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Simple Summary: Fibroblast growth factor (FGF) plays an important role in tumor growth by in-
ducing angiogenesis in addition to promoting the proliferation of squamous cell carcinoma (SCC)
and oral squamous cell carcinoma (OSCC) cells. Heparin-binding protein 17/fibroblast growth
factor-binding protein-1 (HBp17/FGFBP-1) purified from A431 cell-conditioned media based on its
capacity to bind to FGF-1 and FGF-2 is recognized as a pro-angiogenic molecule as a consequence of
its interaction with FGF-2. In this study, we have examined the functional role of HBp17/FGFBP-1 in
A431 and HO-1-N-1 cells using the CRISPR/Cas9 technology. Our results showed that HBp17/FGFBP-
1 knockout inhibited cell proliferation, colony formation, and cell motility compared to control. The
amount of FGF-2 was decreased in culture medium conditioned by HBp17/FGFBP-1 knockout cells
compared to control. We performed cDNA/protein expression analysis followed by Gene Ontol-
ogy and protein–protein interaction analysis. The results demonstrate that both gene and protein
expression related to epidermal development, cornification, and keratinization were upregulated in
HBp17/FGFBP-1-knockout A431 and HO-1-N-1 cells.

Abstract: Heparin-binding protein 17/fibroblast growth factor-binding protein-1 (HBp17/FGFBP-1)
has been observed to induce the tumorigenic potential of epithelial cells and is highly expressed in
oral cancer cell lines and tissues. It is also recognized as a pro-angiogenic molecule because of its
interaction with fibroblast growth factor (FGF)-2. In this study, we examined the functional role of
HBp17/FGFBP-1 in A431 and HO-1-N-1 cells. Originally, HBp17/FGFBP-1 was purified from A431
cell-conditioned media based on its capacity to bind to FGF-1 and FGF-2. We isolated and established
HBp17/FGFBP-1-knockout (KO)-A431 and KO-HO-1-N-1 cell lines using the clusters of regularly
interspaced short palindromic repeats (CRISPR) and CRISPR-associated protein 9 (Cas9) gene editing
technology. The amount of FGF-2 secreted into conditioned medium decreased for A431-HBp17-KO
and HO-1-N-1-HBp17-KO cells compared to their WT counterparts. Functional assessment showed
that HBp17/FGFBP-1 KO inhibited cell proliferation, colony formation, and cell motility in vitro. It
also inhibited tumor growth in vivo compared to controls, which confirmed the significant difference
in growth in vitro between HBp17-KO cells and wild-type (WT) cells, indicating that HBp17/FGFBP-
1 is a potent therapeutic target in squamous cell carcinomas (SCC) and oral squamous cell carcinomas
(OSCC). In addition, complementary DNA/protein expression analysis followed by Gene Ontology
and protein–protein interaction (PPI) analysis using the Database for Visualization and Integrated
Discovery and Search Tool for the Retrieval of Interacting Genes/Proteins showed that both gene
and protein expression related to epidermal development, cornification, and keratinization were
upregulated in A431-HBp17-KO and HO-1-N-1-KO cells. This is the first discovery of a novel role of
HBp17/FGFBP-1 that regulates SCC and OSCC cell differentiation.
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1. Introduction

Fibroblast growth factor (FGF) is a cell signaling protein originally isolated from
the pituitary gland as a growth factor that promotes fibroblast proliferation [1,2]. So far,
23 members of the FGF family have been identified [3]. Fibroblast growth factor is believed
to play an important role in tumor growth and invasion by inducing angiogenesis, in
addition to promoting the proliferation of squamous cell carcinoma (SCC) cells [4,5]. The
expressions of FGF-1 and FGF-2 increased with the transformation to SCC, and FGF-like
activity is also present in SCC cell and salivary gland tumor cell culture mediums. However,
since there is no signal peptide in FGFs, its secretory mechanism is unclear [6,7].

Heparin-binding protein 17 (HBp17) was originally co-purified with FGF-2 from cul-
ture media conditioned by A431 human epidermoid carcinoma cells, and the molecular
weight of HBp17 is 17 kDa [8]. Heparin-binding protein 17, also known as fibroblast growth
factor-binding protein-1 (FGFBP-1), binds to FGF-1 and FGF-2 in a noncovalent and re-
versible manner to induce their release from the extracellular matrix (ECM). The expression of
HBp17/FGFBP-1 is observed in epithelial cells, and its expression increased with the severity
of epithelial dysplasia [9,10]. In addition, HBp17/FGFBP-1 binds reversibly to FGF-1 and
FGF-2 in vitro, so it may be related to the secretion and activation of FGFs and may control
cancer cell growth [11]. Liu et al. reported that HBp17/FGFBP-1 complementary DNA
(cDNA)-transfected A431-#4, a nontumorigenic A431 clonal variant that does not express
HBp17/FGFBP-1, forms palpable tumors in nude mice but parental cells do not [12].

