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Identification of mechanism of the oncogenic role of FGFR1 in papillary
thyroid carcinoma
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Papillary thyroid carcinoma (PTC) is the most prevalent malignancy of the thyroid. Fibroblast growth factor
receptor 1 (FGFR1) is highly expressed in PTC and works as an oncogenic protein in this disease. In this report,
we wanted to uncover a new mechanism that drives overexpression of FGFR1 in PTC. Analysis of FGFR1
expression in clinical specimens and PTC cells revealed that FGFR1 expression was enhanced in PTC. Using
siRNA/shRNA silencing experiments, we found that FGFR1 downregulation impeded PTC cell growth, inva-
sion, and migration and promoted apoptosis in vitro, as well as suppressed tumor growth in vivo. Bioinformatic
analyses predicted the potential USP7-FGFR1 interplay and the potential binding between YY1 and the FGFR1
promoter. The mechanism study found that USP7 stabilized FGFR1 protein via deubiquitination, and YY1
could promote the transcription of FGFR1. Our rescue experiments showed that FGFR1 re-expression had a
counteracting effect on USP7 downregulation-imposed in vitro alterations of cell functions and in vivo suppres-
sion of xenograft growth. In conclusion, our study identifies the deubiquitinating enzyme USP7 and the onco-
genic transcription factor YY1 as potent inducers of FGFR1 overexpression. Designing inhibitors targeting
FGFR1 or its upstream inducers USP7 and YY1 may be foreseen as a promising strategy to control PTC devel-
opment.
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Introduction

As the most prevalent cancer of the thyroid, papillary thyroid
carcinoma (PTC) has an increased trend of incidence in recent
years.! In China, the cases of this tumorigenic disease have been on
the rise.? Although the diagnostic techniques and treatment options
for patients with PTC have generally improved, there is still an
urgent need for more innovative and efficient targets for PTC diag-
nosis and treatment due to the rapidly increased number of cases.
Thus, essential players in PTC development, including oncogenic
proteins, deserve to be explored.

Fibroblast growth factor receptor 1 (FGFR1), a member of the
FGFR family, is capable of inducing the activation of downstream
signaling pathways, including the PI3K and MAPK pathways,
thereby actively participating in cell differentiation, growth, motil-
ity, and survival.>> Overexpression of FGFR1 and abnormal acti-
vation of the FGFR1 signaling have been frequently found in var-
ious cancer types, such as breast cancer, squamous cell lung can-
cer, and bladder tumor.®® In cancer, FGFR1 exerts pro-tumorigenic
activity, and FGFR1 inhibitors have been well-known for anti-can-
cer therapy.’ Furthermore, the genomic alteration of FGFR1 occurs
in PTC,!? and FGFRI can contribute to PTC malignant pheno-
types.!!

Ubiquitination and deubiquitination, vital determinators of
protein fate, take part in tumor biology by mediating post-transla-
tional modification.'>? The FGFR1 signaling can be downregulated
by the ubiquitination of FGFR1."* Through the recognition of spe-
cific DNA sequences, transcription factors (TFs) can control the
transcription of the genome.!* TFs Runx2 and NF-xB have been
shown to target FGFR1 and guide FGFRI1 transcription.>!

Given the overexpression and oncogenic action of FGFR1 in
PTC,''13 we wanted to uncover a new post-translational modifier
based on deubiquitination, a process that promotes protein stabili-
ty,!¢ and a novel oncogenic TF, both of which drive FGFR1 over-
expression in PTC. Based on the observations of bioinformatics
analysis, we hypothesized that the deubiquitinating enzyme USP7,
which works as a tumor driver in PTC by stabilizing oncogenic
proteins,!” and the TF YY1, which is a contributor to PTC by
enhancing oncogene transcription,'® might contribute to FGFR1
overexpression, thereby accelerating PTC development.

Materials and Methods

Clinical specimens

We obtained surgically resected samples, including tumor
specimens and neighboring healthy thyroid samples, from 32
patients with confirmed PTC in Xianning Central Hospital from
August 2021 to May 2023. All clinical specimens were divided
into two parts: one was fixed with 4% paraformaldehyde for
FGFR1 immunohistochemical staining, and the other part for
expression analysis was stored in RNAlater reagent (Beyotime,
Shanghai, China) at -80°C. The Xianning Central Hospital
Institutional Ethics Committee approved the use of the human
specimens (no. TDLL202209-06), and all participants signed
informed consent for study participation.

