 impedes cellular drug accu-

mulation and thus enhances resistance to cisplatin.

3.3 | FGF13 simultaneously regulates the
expression and distribution of hCTR1 and ATP7A to
reduce platinum drug influx and promote platinum
drug sequestration and efflux

To further investigate the mechanisms by which FGF13 reduces in-
tracellular platinum drug accumulation, we focused on hCTR1 and
ATP7A. Previous studies have shown that these two proteins are as-
sociated with the intracellular accumulation of cisplatin, carboplatin,
and oxaliplatin: hCTR1 is mainly distributed on the cell membrane
and can facilitate the uptake of platinum drugs into cells?’; ATP7A
(found in most tissues) and ATP7B (found in liver and kidney tissues)
are mainly located in the trans-Golgi network, which can transport
platinum drugs into vesicles to sequester or expel drugs.?® We found
that A549/CDDP cells showed decreased ATP7A levels after knock-
down of FGF13 (Figure 3A,B), and A549 cells showed increased
ATP7A levels after overexpression of FGF13-VY (Figure 3C,D). For
hCTR1, it has been found that if cancer cells are exposed to platinum
drugs, to impede drug influx, hCTR1 will be internalized from the
cell membrane by pinocytosis and will be transported to the pro-
teasome for degradation by vesicles within hours??3%; this is one of

the important mechanisms of cell resistance to platinum drugs. In

this study, Western blotting showed that without cisplatin exposure,
knockdown or overexpression of FGF13 had little effect on intracel-
lular hCTR1 expression. Upon cisplatin exposure, A549/CDDP cells
significantly downregulated hCTR1 expression within 12 hours; nor-
mal A549 cells also moderately downregulated hCTR1 expression
in that condition (Figure 3A-D). However, the downregulation of
hCTR1 expression induced by cisplatin exposure seemed to be inter-
rupted after FGF13 knockdown and promoted after FGF13 overex-
pression (Figure 3A-D). Immunofluorescence staining also showed
the same phenomenon (Figure 3E,F).

The distribution of ATP7A in cancer cells was also related to
sensitivity to platinum drugs. ATP7A can translocate from saccules
to vesicles in the Golgi apparatus and sequester cisplatin in ves-
icles. Subsequently, the vesicles move close to the cell membrane
to sequester drugs away from the nucleus or expel drugs through
exocytosis.>¥? 58K, a microtubule-binding protein exposed on the
trans-Golgi apparatus, can anchor the Golgi apparatus to microtu-
bules and mediate the interaction of vesicles with microtubules,3%*
which may indicate the intracellular location of ATP7A through
immunofluorescence. We speculate that if ATP7A is in saccules,
the broad membrane area makes ATP7A distant from the anchor
point, so the colocalization of ATP7A and 58K is not obvious. Once
ATP7A is transferred to the vesicles, the location of ATP7A is close
to the anchor point due to vesicles’ tiny size, so the colocalization
of ATP7A and 58K would be more obvious near the cell membrane
(Figure 4A). Thus, the localization of ATP7A and 58K may suggest
whether ATP7A is in saccules or trans-Golgi network-derived ves-
icles. Immunofluorescence showed that in the absence of cisplatin
exposure, FGF13 knockdown or overexpression in cell did not induce

colocalization of ATP7A and 58K near the cell membrane (Figure S4).
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FIGURE 2 Fibroblast growth factor 13 (FGF13) enhances resistance to cisplatin by reducing cellular drug accumulation. A, Cytotoxicity
of cisplatin in A549 and A549/CDDP cells measured by MTS assays. B, C, FGF13 expression in A549 and A549/CDDP cells detected by
Western blotting and RT-gPCR. D, mRNA expression of FGF13 isoforms. E, F, FGF13 expression in A549/CDDP cells after adenovirus
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mean + SD. *P < .05, **P < .01, ***P < .001 in (A), (G), and (J); other P-values are indicated in the figure