A previous study reported that 1-α,25-dihydroxyvitamin D3 (1α,25(OH)2D3) inhibits
HBp17/FGFBP-1 expression in SCC and oral squamous cell carcinoma (OSCC) cell lines via
the nuclear factor-kappa B (NF-κB) signaling pathway [13,14]. In addition, ED-71, an analog
of 1α,25(OH)2D3, exhibited antitumor activity against SCC and OSCC both in vivo and
in vitro by downregulating HBp17/FGFBP-1 expression [15,16]. The exosomal miR-6887-5p
induced by ED-71 inhibits SCC and OSCC cell growth by targeting HBp17/FGFBP-1 [17].

In our previous studies, HBp17/FGFBP-1 expression could be reduced but not knocked
out completely in cells and in the culture supernatant. In this study, to determine the role
of HBp17/FGFBP-1 in SCC and OSCC cells, we investigated the effect of HBp17/FGFBP-
1 knockout (KO) using the clusters of regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated protein 9 (Cas9) gene editing technology on SCC and
OSCC cells in vitro and in vivo. For the sake of simplicity, HBp17/FGFBP-1 will be referred
to as HBp17 in the remainder of this manuscript.

2. Materials and Methods
2.1. Cell Culture

We used the epidermoid (squamous cell) carcinoma cell line A431 (RRID:CVCL_0037)
and OSCC cell line HO-1-N-1 (RRID:CVCL_1284). Both cell lines were cultured in serum-
free medium, as previously described [18–20]. Briefly, the cells were routinely grown in
35 mm culture dishes (BD Falcon, San Jose, CA, USA) in DF6F medium composed of a
1:1 mixture, by volume, of Dulbecco’s modified Eagle medium and Ham F-12 medium
supplemented with 10 µg/mL of insulin, 5 µg/mL of transferrin, 10 µM of 2-aminoethanol,
10 nM of sodium selenite, 10 µM of 2-mercaptoethanol, and 9.4 µg/mL of oleic acid
conjugated with fatty acid-free bovine serum albumin. All chemicals were obtained from
Sigma-Aldrich (St. Louis, MO, USA). All reagents used for cell culture were free of
mycoplasma and viral pathogens. A431 and HO-1-N-1 cells were cultured at 37 ◦C in a
humidified 95% air/5% CO2 atmosphere in a CO2 incubator (Thermo Fisher Scientific,
Waltham, MA, USA) until they were grown to 60–70% confluency.

These cell lines are free from mycoplasma contamination and have been authenticated
using short tandem repeat profiling (BEX CO., LTD. Tokyo, Japan), and the profiles of



Cancers 2021, 13, 2684 3 of 20

A431 and HO-1-N-1 matched with the publicly available reference profiles, as mentioned
previously [15,16].

2.2. Isolation and Establishment of HBp17-Knockout A431 and HO-1-N-1 Cells

We isolated and established HBp17-knockout A431 and HO-1-N-1 cells using HDR-
mediated CRISPR KO kits (ORIGENE, Rockville, MD, USA). The reconstructed plas-
mid, donor template DNA containing homologous arms, and functional cassette were
co-transfected into A431 and HO-1-N-1 cells using electroporation. A431 and HO-1-N-1
cells (1 × 106) in 90 µL of DF6F medium were transfected with 5 µg of guide RNA (gRNA)
vectors or scramble controls in 5 µL of DF6F medium and 5 µg of the donor DNA in 5 µL of
DF6F medium in a 2 mm cuvette using a NEPA21 electroporator (Nepa Gene, Chiba, Japan)
at 150 V for 2 min. Two-pulse electroporation was used to transfect exogeneous genes
into A431 and HO-1-N-1 cells, and transfected cells were further cultured. Subsequently,
1 µg/mL of puromycin (Life Technologies, Carlsbad, CA, USA) was added to select the
cells after subculture of the transfected-A431 and -HO-1-N-1 cells seven times. A single
colony was selected, and the inserted DNA sequences were verified by DNA sequence
analysis. We designated clones of A431 cells knockout HBp17 as A431-HBp17-KO1 and
A431-HBp17-KO2 cells. We also designated clones of HO-1-N-1 cells knockout HBp17 as
HO-1-N-1-HBp17-KO1 and HO-1-N-1-HBp17-KO2 cells. Parental cells were designated as
A431-wild-type (WT) and HO-1-N-1-WT cells.

2.3. Extraction of RNA and Quantitative Reverse Transcription-Polymerase Chain Reaction Analysis

Total RNA was isolated from A431-HBp17-KO, A431-WT, HO-1-N-1-HBp17-KO, and
HO-1-N-1-WT cells using TRIzol reagent (Life Technologies) according to the manufac-
turer’s instructions, and the RNA quality was checked (RNA concentration > 0.5 µg/µL and
OD 260/280 = 1.8–2.0). Reverse transcription was performed using the Super Script first-
strand synthesis system (Life Technologies). Quantitative reverse transcription-polymerase
chain reaction (qRT-PCR) analysis for HBp17, FGF-2, fatty acid-binding protein 5 (FABP5),
small proline-rich protein (SPRR) 1A, SPRR1B, involucrin (IVL), loricrin (LOR), and filag-
grin (FLG) was performed using the Stratagene Mx3000PTM system (Agilent Technologies,
Santa Clara, CA, USA) with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
the internal control. Primer sequences and TaqManTM fluorogenic probes were designed
according to ProbeFinder software of the Roche Universal Probe Library system (Roche
Applied Science, Nurley, NJ, USA). The primers used are as follows:

• HBp17: (NM_005130) 5′-CGTGTGCTCAGAACAAGGTG-3′, 5′-GAGCAGGGTGAGG
CTACAGA-3′ #46 fluorescent probe (Roche Applied Science).