Cell lines and transfection and transduction of cell
lines

Cell lines used in this study included normal Nthy-ori3-1
(#IM-H512; Immocell, Xiamen, China), TPC-1 PTC (#CL-0643;
Procell, Wuhan, China), IHH-4 PTC (#CL-0803; Procell) and
SW579 PTC (#CL-0224B; Procell) cell lines. Cell culture was car-
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ried out in an 85% humidity incubator with a fixed concentration
of CO, (5%) at 37°C using RPMI-1640 (Solarbio, Shanghai,
China) for Nthy-ori3-1, IHH-4, and TPC-1 cells and DMEM
(Procell) for SW579 cells, which were enriched with 1% antibi-
otics (Beyotime) and 10% FBS (EuroClone, Milan, Italy). MG132
(Selleck, Shanghai, China), a repressor of ubiquitin-proteasome,’
was used to incubate TPC-1 and SW579 cells at a 100 nM concen-
tration for 24 h.

For knockdown experiments, we obtained FGFR1-siRNA (si-
FGFR1), USP7-siRNA (si-USP7), YY1-siRNA (si-YY1), and
scrambled siRNA sequence (si-NC) from Genscript (Nanjing,
China), as well as lentivirus coding USP7-shRNA (sh-USP7) or
scrambled shRNA (sh-NC) from BioHealth (Wuhan, China). The
pCMV-FGFR1(human)-3xFlag-Neo obtained from Miaoling
(Wuhan, China) was used to encode the FGFR1 protein in rescue
experiments. For in vitro analyses, TPC-1 and SW579 cells (5 x
104 cells for 1% transfection) were subjected to transfection of si-
FGFRI1 (30 nM), si-USP7 (30 nM), si-YY1 (30 nM), si-USP7 (15
nM) along with the FGFR1 plasmid (500 ng), or si-NC control (30
nM) under the use of Lipofectamine 2000 following the reagent
instructions (Life Technologies, Abingdon, UK). For in vivo stud-
ies, SW579 cells were infected with sh-USP7 or sh-NC lentivirus.
After transduction, cells were processed by puromycin selection (2
pg/mL) for two weeks.

Xenograft studies

With the approval of the Xianning Central Hospital Animal
Care and Use Committee (IACUC, No. ANHB202303-08), we
used 18 female BALB/c nude mice (1.5- to 2-month-old; Aniphe
BioLab, Nanjing, China) in xenograft experiments, which were
grouped into three groups: sh-USP7 (n=6), sh-USP7+FGFRI1
(n=6), and sh-NC (n=6). To examine the influence on xenograft
growth, we injected sh-USP7 or sh-NC lentivirus-transduced
SW579 cells (7 x 10¢ cells per mouse) into the left flank of mice
by subcutaneous implantation. One week later, the formed sh-
USP7 xenografts in the sh-USP7+FGFR1 group were subjected to
intratumor injection of 1 ng FGFR1 plasmid. We measured tumor
width and length using a pair of callipers every three days and
determined xenograft volume through the width?> x length x 1/2
formula. When the mice were sacrificed on day 23 after subcuta-
neous implantation, all xenografts were harvested and subjected to
the indicated analyses.

Immunohistochemical staining

Paraformaldehyde-fixed, paraffin-embedded human clinical
specimens and mouse xenografts were processed by immunohisto-
chemical staining as described by Hu et al.?° Briefly, tissues were
fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned
(4-5 um). After that, tissues were rehydrated and subjected to anti-
gen retrieval in sodium citrate solution (pH=6.0; Servicebio), fol-
lowed by non-specific blocking in 3% hydrogen peroxide. The
mouse anti-FGFR1 monoclonal (#60325-1-Ig, 1:300) and rabbit
anti-Ki67 polyclonal (#27309-1-AP, 1:5000) primary antibodies
(Proteintech, Wuhan, China) were applied overnight at 4°C to probe
FGFR1 and Ki67, respectively. A rabbit antibody against IgG
(#30000-0-AP, 1:5000; Proteintech) was used as the negative con-
trol. Sections were then incubated with anti-mouse (#ab6728,
1:800) and anti-rabbit (#ab7090, 1:2000) secondary antibodies
(Abcam, Cambridge, UK) labeled by HRP for 50 min at room tem-
perature. For the development of signals, we applied the DAB kit
(Solarbio) before counterstaining with hematoxylin. At least five
random fields were obtained under the Axiovert 200M microscope
(Zeiss, Oberkochen, Germany). Each sample consisted of 10 con-
secutive slices. The percentage of positive expression cells was
determined relative to the total cell count.
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mRNA analysis by quantitative PCR