After cisplatin exposure, ATP7A in FGF13-VY-overexpressing A549
cells was located further away from the nucleus and showed colo-
calization with 58K, especially in the layer closest to the cell mem-
brane (Figure 4B). This suggests that after FGF13 overexpression,

the process by which cancer cells sequester and expel platinum

drugs through ATP7A was promoted. Similarly, knockdown of FGF13
in A549/CDDP cells inhibited drug sequestration and excretion.
ATP7A in A549/CDDP cells was further away from the nucleus than
that in FGF13-knockdown A549/CDDP cells and showed colocaliza-

tion with 58K, especially in the layer closest to the cell membrane
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FIGURE 3 Fibroblast growth factor 13 (FGF13) regulates the expression of human copper transporter 1 (hCTR1) and a copper-
transporting ATPase ATP7A. A, B, Western blotting assays and quantitative detection of hCTR1 and ATP7A expression after FGF13
knockdown in A549/CDDP cells with or without cisplatin exposure. C, D, Western blotting assays and quantitative detection of hCTR1 and
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FGF13-knockdown A549/CDDP cells or FGF13-VY-overexpressing A549 cells with or without cisplatin exposure. Scale bar = 20 pm. Data

are presented as mean + SD. P-values are indicated in the figure

(Figure 4C). Therefore, FGF13 reduces platinum drug influx and pro-
motes platinum drug sequestration and efflux by regulating the ex-
pression and distribution of hCTR1 and ATP7A.

3.4 | FGF13 promotes microtubule stabilization
in cancer

FGF13 can regulate the expression and distribution of hCTR1 and
ATP7A, but the two proteins differ greatly in structure and distribu-
tion. Thus, we studied how FGF13 regulates them simultaneously.

We noted that both the degradation of hCTR1 and the redistribution
of ATP7A are involved in the interactions of vesicles, which need
to be transported along microtubules. However, microtubules have
the dynamic characteristics of polymerization and depolymeriza-
tion, and vesicle transport requires stable polymerized microtubules.
Previous studies have found that FGF13-U (also known as FGF13B)
induces microtubule polymerization and stabilization.” In addition,
immunofluorescence staining showed that the acetylated microtu-
bules (marker for stable microtubules) of A549/CDDP cells exposed
to cisplatin for 12 hours were dramatically densified and colocalized
with FGF13, especially near the cell membrane (Figure 5A). Thus, we
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investigated whether FGF13 has a microtubule stabilization effect FGF13 knockdown (Figure 5B,C) and increased in A549 cells with
in cancer. FGF13-VY overexpression (Figure 5D,E), but the whole expres-
We subsequently found that the levels of microtubule dety- sion of alpha-tubulin in each group was stable (Figure 5B,D and

rosination and acetylation decreased in A549/CDDP cells with S5). In addition, once the cells were exposed to cisplatin, the levels
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FIGURE 5 Fibroblast growth factor 13 (FGF13) promotes microtubule stabilization in cancer. A, Intracellular distribution of FGF13
and acetylated alpha-tubulin in A549/CDDP cells with or without cisplatin exposure. Scale bar = 20 pm. B, C, Western blotting assays
and quantitative detection of detyrosinated and acetylated alpha-tubulin expression after FGF13 knockdown in A549/CDDP cells with
or without cisplatin exposure. D, E, Western blotting assays and quantitative detection of detyrosinated and acetylated alpha-tubulin
expression after FGF13 overexpression in A549 cells with or without cisplatin exposure. F-H, ATAT1, cylindromatosis, and ARD1 mRNA

expression in FGF13-knockdown A549/CDDP cells or FGF13-VY-overexpressing A549 cells. Data are presented as mean + SD. P-values are

indicated in the figure

of microtubule acetylation increased, but only cells with higher
FGF13 expression showed higher levels of microtubule acetylation
(Figure 5B-E). Furthermore, we found that cylindromatosis (CYLD),
which can mediate the inhibition of a microtubule-deacetylase,
histone deacetylase 6,% and two microtubule-acetylases—alpha-
tubulin acetyltransferase 1 (ATAT1)%® and arrest-defective 1
(ARD1)¥—were also changed when FGF13 was knocked down or
overexpressed (Figure 5F-H and Sé). Therefore, FGF13 promotes
microtubule stabilization in cancer.