• FGF-2: (NM_002006.4) 5′-TTCTTCCTGCGCATCCAC-3′, 5′-TGCTTGAAGTTGTAGCT
TGATGT-3′, #7 fluorescent probe (Roche Applied Science).

• FABP5: (NM_001444.2) 5′-GCAGACCCCTCTCTGCAC-3′, 5′-TCGCAAAGCTATTCC
CACTC-3′, #11 fluorescent probe (Roche Applied Science).

• SPRR1A: (NM_001199828.1) 5′-TCGGGTGCATTTGAGGAT-3′, 5′-AAGGAAGACTAG
GGATGGTTCA-3′, #60 fluorescent probe (Roche Applied Science).

• SPRR1B: (NM_003125.2) 5′-CAGAGTATTCCTCTCTTCACACCA-3′, 5′-CAAGGCTGT
TTCACCTGCT-3′, #3 fluorescent probe (Roche Applied Science).

• IVL: (NM_005547.3) 5′-CCTAGCGGACCCGAAATAA-3′, 5′-GGCCCTCAGATCGTCT
CATA-3′, #36 fluorescent probe (Roche Applied Science).

• LOR: (NM_000427.2) 5′-CAGACAAGATGTCTTATCAGAAAAAGC-3′, 5′-GAGGTCT
TCACGCAGTCCA-3′, #30 fluorescent probe (Roche Applied Science).

• FLG: (NM_002016.1) 5′-GGACTCTGAGAGGCGATCTG-3′, 5′-TGCTCCCGAGAAGA
TCCAT-3′, #38 fluorescent probe (Roche Applied Science).

• GAPDH: (NM_020529) 5′-GCTCTCTGCTCCTCCTGTTC-3′, 5′-ACGACCAAATCCGT
TGACTC-3′, #60 fluorescent probe.

The expression of each gene was quantified by measuring the cycle threshold (Ct)
values and then normalized using the 2−∆∆Ct method relative to GAPDH.
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2.4. SDS-PAGE and Western Blot

A431-HBp17-KO, A431-WT, HO-1-N-1-HBp17-KO, and HO-1-N-1-WT cells were
collected at designated times by scraping them from the surface of the plates in the presence
of radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris-HCL, 150 mM of NaCl,
5 mM of ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100, pH 7.4 (Nacalai Tesque
Inc., Kyoto, Japan)). The cell suspension was sonicated on ice for 30 s (Taitec Ultra S
Homogenizer VP-5S; Taitec, Tokyo, Japan). To prepare the conditioned medium (CM),
A431 and HO-1-N-1 cells were cultured in 10 mL of DF6F medium in 100 mm dishes (BD
Falcon). The medium was changed to the DF nutrient medium when the cells grew to 80%
confluence. Next, the cells were further cultured for 48 h and the CM was collected. The
CM was centrifuged at 10,000× g for 30 min at 4 ◦C to remove cells and debris and then
concentrated 10 times using an Amicon Ultra-15 Ultracel-5K (Merck).

Protein content was quantified using a bicinchoninic acid (BCA) assay (Thermo Fisher
Scientific). The purified cell extract (5 µg) or the CM (1 µg) was lysed with 5x sodium
dodecyl sulfate (SDS) sample buffer (625 mM Tris-HCl (pH 6.8), 10 mM EDTA, 15% glyc-
erol, 0.1% bromophenol blue (BPB)) and electrophoresed under nonreducing conditions on
15% or 11% polyacrylamide gels. The separated proteins were transferred to a polyvinyli-
dene difluoride (PVDF) membrane (Bio-Rad Laboratories, Hercules, CA, USA) using a
semidry blotting system (90 mA/gel, Bio-Rad Laboratories). After incubating with 5% skim
milk for 1 h at room temperature, anti-HBp17 (Sigma-Aldrich), anti-FGF-2 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-FABP5 (Proteintech Group, Inc., Chicago, IL,
USA), anti-SPRR1A (Abcam, Cambridge, UK), anti-SPRR1B (Abcam), anti-IVL (GeneTex,
Irvine, CA, USA), or anti-β-actin (Sigma-Aldrich) antibody were used, and the membrane
was incubated with peroxidase-labeled secondary antibody (Cell Signaling Technology,
Danvers, MA, USA). When analyzing the expression of HBp17 in the CM by Western
blotting analysis, 2 ng of recombinant human HBp17 (Santa Cruz Biotechnology) was used
as a positive control (PC). The bound antibody was detected with the Clarity Western ECL
Substrate (Bio-Rad Laboratories), and chemiluminescence was captured using a ChemiDoc
XRS Imaging System (Bio-Rad Laboratories). Original Western blots and densitometric
analyses of all blots for quantification of the expression by using the software NIH ImageJ
(National Institutes of Health (NIH), Rockville Pike, Bethesda, MD, USA) are shown in
Supplementary Figures S3–S5.