We prepared total RNA from 50 mg of human specimens
(including tumors and neighboring normal tissues) and 5 x 10° si-
USP7- or si-NC-transfected TPC-1 and SW579 PTC cells using
the NucleoSpin® RNA II Kit and accompanying directions
(Macherey-Nagel, Diiren, Germany). After quantification by spec-
trophotometric measurement, 500 ng of each RNA extract was ran-
domly primed for cDNA generation using the ReverTra Ace RT
Kit as suggested by the producer (Toyobo, Tokyo, Japan). Using
generated cDNA with a 20-fold dilution as template, we performed
quantitative PCR to evaluate FGFR1 mRNA expression using
SYBR Green (Vazyme, Nanjing, China) with a primer set (5’-
GACGCAGGGGAGTATACGTG-3’-forward and 5’-ACTG-
GAGTCAGCAGACACTG-3-reverse). The GAPDH served as a
loading control with a wuniversal primer (5’-AGAAG-
GCTGGGGCTCATTTG-3’-forward and 5’-AGGGGCCATC-
CACAGTCTTC-3’-reverse). Ct values were averaged from tripli-
cate reactions, and the 2t formula was used to calculate relative
expression.

Protein analysis by immunoblotting

Using the AllPrep DNA/RNA/Protein kit, human clinical spec-
imens and cell lines were extracted for total protein as recommend-
ed by the vendor (Qiagen, Crawley, UK). Utilizing standard meth-
ods described by Yao and colleagues,?! we conducted immunoblots
using mouse anti-FGFR1 monoclonal (#60325-1-Ig, 1:1500;
Proteintech), mouse anti-USP7 monoclonal (#66514-1-Ig,
1:10000; Proteintech), rabbit anti-YY1 monoclonal (#ab232573,
1:1000; Abcam), and rabbit anti-GAPDH polyclonal (#10494-1-
AP, 1:20000; Proteintech) antibodies, as well as secondary anti-
bodies conjugated by HRP. After signal development using
Supersignal West Dura (Thermo Fisher Scientific, Geel, Belgium),
we analyzed gray level using the iBright 1500 System (Thermo
Fisher Scientific).

Evaluation of cell growth

Growth of TPC-1 and SW579 PTC cells that were introduced
with si-FGFR1, si-USP7, si-USP7+FGFRI1, or si-NC was deter-
mined by assessing viability via the CCK-8 experiment (MCE,
Shanghai, China) and proliferation via the EdU staining assay
(BeyoClick™ EdU-488, Beyotime). In brief, we seeded TPC-1 and
SW579 PTC cells in a 96-well plastic plate and maintained them
for 8-12 h, followed by the described transfection. In the CCK-8
experiment, the CCK-8 working solution was used for cell incuba-
tion as per the vendor’s description. We gauged the absorbance per
sample through a 96-well spectrometer (BMG Labtech, Ortenberg,
Germany). In the EdU staining experiment, cells after 48 h of
transfection were first treated with the EAU working reagent and
then stained with Click Additive 488 Solution. After nucleus coun-
terstaining with DAPI (Beyotime), we obtained fluorescent images
under a Fluoview FV1000 microscope (Olympus, Mishama,
Japan). The ratio of EdU positive cells (showing a green fluores-
cence) was determined relative to the total cell count (showing a
blue fluorescence).