3.5 | The cause of FGF13-induced resistance
to platinum drugs is its effect on microtubule
stabilization

FGF13-U was previously found to be capable of binding to micro-
tubules, and the sequence corresponding to the tubulin-binding
domain (-SMIYRQQQ-, 5104-Q111) was identified. Only FGF13-U
with the tubulin-binding domain has the microtubule-stabilizing

effect.” In fact, other FGF13 isoforms also have this sequence
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(5157-Q163 in FGF13-S; S111-Q118 in FGF13-V; S138-Q145 in
FGF13-Y; S167-Q174 in FGF13-VY). We then designed an adenoviral
vector for mutant FGF13-VY67A-174A overexpression (Figure 6A,B)
and proved that this sequence is also the tubulin-binding domain of
FGF13-VY by Co-IP (Figure 6C). Moreover, mutant FGF13 overex-
pression did not enhance the resistance to cisplatin in A549 cells
(Figure 6D). Western blotting showed that the changes in A549 cells
with wild-type FGF13-VY overexpression, such as increased ATP7A
expression, decreased hCTR1 expression, and increased acetylated
microtubules after cisplatin exposure, did not appear in A549 cells
with mutant FGF13-VY overexpression (Figure 6E,F). Furthermore,
ATP7A in A549 cells with mutant FGF13-VY overexpression did not
show colocalization with 58K, whereas the colocalization of ATP7A
and 58K was obvious near the cell membrane in A549 cells with wild-
type FGF13-VY overexpression (Figure 6G). These results suggest
that once FGF13 loses its interaction with microtubules, it is unable
to regulate the expression and distribution of ATP7A and hCTR1,
thereby failing to induce resistance to platinum drugs in cancer cells.
Thus, FGF13 enhances resistance to platinum drugs in cancers by
regulating hCTR1 and ATP7A via a microtubule-stabilizing effect.

In addition, wild-type FGF13-VY also induced cisplatin resis-
tance in a lung squamous cell carcinoma cell line (SK-MES-1), an en-
dometrial cancer cell line (KLE), and a bladder cancer cell line (5637),
whereas mutant FGF13-VY did not (Figure 6H). These data com-
bined with the bioinformatics analysis data from the TCGA database
(Figure 1) suggest that the mechanism of FGF13-induced platinum
drug resistance we revealed in this study may be applicable to can-

cers in multiple tissues.

4 | DISCUSSION

4.1 | The microtubule-stabilizing effect of FGF13
enhances resistance to platinum drugs in cancers by
simultaneously regulating hCTR1 and ATP7A

Although many new ideas for cancer treatment have been proposed
in recent years, surgery, radiotherapy, and chemotherapy are still
the most important treatments for the vast majority of patients.
Compared with the other two treatments, chemotherapy drugs
can spread throughout the body and are more effective in treating
metastatic tumors, which makes chemotherapy a crucial treatment
for advanced malignant tumors. However, cancer cells can become
resistant to chemotherapy drugs, which impedes treatment for pa-
tients. Platinum drugs, an important type of chemotherapy drug,
have been reported to be involved in more than 40% of chemo-
therapy regimens.®® Therefore, it is of great significance to study the
resistance and sensitization of cancer to platinum drugs.

The molecular mechanisms of platinum drug resistance in cells
include decreased cellular drug accumulation, increased drug in-
activation, and enhanced DNA repair.20 ATP7A and hCTR1 are in-

volved in platinum drug efflux and influx, respectively, and play an
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important role in reducing cellular drug accumulation.?*?? Previous
studies found that upregulating FGF13 expression in melanoma
and cervical cancer cells increased their resistance to platinum
drugs.?*%? Subsequent studies found that the high expression of
FGF13 hindered the therapeutic effect in patients with cervical can-
cer.*° However, the mechanism and universality of FGF13-induced
platinum drug resistance have not been clarified.