2.5. Immunofluorescent Analysis

One thousand cells/chamber of A431-HBp17-KO, A431-WT, HO-1-N-1-HBp17-KO,
and HO-1-N-1-WT cells cultured in DF6F on the LAB-TEK Chamber Slide (Nulgen Nunc
International, Naperville, IL, USA) were fixed with 4% paraformaldehyde for 20 min,
washed twice with phosphate-buffered saline (PBS), and blocked with 1% bovine serum
albumin (BSA) in PBS for 30 min at room temperature. The cells were stained with
anti-IVL at a dilution of 1:100 in 1% BSA in PBS overnight at 4 ◦C, washed twice with
PBS, and then incubated with fluorescent goat anti-rabbit Alexa 488 secondary antibody
(Molecular Probes, Inc., Eugene, OR, USA) in 1% BSA in PBS at a dilution of 1:400 for 1 h at
room temperature. Next, the cells were covered with VECTASHIELD Antifade Mounting
Medium with 4′,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Inc., Burlingame,
CA, USA). Finally, images were taken using the EVOS FL Auto 2 Imaging System (product
#AMAFD2000) with an Olympus Super Apochromat objective (×40; product #AMEP4754)
and a Nikon Eclipse E800 microscope at ×400 magnification and analyzed using Adobe
Photoshop Elements (Adobe Inc., San Jose, CA, USA). The images contained an overlay of
IVL (green) and nuclei (blue).

2.6. Cell Growth and Colony Formation Assays

We examined the growth of cells in serum-free defined culture. Briefly, A431-HBp17-
KO, A431-WT, HO-1-N-1-HBp17-KO, and HO-1-N-1-WT cells were cultured in DF6F
serum-free defined medium in 24-well plates (BD Falcon) at a density of 1 × 104 cells/well,
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and then the cell numbers were counted using a Coulter Counter (Coulter Electronics Inc.,
Hialeah, FL, USA) daily for 6 days.

For the colony formation assay, A431-HBp17-KO, A431-WT, HO-1-N-1-HBp17-KO,
and HO-1-N-1-WT cells were seeded in DF6F medium in 6-well plates (BD Falcon) at a
density of 200 cells/well. The cells were cultured for 14 days, and the culture medium was
changed every 5 days. The cells were visualized with Giemsa staining solution (Wako Pure
Chemical Industries, Ltd., Osaka, Japan), and the number of colonies consisting of more
than 50 cells were counted.

2.7. Cell Motility Assay

Cell motility was analyzed with a modified Boyden chamber assay using Transwell
inserts (6.5 mm diameter) with 8 µm pores (Coaster, Cambridge, MA, USA), as described
previously [21,22]. The filters were coated with 100 µg/mL of gelatin (Merck, Darmstadt,
Germany) to enhance cell attachment. A431-HBp17-KO, A431-WT, HO-1-N-1-HBp17-KO,
and HO-1-N-1-WT cells (5× 105) were seeded in DF nutrient medium containing 0.1% BSA
to the upper compartment of each Transwell insert. After 21 h culture at 37 ◦C, Transwell
inserts were fixed with methanol and stained with Diff Quick (Dade Behringen, Duedingen,
Switzerland). The cells on the front surface of the filter were moved with a cotton swab.
The cells migrated on the back surface of the filter were stained and cell numbers were
counted using light microscopy under a high-power field (×200). The cell numbers in the
four fields were counted in each of the three different experiments. Results were expressed
as the mean number of migrating cells/mm2 ± standard deviation (SD).

2.8. Enzyme-Linked Immunosorbent Assay for Soluble FGF-2

We measured the FGF-2 concentration in the 10-fold concentrated CM of A431-HBp17-
KO, A431-WT, HO-1-N-1-HBp17-KO, and HO-1-N-1-WT cells. The method of collecting
and concentrating the CM was as described above (Section 2.4). The amount of soluble
FGF-2 in the CM was measured using a human FGF-2 Quantikine HS ELISA Kit (R&D
Systems Inc., Minneapolis, MN, USA) by enzyme-linked immunosorbent assay (ELISA).

2.9. Animal Experiments

We used 4-week-old male athymic Balb/c nude mice (Charles River Japan, Tokyo,
Japan). The mice were maintained under specific pathogen-free conditions. All animal proce-
dures were performed in accordance with the Institutional Animal Care and Use Committee
guidelines of Hiroshima University (permission #A20-85). All experiments were conducted
after the mice were allowed to acclimate to their surroundings for 1 week. One million
A431-HBp17-KO and A431-WT cells resuspended in 0.2 mL of DF nutrient medium were
inoculated into the flanks of male nude mice, and tumor size was measured twice a week.
Tumor volume was calculated by the formula of (1/2 × (major axis) × (the minor axis)2).
Experiments were performed with five mice.

2.10. Microarray Analysis and Gene Ontology Enrichment Analysis

We examined the effect of HBp17 KO on the cDNA profile of A431-HBp17-KO2 and
A431-WT cells. Total RNA was isolated from the cells using TRIzol reagent. The samples
were outsourced for cDNA microarray analysis using 3D-Gene (Toray Industries, Inc.,
Tokyo, Japan). DEGs whose fold changes were <1/2 or >2 in HBp17-KO-2 A431 cells
underwent Gene Ontology (GO) functional enrichment analysis (Toray Industries, Inc.).