Detection of cell apoptosis, invasiveness, and
migratory ability

TPC-1 and SW579 PTC cells introduced with si-FGFR1, si-
USP7, si-USP7+FGFR1, or si-NC were subjected to these analy-
ses. For apoptosis analysis by flow cytometry, cells after 48 h of
transfection were doubly stained with PI and FITC-Annexin V
(Vazyme) in accordance with the vendor’s protocols. We defined
apoptotic cells as positive for Annexin V. For invasiveness analysis
by transwell assay, we seeded PTC cells after 48 h of transfection
into the upper chamber of a 24-Transwell plate (Corning,
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Lindfield, NSW, Australia) and added 650 uL of 10% FBS medi-
um into the bottom. Eighteen hours later, we counted the invaded
cells under an inverted microscope. For motility analysis by wound
healing assay, we plated transfected PTC cells in 6-well plastic
plates. When cells reached almost 100 confluence, we made a ver-
tical wound via pipette tips (200 pL) and continued to culture cells
in media containing mitomycin C (10 pg/mL) for 24 h, to inhibit
cell proliferation. We captured images at 0 h and 24 h for evalua-
tion of cell migratory ability. At least three random fields for each
sample were obtained under the Axiovert 200M microscope. The
wound width was measured by Image] software (National
Institutes of Health, Bethesda, MD, USA), and the relative migra-
tion distance was determined based on that of un-transfected cells.

Bioinformatics

We utilized Ubibrowser 2.0 database? to predict deubiquiti-
nase-FGFR1 interactions (http://ubibrowser.bio-it.cn/ubibrows-
er_v3/). Jaspar?*? predicted the putative binding between YY1 and
the FGFR1 promoter (https://jaspar.elixir.no/).

Immunoprecipitation assay

We determined the influence of USP7 in FGFR1 deubiquitina-
tion by an immunoprecipitation experiment with recombinant anti-
Flag antibody (#80010-1-RR, 1 pg for 1 mg of protein extract;
Proteintech) and subsequent immunoblot analysis using rabbit
ubiquitin polyclonal antibody (anti-Ub, #10201-2-AP, 1:5000;
Proteintech). Briefly, TPC-1 cells were co-transfected with the
FGFRI1 plasmid fused with 3% Flag tags and si-USP7 or sh-NC
control, followed by lysing in RIPA buffer (Beyotime) containing
PMSF (Servicebio, Wuhan, China). Total cell extract was subject-
ed to incubation with the anti-Flag antibody and Protein A/G
agarose (Thermo Fisher Scientific). The immunoprecipitates were
collected for the evaluation of Ub linked to the Flag-FGFR1 pro-
tein by immunoblotting to determine ubiquitinated FGFRI.

Immunofluorescence and colocalization assay

Si-USP7- or si-NC-introduced TPC-1 cells were subjected to
fixation with 4% paraformaldehyde, permeation with 0.5% Triton
X-100 in PBS, and blocking with 3% BSA (Servicebio). The pri-
mary antibodies, including rabbit anti-FGFR1 polyclonal
(#GB115541, 1:100; Servicebio) and mouse anti-USP7 monoclon-
al (#66514-1-Ig, 1:300; Proteintech), were used prior to the appli-
cation of Alexa 488-labeled anti-mouse (#GB25301, 1:500;
Servicebio) and Cy3-labeled anti-rabbit (#GB21303, 1:500;
Servicebio) IgG secondary antibodies following the vendors’
guidelines. For nucleus counterstaining, DAPI reagent was
applied. Under the Fluoview FV1000 microscope, we captured flu-
orescent images at 400x magnification.

Chromatin immunoprecipitation experiment

We evaluated the binding of YY1 and the FGFR1 promoter
under the use of chromatin immunoprecipitation (ChIP) experi-
ments with the BeyoChIP™ Enzymatic ChIP Kit and instructions
(Beyotime). Briefly, TPC-1 and SW579 cells subjected to
formaldehyde and glycine solution processing were re-suspended
in PBS plus PMSF. Following the instructions, we prepared the
cell nucleus and applied 1 pL of MNase for chromatin fragmenta-
tion. Using mouse anti-Y'Y 1 monoclonal (#66281-1-Ig, 0.5 pg for
1 mg of cell extract; Proteintech) or normal rabbit IgG polyclonal
(#30000-0-AP, 0.5 pg for 1 mg of cell extract; Proteintech) anti-
body, the precipitates were pulled down by Protein A/G agarose for
measurement of enrichment content of the FGFR1 promoter by
quantitative PCR.