In this study, we found that FGF13 can simultaneously regulate
the expression and distribution of hCTR1 and ATP7A to reduce drug
influx and promote drug efflux. However, FGF13 can only exert
this regulatory effect and thus improve drug resistance when the
-SMIYRQQQ- tubulin-binding domain is present to stabilize the
microtubules, suggesting that the regulatory effect of FGF13 on
hCTR1 and ATP7A is related to its microtubule stabilization effect.

4.2 | The microtubule-stabilizing effect of FGF13
may apply to microtubules organized by the
Golgi apparatus

Although the centrosome is the major microtubule-organizing
center (MTOC) in dividing animal cells, microtubule organization is
regulated by noncentrosomal sites to suit other cellular functions
when cells are not dividing.41 The Golgi apparatus represents the
second major mammalian MTOC and assembles microtubules that
are necessary for intracellular vesicle transport.*? It has also been
suggested that the Golgi apparatus participates in axonogenesis
as an MTOC.*® Therefore, our study and a previous study on the
involvement of FGF13 in neuronal polarization’ suggest that the
microtubule-stabilizing effect of FGF13 may apply to microtubules
organized by the Golgi apparatus. We then examined the effects
of overexpression of FGF13 in A549 cells on the microtubule-
destabilizing agent vincristine, and the results showed that FGF13
did not induce resistance to vincristine (Figure S7A). This also
showed that the microtubule stabilization of FGF13 does not affect
the microtubules depolymerized by vincristine, which are organized
by centrosomes and participate in mitosis. FGF13 did not mediate
resistance to paclitaxel either (Figure S7B). In addition, combined
application of cisplatin and paclitaxel promoted the toxicity of cis-
platin to cells, and in this case, FGF13-mediated platinum drug re-
sistance was weakened (Figure S7C). Previous studies have shown
that although paclitaxel has a microtubule-stabilizing effect, it can
also cause fragmentation of the Golgi apparatus.** This may affect
vesicle transport organized by the Golgi apparatus, thus inhibiting
platinum drug efflux. Furthermore, CAMSAP2, which forms sta-
ble stretches at the free-growing microtubule minus ends, plays an
important role in the formation of microtubules organized by the
Golgi apparatus.‘”’45 We found that CAMSAP2 was downregulated
in FGF13-knockdown A549/CDDP cells and upregulated in FGF13-
overexpressed A549 cells (Figure S8). These results suggest that the
microtubule-stabilizing effect of FGF13 may apply to microtubules

organized by the Golgi apparatus.
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Besides, abnormal activation of microtubule organization in both

centrosomes and the Golgi apparatus has been reported to be as-

46,47

sociated with the metastasis and invasion of cancer cells, and

whether it is related to the role of FGF13 in inducing the metastasis
1315

4.3 | Copper homeostasis disorder may be
potentially associated with FGF13 deficiency-
mediated mental retardation

and invasion of cancer cells reported by other studies needs to In our study, changes in FGF13 expression only affected hCTR1
be considered. when the cells were exposed to cisplatin, but knockdown or
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FIGURE 6 The microtubule-stabilizing effect of fibroblast growth factor 13 (FGF13) induces regulation of hCTR1 and ATP7A. A,
Schematic diagram of FGF13-VY and FGF13-mut. B, FGF13 expression in A549 cells after adenovirus transfection with the FGF13-VY
expression vector, FGF13-mut expression vector, or a control vector for 48 h. C, A coimmunoprecipitation assay showed that FGF13-VY
can bind to tubulin, whereas FGF13-mut cannot. D, Cytotoxicity of cisplatin in A549 cells after transfection with the above vectors. E, F,
Western blot analysis and quantification with antibodies to the indicated proteins in A549 cells with or without cisplatin exposure after
transfection with the vectors mentioned above. G, Intracellular distribution of ATP7A and 58K Golgi protein (58K) in A549 cells with
cisplatin exposure after transfection with the above vectors. Scale bar = 20 pm or 5 pm (magnification). H, Cytotoxicity of cisplatin in SK-
MES-1, KLE, or 5637 cells after transfection with the above vectors. Data are presented as mean + SD. *P < .05, **P < .01, ***P < .001 in (D)

and (H); other P-values are indicated in the figure

FIGURE 7 Schematic diagram of
fibroblast growth factor 13 (FGF13)-
induced platinum drug resistance.
Platinum drugs enter the cell via hCTR1
and are sequestered or expelled via
ATP7A. Both hCTR1 degradation and
ATP7A-mediated drug sequestration or
excretion are involved in vesicle transport.
The microtubule-stabilizing effect of
FGF13 ensures these processes work
properly