2.11. Proteomic Analysis

We examined the effect of HBp17 KO on the protein profile of A431-HBp17-KO2 and
A431-WT cells. Cell extracts were isolated with RIPA buffer. The samples were outsourced
for proteomic analysis using DIA Proteome Analysis (Kazusa Genome Technologies Inc.,
Chiba, Japan).
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2.12. Protein–Protein Interaction Network Construction

We next investigated the functional interactions among DEGs using the online Search
Tool for the Retrieval of Interacting Genes/Proteins (STRING, available at https://string-
db.org/, accessed on 23 April 2021) database (confidence score > 0.900) [23].

2.13. Statistical Analysis

Statistical analysis was performed using BellCurve for Excel (Social Survey Research
Information Co., Ltd., Tokyo, Japan). All data were presented as the mean ± SD of at
least three independent experiments. Student’s t-test was used to compare the difference
between two groups. The differences were considered significant at p < 0.05.

3. Results
3.1. Screening and Identification of HBp17 Gene Knockout

Two kinds of pCas-Guide-HBp17 guide RNAs (gRNAs) and the functional cassette
were co-transfected into A431 and HO-1-N-1 cells by electroporation. The transfected
cells were screened by adding puromycin and further cultured. The expression of HBp17
was verified by Western blot. We have successfully knocked out HBp17 at the protein
level in cellular protein and in CM of A431 and HO-1-N-1 cells (Figure 1). Clones of A431
cells knockout HBp17 were designated as A431-HBp17-KO1 and A431-HBp17-KO2 cells.
That of HO-1-N-1 cells knockout HBp17 were designated as HO-1-N-1-HBp17-KO1 and
HO-1-N-1-HBp17-KO2 cells. Parental cells used as controls were designated as A431-WT
and HO-1-N-1-WT cells.
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Western blot analysis revealed that there was no difference in cellular FGF-2 levels
between HBp17-KO cells (A431-HBp17-KO1, -KO2, HO-1-N-1-HBp17-KO1, -KO2) and
A431-WT and HO-1-N-1-WT cells (Figure 2A). However, quantification of FGF-2 in the CM
by ELISA revealed that the amount of soluble FGF-2 significantly decreased in HBp17-KO
cells compared to the WT cells (Figure 2B).
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decreased for A431-HBp17-KO and HO-1-N-1-HBp17-KO cells compared to their WT counterparts. Each bar represents the
mean + SD. * p < 0.05; n = 3.

3.2. HBp17 Knockout Inhibits Proliferation and Colony-Forming Ability of A431 and HO-1-N-1
Cells In Vitro

We examined the effect of HBp17 knockout on A431 and HO-1-N-1 cell proliferation
in serum-free defined culture. The proliferation rate of A431-HBp17-KO and HO-1-N-1-
HBp17-KO cells was significantly decreased compare to that of A431-WT and HO-1-N-1-
WT cells (Figure 3A).

The effect of HBp17 knockout on colony-forming ability was also evaluated, and
it has been revealed that the ability of A431-HBp17-KO and HO-1-N-1-HBp17-KO cells
significantly decreased compared to that of A431-WT and HO-1-N-1-WT cells (Figure 3B).
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3.3. HBp17 Knockout Inhibits A431 and HO-1-N-1 Cell Motility

The motility of HBp17-KO cells and WT cells was evaluated using the modified
Boyden chamber method [21]. A431-HBp17-KO cells exhibited significantly decreased
cell migration ability compared to A431-WT cells (Figure 4A). Further, motility of HO-1-
N-1-HBp17-KO cells also significantly decreased compared to that of HO-1-N-1-WT cells
(Figure 4B).
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Figure 4. Knockout of HBp17 inhibits mobility of A431 and HO-1-N-1 cells. A431-HBp17-KO1, -KO2,
and A431-WT (A) and HO-1-N-1-HBp17-KO1, -KO2, and HO-1-N-1-WT (B) cells were added to
Transwell inserts. Cells migrating across the insert were counted after incubation for 24 h at 37 ◦C.
Experiments were performed in triplicate, with the data presented as means ± SD. * p < 0.05.
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3.4. HBp17 Knockout Inhibits Tumor Growth in Athymic Nude Mice

We evaluated the effect of HBp17 knockout on tumor growth of nude mouse xenografts
from the A431-HBp17-KO1, A431-HBp17-KO2, and A431-WT cells. The cells were trans-
planted into athymic nude mice, and tumor sizes were measured twice a week. The tumor
growth of A431-HBp17-KO1 cells clearly decreased compared to that of A431-WT cells
(Figure 5). No tumor formation was observed in mice transplanted with A431-HBp17-
KO2 cells.
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Figure 5. HBp17 knockout suppresses A431 tumor growth in immunodeficient mice. A431-HBp17-
KO1, -KO2, and A431-WT cells were inoculated into the flanks of male nude mice, and tumor volume
was measured twice a week. Experiments were performed with five mice. Data are presented as
mean tumor volume + SD. * p < 0.05.