[European Journal of Histochemistry 2024; 68:4048]



Luciferase assay

We analyzed the regulatory function of YY1 in FGFR1 tran-
scription using luciferase assay by generating reporter constructs
including wild-type (WT) and mutant (MUT) FGFRI1 reporter
(WT-FGFR1 and MUT-FGFR1), which were made by inserting the
500-bp length fragment of the FGFR1 promoter encompassing the
predicted WT sequence or MUT sequence into the pGL3 vector
(HonorGene, Changsha, China). WT-FGFR1 or MUT-FGFR1 was
co-introduced into TPC-1 and SW579 cells along with the pRL-TK
Renilla control plasmid (Promega, Milan, Italy) and si-YY1 or si-
NC mock. Cells after 48 h of transfection were used for luciferase
activity analysis with the Dual-Lucy Assay Kit (Solarbio). We
expressed relative activity as the ratio of firefly to Renilla
luciferase.

Statistical analysis

We presented all data as means of at least three biological
replicates with standard deviation (means = SD). Significance for
all the tests, evaluated by calculating the p-value using an unpaired
Student’s #-test (for two group comparison) or ANOVA (for multi-
ple analysis), was <0.05.

Normal

Relative FGFR1
protein expression

PTC

Normal

; press

Results

FGFRI1 expression is enhanced in human PTC

FGFRI1 has garnered great attention in PTC due to its impor-
tant significance in disease development.'!!3 To evaluate the exact
role of FGFR1 in human PTC, we began by determining its expres-
sion in PTC samples. Immunohistochemical staining confirmed
elevated FGFR1 expression in PTC tumors (Figure 1A). Our quan-
titative PCR and immunoblot analyses showed increased FGFR1
expression at both mRNA and protein levels in these primary
tumors versus their neighboring normal tissues (Figure 1 B,C).
Importantly, FGFR1 protein levels were highly upregulated in PTC
cell lines (IHH-4, TPC-1, and SW579) relative to the normal Nthy-
ori3-1 cell line (Figure 1D). The above results confirm the overex-
pression of FGFR1 in human PTC.

Downregulation of FGFR1 impedes PTC cell
growth, invasion, and migration and promotes
apoptosis

We then studied the biological functions of FGFR1 in PTC
using TPC-1 and SW579 cells, which presented more significant
elevation in FGFR1 protein (Figure 1D). A FGFR1-siRNA (si-
FGFR1) that was validated to successfully knock down FGFR1 in
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Figure 1. Enhanced expression of FGFR1 in human PTC. A) Representative immunohistochemical staining of PTC tumors (n=3) and
neighboring healthy thyroid samples (n=3). B,C) Quantitative PCR by RT-qPCR of FGFR1 mRNA (B) and immunoblots of FGFR1 pro-
tein expression (C) in PTC tumors (n=32) and neighboring healthy thyroid samples (n=32). D) Representative immunoblot analysis of
three PTC cell lines (IHH-4, TPC-1, and SW579) and control cell line Nthy-ori3-1 to detect FGFR1 protein levels. *p<0.05.
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the two PTC cell lines was used in this study (Figure 2A). Si-
FGFR1-introduced PTC cells (both TPC-1 and SW579) displayed
suppressed cell viability and reduced the ratio of EdU positive
cells (Figure 2 B,C), indicating that downregulation of FGFRI1
results in an inhibition in PTC cell growth. Flow cytometry
revealed that FGFR1 downregulation could drive apoptosis of
TPC-1 and SW579 PTC cells compared with the nontarget control
si-NC (Figure 2D). We then utilized transwell and wound healing
assays to evaluate the effect on cell invasiveness and migratory
ability, respectively. TPC-1 and SW579 cells with FGFR1 down-
regulation presented suppressed invasiveness (Figure 2 E,F) and
weakened migratory ability (Figure 2G). Together, and in agree-
ment with previous documents,'":'* these findings demonstrate that
dysregulated FGFR1 can cause PTC development.