Proteasome

AdixoL

overexpression of FGF13 alone could affect the expression of
ATP7A (Figures 3A-D and 6E). ATP7A is normally localized in the
Golgi apparatus, but in our study, ATP7A in cells with low FGF13 ex-
pression tended to be localized in the nucleus (Figures 4B,C and 6F).
The mechanism by which this occurs is not understood. Disorder of
copper homeostasis is often accompanied by neurological symp-
toms, such as Menkes’ disease, which is caused by defunct ATP7A
mutations. FGF13 is highly expressed in the nervous system, and its
deficiency can cause cortical and hippocampal structural abnormali-
ties, learning and memory impairments, and loss of some sensory
functions.®”’ Considering that mislocated ATP7A may not function

properly if ATP7A localization abnormalities due to FGF13 defi-

ciency are also observed in the nervous system, it is possible that
copper homeostasis disorders may be involved in the neurological

symptoms associated with FGF13.
4.4 | The possibility of targeting FGF13 for
cancer treatment

To date, targeting the copper-trafficking system for cancer treat-

ment has shown promising prospects, as it inhibits cancer growth by
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limiting copper uptake and sensitizes cells to platinum drugs. Copper
chelators such as trientine and tetrathiomolybdate (TM) can be ap-
plied to reduce the amount of copper in the internal environment
to inhibit the growth of cancers, especially those with BRAF muta-
tions.*® It was also discovered that copper chelators can increase
hCTR1 expression on cancer cell membranes and thus sensitize cells
to platinum drugs.*">* However, a lack of copper can also cause
some side effects in patients. Therefore, more appropriate ways of
regulating the copper-trafficking system are needed. Bortezomib has
been shown to inhibit the proteasome, thereby preventing platinum-
induced hCTR1 degradation and thus increasing the sensitivity of
cancer cells to platinum drugs.52 In addition, several factors, such
as specificity protein 1, annexin A4, and antioxidant-1 (Atox1), have
previously been found to affect the function of hCTR1 or ATP7A,
thereby affecting cell sensitivity to platinum drugs. Specificity pro-
tein 1 regulates hCTR1 as a transcription factor.”® Annexin A4 pro-
motes platinum drug excretion via ATP7A.>* Atox1 receives cuprous
ions from hCTR1 and delivers them to copper-transporting ATPases
(ATP7A/ATP7B).>® Interestingly, the copper-binding motif of Atox1
can also bind and deliver Pt(ll) to copper-transporting ATPases.>¢>’
Thus, Atox1 can contribute to platinum drug resistance by compet-
ing with DNA platination and promoting drug excretion.?”*® DC_AC
50, a small molecule inhibitor of Atox1, has been found to limit cop-
per intake and sensitize cancer cells to platinum drugs.59’6°

In this study, we found that FGF13 simultaneously regulates the
expression and distribution of hCTR1 and ATP7A to reduce drug in-
flux and promote drug sequestration and efflux when cancer cells are
exposed to platinum drugs. The FGF13-induced regulation of hCTR1
and ATP7A depends on the microtubule-stabilizing effect of FGF13.
Therefore, FGF13 enhances resistance to platinum drugs in cancers
by regulating hCTR1 and ATP7A via a microtubule-stabilizing effect
(Figure 7). Based on bioinformatic analysis and in vitro experiments,
our data indicate that FGF13 mediates platinum drug resistance at
least in lung cancer, endometrial cancer, cervical cancer, and bladder
cancer, which suggests that FGF13 can be a sensibilization target

and prognostic biomarker for chemotherapy.
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