3.5. Microarray Analysis and GO Enrichment Analysis

We examined the effect of knocking out HBp17 on the cDNA expression profile of
A431-HBp17-KO2 and A431-WT cells. We identified 793 Ensemble ID-coded differentially
expressed genes (DEGs), of which 347 were upregulated and 446 were downregulated.
Statistical analysis comparing cDNA profiles of the cells showed that the expression of
11 cDNAs (aldo-keto reductase family 1 member C3 (AKR1C3), keratin1 (KRT1), aldo-keto
reductase family 1 member C2 (AKR1C2), carbonic anhydrase 2 (CA2), fatty acid binding
protein 5 (FABP5), secretory leukocyte protease inhibitor (SLPI), serine proteinase inhibitor
clade B member 3 (SERPINB3), plasma membrane calcium-transporting ATPase 4 (ATP2B4),
S100 calcium-binding protein A8 (S100A8), S100 calcium-binding protein A9 (S100A9), and
small proline-rich protein 1A (SPRR1B)) in A431-HBp17-KO2 cells was 2.5–8.4 times higher
than that of A431-WT cells (Figure 6A). To clarify the functional and pathway enrichment
of DEGs, GO enrichment analysis was applied and the top 10 GO terms of upregulated
and downregulated DEGs were selected on the basis of the p-value (Tables 1 and 2). The
upregulated genes were associated primarily with cornification, epidermal development,
and keratinization, indicating the effects of HBp17 KO. The downregulated DEGs were
associated with cell–cell signaling pathways, such as mitogen-activated protein kinase
(MAPK), phosphatidylinositol 3’-kinase (PI3K)/Akt, and extracellular signal-regulated
protein kinase (ERK) 1/2.
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Figure 6. cDNA microarray and proteomic analyses of A431-HBp17-KO2 and A431-WT cells.
(A) cDNA microarray analysis found 11 cDNAs with greater than 2.5-fold higher expression in
A431-HBp17-KO2 cells than in A431-WT cells. (B) Seven proteins were found to be expressed at
least five times higher in A431-HBp17-KO2 cells than in A431-WT cells. Abbreviations: aldo-keto
reductase family 1 member C3 (AKR1C3), keratin1 (KRT1), aldo-keto reductase family 1 member C2
(AKR1C2), carbonic anhydrase 2 (CA2), fatty acid-binding protein 5 (FABP5), secretory leukocyte
protease inhibitor (SLPI), serine proteinase inhibitor clade B member 3 (SERPINB3), plasma mem-
brane calcium-transporting ATPase 4 (ATP2B4), S100 calcium-binding protein A8 (S100A8), S100
calcium-binding protein A9 (S100A9), small proline-rich protein 1B (SPRR1B), and small proline-rich
protein 1A (SPRR1A).

We focused on the protein–protein interaction (PPI) of upregulated differentially
expressed proteins in A431-HBp17-KO2 cells. The analysis of PPI using Search Tool for
the Retrieval of Interacting Genes/Proteins (STRING) provided 323 nodes (proteins) and
154 edges (interactions) in the PPI network and identified a main module associated with
the formation of a cornified envelope such as Filaggrin (FLG), small SPRR3, Involucrin
(IVL), SPRR1A, and SPRR1B (Supplementary Figure S1).



Cancers 2021, 13, 2684 12 of 20

Table 1. Top 10 GO terms of upregulated DEGs.

Description Annotation ID Genes Found p-Value Genes

Epidermis development,
keratinization

GO:0008544,
GO:0031424 10 9.37 × 10−12

SPRR3, SPRR2G, SPRR2D, SPRR2B,
SPRR2A, SPRR1B, SPRR1A, KRT34,

LCE3A, LCE3D

Keratinization GO:0031424 14 5.05 × 10−11

SPRR3, SPRR2G, SPRR2D, SPRR2B,
SPRR2A, SPRR1B, SPRR1A, KRT34,

KRT6B, KRT1, IVL, LCE3A,
LCE3D, KRTAP3-1

Epidermis development,
cornification, keratinization

GO:0008544,
GO:0070268,
GO:0031424

9 3.99 × 10−11
SPRR3, SPRR2G, SPRR2D, SPRR2B,

SPRR2A, SPRR1B, SPRR1A,
KRT34, LCE3D

Epidermis development GO:0008544 15 3.20 × 10−11

SPRR3, SPRR2G, SPRR2D, SPRR2B,
SPRR2A, SPRR1B, SPRR1A, PTHLH,
LAMA3, KRT34, KRTDAP, LCE3A,

FABP5, LCE3D, CST6

Cornification GO:0070268 14 2.45 × 10−10

SPRR3, SPRR2G, SPRR2D, SPRR2B,
SPRR2A, SPRR1B, SPRR1A, KRT34,

KRT6B, KRT1, IVL, FLG,
RPTN, LCE3D

Keratinocyte differentiation,
cornification

GO:0030216,
GO:0070268 8 4.08 × 10−10 SPRR3, SPRR2G, SPRR2B, SPRR2A,

SPRR1B, SPRR1A, IVL, FLG

Cornification, keratinization GO:0070268,
GO:0031424 12 7.17 × 10−10

SPRR3, SPRR2G, SPRR2D, SPRR2B,
SPRR2A, SPRR1B, SPRR1A, KRT34,

KRT6B, KRT1, IVL, LCE3D

Defense response to
bacterium, defense response

to fungus

GO:0042742,
GO:0050832 8 6.50 × 10−10 GNLY, S100A12, S100A9, S100A8,

MPO, HTN3, C10orf99, RNASE7

Epidermis development,
keratinocyte differentiation,
cornification, keratinization