USP7 stabilizes FGFR1 via deubiquitination

In order to determine what drives FGFR1 overexpression in
PTC, we first considered the post-translational modifiers. The deu-
biquitinating enzyme USP7 is frequently overexpressed in many
cancer types and has been identified as a tumor promoter due to its
regulation in various oncogenic proteins through deubiquitina-
tion.?>?* Unsurprisingly, when we used the Ubibrowser 2.0
database ? to predict deubiquitinase-FGFRI1 interplays, we found
that USP7 had a potential to stabilize FGFR1 (Figure 3A). To
address this possibility, the regulation of USP7 in FGFR1 expres-
sion was examined. Reduced USP7 protein expression upon trans-
fection of a USP7-siRNA (si-USP7), confirmed by immunoblot
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analysis (Figure 3B), did not alter the mRNA expression of FGFR1
in TPC-1 and SW579 PTC cells compared to the si-NC control
(Figure 3C). Interestingly, PTC cells with USP7 silencing exhibit-
ed reduced FGFR1 protein level (Figure 3 D,E), indicating that
USP7 contributes to overexpression of FGFR1 protein in TPC-1
and SW579 PTC cells. This finding was also further reinforced by
using MG132, the repressor of ubiquitin-proteasome, ' to treat si-
USP7-transfected PTC cells. Treatment of MG132 significantly
restored FGFR1 protein level reduced by USP7 knockdown in
TPC-1 and SW579 PTC cells (Figure 3E). Furthermore, co-trans-
fection of si-USP7 and Flag-FGFR1 plasmid (a FGFR1 expression
plasmid fused with Flag tag) resulted in enhanced ubiquitination in
Flag-FGFR1 protein in TPC-1 PTC cells (Figure 3F). In addition,
immunofluorescence microscopy not only confirmed the positive
regulation of USP7 in FGFRI1 protein expression but also con-
firmed the co-localization of USP7 and FGFRI1 in TPC-1 PTC
cells (Figure 3G). Thus, we conclude that USP7 can stabilize
FGFR1 by deubiquitinating FGFR1.

USP7 stabilizes FGFR1 to affect PTC cell growth,
invasiveness, migration, and apoptosis

The above data demonstrate that USP7 stabilizes FGFR1 in
PTC cells. To elucidate whether the USP7/FGFR1 cascade can
regulate PTC cell phenotypes, rescue experiments using co-trans-
fection of a FGFR1 plasmid were carried out in USP7-silenced
PTC cells. In TPC-1 and SW579 PTC cells, reduced USP7 expres-
sion by si-USP7 introduction caused a significant downregulation
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Figure 2. Regulatory functions of FGFR1 in PTC cell phenotypes. A) Representative immunoblot showing the protein expression of
FGFRI1 in TPC-1 and SW579 PTC cells that were introduced with a FGFR1-siRNA (si-FGFR1) or scrambled siRNA sequence (si-NC).
B) CCK-8 cell viability analysis of TPC-1 and SW579 PTC cells transfected as in A. C) EdU cell proliferation assay of TPC-1 and SW579
PTC cells transfected as in A. D) Annexin V-FITC and PI staining-based cell apoptosis analysis of TPC-1 and SW579 PTC cells treated
as in A. E,F) Transwell invasiveness analysis of TPC-1 and SW579 PTC cells introduced as in A. G) Would healing assay of TPC-1 and
SW579 PTC cells introduced as in A to test cell migratory ability. *p<0.05.
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cells were co-transfected with Flag-FGFR1 plasmid and si-USP7 or sh-NC control, followed by immunoprecipitation (IP) experiment with
anti-Flag antibody; the immunoprecipitates were subjected to immunoblot assay (IB) using anti-Ub antibody. G) Representative immuno-
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Figure 4. USP7 correlates with PTC cell malignant behaviors by stabilizing FGFR1. A) Immunoblots of lysates of TPC-1 and SW579 PTC
cells that were introduced with si-USP7, si-USP7+FGFR1 plasmid or scrambled siRNA sequence (si-NC) for evaluation of FGFR1 protein.
B) Viability analysis of TPC-1 and SW579 PTC cells transfected as in A by CCK-8 assay. C,D) Proliferative ability evaluation of TPC-1
and SW579 PTC cells transfected as in A by EdU assay. E) Apoptosis analysis of TPC-1 and SW579 PTC cells treated as in A by flow
cytometry based Annexin V-FITC and PI staining. F,G) Assessment of invasiveness of TPC-1 and SW579 PTC cells introduced as in A by
transwell assay. H) Determination of migratory ability of TPC-1 and SW579 PTC cells introduced as in A by would healing assay. *p<0.05.
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in FGFR1 protein, which was rescued by this FGFR1 plasmid
(Figure 4A). Lessened expression of USP7 led to cell viability and
proliferation defects, while FGFRI1 re-expression rescued these
defects (Figure 4 B-D). Conversely, re-expression of FGFRI
weakened cell apoptosis induced by reduced USP7 expression
(Figure 4E). Of note, FGFR1 re-expression also had a counteract-
ing effect on si-USP7-imposed repression of invasiveness and
migratory capacity of TPC-1 and SW579 cells (Figure 4 F-H).
These data suggest that the USP7/FGFRI1 cascade correlates with
enhanced PTC malignant behaviors.