GO:0008544,
GO:0030216,
GO:0070268,
GO:0031424

6 1.27 × 10−9 SPRR3, SPRR2G, SPRR2B, SPRR2A,
SPRR1B, SPRR1A

Keratinocyte differentiation,
cornification, keratinization

GO:0030216,
GO:0070268,
GO:0031424

7 1.41 × 10−9 SPRR3, SPRR2G, SPRR2B, SPRR2A,
SPRR1B, SPRR1A, IVL

DEGs, differentially expressed genes; GO, Gene Ontology.

Table 2. Top 10 GO terms of downregulated DEGs.

Description Annotation ID Genes Found p-Value Genes

Response to estradiol, response to
peptide hormone, positive regulation

of cell differentiation

GO:0032355,
GO:0043434,
GO:0045597

3 7.54 × 10−6 BMP7, GHR, CTGF

MAPK signaling pathway, PI3K-Akt
signaling pathway,

bone mineralization

hsa04010, hsa04151,
GO:0030282 3 7.54 × 10−6 ATF4, FGFR2, FGFR3

Cell projection organization,
cerebellum development

GO:0030030,
GO:0021549 3 7.54 × 10−6 HAP1, TTBK2, C5orf42

Cell-cell signaling, positive regulation
of cell population proliferation,

protein phosphorylation

GO:0007267,
GO:0008284,
GO:0006468

3 7.54 × 10−6 ADAM10, FGFR2, FGFR3
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Table 2. Cont.

Description Annotation ID Genes Found p-Value Genes

Apoptotic process, endocytosis,
multicellular organism development

GO:0006915, hsa04144,
GO:0007275 3 7.54 × 10−6 FGFR2, FGFR3, DAB2

Signal transduction,
cytokine–cytokine receptor
interaction, tumor necrosis

factor-mediated signaling pathway,
Rheumatoid arthritis

GO:0007165, hsa04060,
GO:0033209, hsa05323 3 2.97 × 10−5 TNFRSF11A, TNFSF13,

LTB

Cell–cell signaling, positive
regulation of ERK1 and ERK2
cascade, bone mineralization

GO:0007267,
GO:0070374,
GO:0030282

3 2.97 × 10−5 GPNMB, FGFR2, FGFR3

Pathways in cancer, multicellular
organism development, bone

mineralization, signaling pathways
regulating pluripotency of stem cells

hsa05200, GO:0007275,
GO:0030282, hsa04550 3 2.97 × 10−5 AXIN2, FGFR2, FGFR3

Pathogenic Escherichia coli infection,
axon guidance, regulation of

cell shape

hsa05130, GO:0007411,
GO:0008360 3 2.97 × 10−5 CYFIP1, MYH10, FYN

Animal organ morphogenesis,
multicellular organism development,
positive regulation of transcription by

RNA polymerase II, embryonic
pattern specification

GO:0009887,
GO:0007275,
GO:0045944,
GO:0009880

3 2.97 × 10−5 BMP7, MEIS2, FGFR2

DEGs, differentially expressed genes; GO, Gene Ontology.

3.6. Proteomic Analysis

Proteomic analysis to investigate differential protein expressions identified 5805 pro-
teins, of which 2590 were upregulated and 3215 were downregulated in A431-HBp17-KO2
cells compared to A431-WT cells. The expression of seven proteins such as FABP5, S100
calcium-binding protein A9 (S100A9), S100A8, SPRR1A, aldo-keto reductase family 1 mem-
ber C3 (AKR1C3), AKR1C2, and SPRR1B in A431-HBp17-KO2 cells was 5 to 180 times
higher compared to that of A431-WT cells (Figure 6B). PPI analysis by STRING also pro-
vided 157 nodes (proteins) and 93 edges (interactions) in the PPI network and identified
2 main modules associated with the formation of a cornified envelope, including SPRR1A,
SPRR2A, SPRR2F, peptidase inhibitor 3 (PI3), SPRR1B, envoplakin (EVPL), SPRR2D, cys-
tatin A (CSTA), plakophilin-1 (PKP1), and keratinization (keratin (KRT) 1, KRT77, KRT7,
KRT23, KRT10, KRT85, KRT16, KRT9, and KRT6B) (Supplementary Figure S2).