YY1 promotes the transcription of FGFR1

The TF YY1 activates the transcription of oncogenic players,
thereby contributing to PTC development.'® Intriguingly, the
Jaspar project predicted a potential pairing sequence (CAGAATG-
GAGGA) for YY1 in the FGFR1 promoter (Figure SA). Through
ChIP experiments with an anti-YY1 antibody, we confirmed the
direct binding between YY1 with the FGFR1 promoter (Figure
5B). To investigate the regulatory function of YY1 in FGFRI1 tran-
scription, we generated a reporter construct (WT-FGFR1) by
inserting the 500-bp length fragment of the FGFR1 promoter har-
boring the predicted pairing sequence into the pGL3 vector and
transfected it into TPC-1 and SW579 cells along with si-YY1,
which was validated to silence YY1 expression in both cell lines
(Figure 5C). Luciferase assays revealed reduced luciferase activity
in cells co-transfected with WT-FGFR1 and si-YY1 compared
with si-NC co-transfected cells (Figure 5 D,E). To demonstrate the
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validity of the predicted pairing sequence, we also generated a
mutation (MUT-FGFR1) carrying a mutated pairing sequence
(ACAGCCAAGTTC) (Figure 5A). Downregulation of YY1 did
not alter the luciferase activity of cells co-transfected with MUT-
FGFRI1 (Figure 5 D,E). Indeed, YY1-silenced TPC-1 and SW579
cells exhibited reduced levels of FGFR1 protein (Figure 5F). Thus,
YY1 can promote FGFR1 transcription by binding to the FGFR1
promoter via the “CAGAATGGAGGA” site.

Downregulation of USP7 prevents xenograft
growth via FGFR1 reduction

To prove the in vitro findings that reduced USP7 expression
performs an anti-growth function in PTC cells through FGFR1, we
generated SW579 xenograft tumors and conducted the intratumor
injection of FGFR1 expression plasmid. The sh-USP7 SW579
xenografts displayed suppressed growth, as evidenced by reduced
tumor volume and weight compared with sh-NC controls (Figure
6 A,B). Administration of the FGFR1 plasmid reversed sh-USP7-
mediated growth inhibition in SW579 xenografts (Figure 6 A,B).
The sh-USP7 SW579 xenografts also exhibited reduced FGFR1
expression, while this FGFR1 plasmid partially abolished the
reduction (Figure 6 C,D). In addition, the sh-USP7 SW579
xenografts had fewer Ki67-postitive cells than sh-NC controls,
while FGFR1 upregulation increased the percentage of the Ki67-
positive cells (Figure 6D). These findings confirm that downregu-
lation of USP7 reduces FGFR1 expression, thereby resulting in
xenograft growth suppression.
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Figure 5. TF YY1 can promote FGFR1 transcription. A) Schematic of the motif of YY1, the predicted pairing sequence for YY1 in the
FGFRI1 promoter, the mutation in the pairing sequence. B) ChIP experiments of chromatin of TPC-1 and SW579 cells using antibodies
against YY1 and IgG, followed by DNA purification and enrichment analysis of the FGFR1 promoter. C) Immunoblots of lysates of si-
YY1- or si-NC-transfected TPC-1 and SW579 cells to assess YY1 protein expression. D,E) The reporter construct WT-FGFR1 or MUT-
FGFRI was introduced into TPC-1 and SW579 cells along with si-YY1 or si-NC control, followed by analysis of luciferase activity. F)
Representative immunoblotting showing FGFR1 protein level in si-YY 1- or si-NC-introduced TPC-1 and SW579 cells. *p<0.05.
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Discussion

FGFRI possesses significant activity in promoting the tumori-
genesis of multiple cancers, including PTC.! Inhibition of
FGFRI in cancer cells has been proposed as an anti-cancer option.’
Understanding the drivers that contribute to overexpression of
FGFRI1 could be conducive to exploiting FGFR1 inhibitors. Here,
we first confirm the elevated expression and pro-tumorigenic
action of FGFR1 in human PTC. Further, we identify the deubig-
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uitinating enzyme USP7 and the oncogenic TF YY1 as inducers of
FGFR1 overexpression in PTC.

In agreement with the overexpression in various cancers,** our
results have uncovered the elevated expression of FGFR1 mRNA
and protein in clinical PTC tumor samples, suggesting the potential
role of FGFR1 as a marker for PTC confirmation. FGFR1 has been
highlighted as a pro-tumorigenic factor in human carcinogenesis.
For example, the FGFR1/MAPK signaling contributes to lung car-
cinogenesis by promoting immune evasion mediated by PD-L1.?
Increased FGFR1 expression underlies the development and
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Figure 6 Reduction of USP7 prevents xenograft growth by downregulating FGFR1. A,B) Xenograft growth curve (A) and weight (B) in
BALB/c nude mice after injection of sh-NC lentivirus-infected SW579 cells, sh-USP7 lentivirus-transduced SW579 cells with or without
intratumor injection of FGFR1 expression plasmid. C) Immunoblots of sh-NC SW579 xenografts, sh-USP7 SW579 xenografts and sh-
USP7+FGFR1 xenografts to evaluate FGFR1 protein expression. D) Representative immunohistochemical staining of xenografts shown in
C for evaluation of FGFR1 expression and the Ki67-positive cells. *p<0.05.
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Figure 7. Schematic of the USP7/FGFR1 and YY 1/FGFR1 cascades in PTC progression. In PTC cells, the TF YY1 promotes the transcrip-
tion of FGFR1 and the deubiquitinating enzyme USP7 stabilizes FGFR1, thereby contributing PTC progression

[European Journal of Histochemistry 2024; 68:4048]

OPEN aACCESS



- press

~N

metastasis of prostate cancer.”® Furthermore, overexpression of
FGFR1 confers breast cancer cell resistance to the anti-cancer
agent metformin, depending on the IRS1/ERK signaling.?* In PTC,
FGFRI can cause enhanced progression by promoting cancer cell
metastasis and growth.' In line with the report, our findings also
demonstrate that dysregulated FGFR1 causes PTC development by
determining can cell malignant phenotypes.

Post-translational modification has garnered great attention for
preventing human cancer.?” USP7, a well-known deubiquitinating
enzyme, is frequently overexpressed in a number of cancers, and
has been identified as a pro-tumorigenic driver by stabilizing onco-
genic proteins through deubiquitination.?>** For instance, USP7
deubiquitinates XIAP to enhance protein stability, thereby inhibit-
ing cancer cell apoptosis.”?® USP7 is able to enhance cancer cell
invasiveness and proliferation by stabilizing EZH2, depending on
its deubiquitination.?” USP7 has emerged as a promising target for
anti-cancer therapy.’® In PTC, USP7 stabilizes TBX3 by downreg-
ulating the ubiquitination and degradation of the TBX3 protein,
thus facilitating cancer cell growth.!” Here, we have pointed out the
fact that USP7 can stabilize FGFR1 through deubiquitination.
Furthermore, we provide evidence to support that the
USP7/FGFR1 cascade contributes to PTC progression.

YY1, a cancer-related TF, functions as a tumor-promoting fac-
tor by activating the transcription of oncogenic genes.?'*> Previous
work has also unveiled the oncogenic effect of YY1 on PTC via its
pro-transcriptional activity in FOXEL.'"® Through bioinformatics
prediction and expression regulation analysis, we have demon-
strated, for the first time, that YY1 can promote the transcription
and expression of FGFR1 by binding to the FGFR1 promoter.
However, the direct evidence of the YY 1/FGFR1 cascade in facil-
itating PTC development is lacking at present. Related research
will be warranted in the subsequent exploration.

In summary, as illustrated in Figure 7, we have demonstrated
the elevated expression and pro-tumorigenic action of FGFR1 in
PTC. Mechanistically, we identify the deubiquitinating enzyme
USP7 and the oncogenic TF YY1 as potent inducers of FGFR1
overexpression in PTC. Exploiting inhibitors targeting FGFR1 or
its upstream inducers USP7 and YY1 may be foreseen as a poten-
tial avenue to control PTC development.
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