3.7. Validation of Expressions of Terminal Differentiation-Related Molecules in A431-KO and
HO-1-N-1-KO Cells

Microarray analysis showed that the expression of keratinocyte differentiation mark-
ers, including Involucrin (IVL), Loricrin (LOR), and Filaggrin (FLG) in A431-HBp17-KO2
cells, was 2.1 to 2.9 times higher than those of A431-WT cells. In proteomic analysis, IVL
expression in A431-HBp17-KO2 cells was 1.9-fold higher than that of A431-WT cells. Ac-
cording to microarray and proteomic analysis, the mRNA and protein expression of FABP5
and SPRR1B clearly increased in A431-HBp17-KO2 cells compared to A431-WT cells. On
the basis of microarray/GO and PPI analysis, the expression of terminal differentiation-
related molecules (IVL, LOR, and FLG), and SPRR1A, which is also related to cornification
and epidermal development, in addition to FABP5 and SPRR1B in A431-HBp17-KO2 and
HO-1-N-1-HBp17-KO1 cells were further verified by both qRT-PCR and Western blot anal-
ysis. A qRT-PCR analysis revealed that the mRNA expression of FABP5, SPRR1A, SPRR1B,
IVL, LOR, and FLG were upregulated in A431-HBp17-KO2 cells (Figure 7A). Western
blot also showed that FABP5, SPRR1A, SPRR1B, and IVL expression in A431-HBp17-KO2
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cells, which were upregulated in proteomic analysis, increased compared to those in A431-
WT cells (Figure 7C). HO-1-N-1-HBp17-KO1 cells exhibited almost the same results as
A431-HBp17-KO2 cells, but HO-1-N-1-HBp17-KO1 cells showed almost no expression
of SPRR1A and SPRR1B (Figure 7B,D). Immunofluorescent staining confirmed that IVL
expression was elevated in A431-HBp17-KO2 and HO-1-N-1-HBp17-KO1 cells (Figure 7E).
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uated by Western blot. (E) Immunofluorescence staining for IVL (green) in A431-HBp17-KO2 and 
HO-1-N-1-HBp17-KO1, A431-WT, and HO-1-N-1-WT cells. Cell nuclei were stained with DAPI 
(blue). Abbreviations: fatty acid-binding protein 5 (FABP5), small proline-rich protein 1A (SPRR1A), 
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Figure 7. Knocking out HBp17 induces the expression of cornified envelope-related proteins. (A) Up-
regulation of FABP5, SPRR-A, SPRR-B, IVL, LOR, and FLG mRNAs in A431-HBp17-KO2 cells was
evaluated by qRT-PCR. (B) In HO-1-N-1-HBp17-KO1, the expression of FABP5, IVL, and FLG mRNAs
was elevated. GAPDH levels were used as an internal control. Experiments were performed in
triplicate, with the data presented as means ± SD. * p < 0.05. Increased cornified envelope-related
protein expression in A431-HBp17-KO2 (C) and HO-1-N-1- HBp17-KO1 cells (D) was evaluated
by Western blot. (E) Immunofluorescence staining for IVL (green) in A431-HBp17-KO2 and HO-
1-N-1-HBp17-KO1, A431-WT, and HO-1-N-1-WT cells. Cell nuclei were stained with DAPI (blue).
Abbreviations: fatty acid-binding protein 5 (FABP5), small proline-rich protein 1A (SPRR1A), small
proline-rich protein 1B (SPRR1B), Involucrin (IVL), Loricrin (LOR), Filaggrin (FLG).

4. Discussion

An association between FGF or the FGF receptor and tumorigenicity has been reported
in salivary gland cancer, hepatocyte cell carcinoma, and melanoma [24–26]. Fibroblast
growth factor-1 and -2, which play an important role in SCC and OSCC cell growth, are
secreted extracellularly, although there is no signal sequence in FGFs [27–30]. The secretory
mechanism of FGFs is still unknown [31,32]. Therefore, HBp17, which was originally
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co-purified with FGF-2 from the A431 CM and was found to bind to FGF-1 and FGF-2 in
a noncovalent and reversible manner, is considered to be a key molecule regulating the
extracellular availability of FGFs [33–35].

Clusters of regularly interspaced short palindromic repeats (CRISPR) and CRISPR-
associated protein 9 (Cas9) system, a gene-editing technology, can cut double strands of
DNA and delete, replace, or insert any place in the genome sequence. It has been used
for genome editing or modification not only in humans and mice but also in bacteria,
parasites, and zebrafish [36–38]. In this study, to analyze the function of HBp17, we used
the CRISPR/Cas9 technique to delete HBp17 from the A431 and HO-1-N-1 cell lines. No
morphological changes in A431-HBp17-KO and HO-1-N-1-HBp17-KO cells were observed
compared to parental WT cells. The HBp17-KO cells decreased growth rates and a lower
colony-forming ability compared to A431-WT and HO-1-N-1-WT cells in serum-free culture.
In addition, A431-HBp17-KO1 cells produced much smaller tumors compared to A431-WT
cells an in vivo assay using immunodeficient nude mice. Further, A431-HBp17-KO2 cells
lost their tumorigenic potential. These results are consistent with our previous reports
that decreased HBp17 expression inhibits tumor growth by inhibiting angiogenesis [16].
Liu et al. reported that HBp17 overexpression in the A431 subclone, designated A431-
#4, which has no HBp17 expression and no tumorigenic ability in nude mice, induced
tumorigenicity [12]. Tumors derived from A431-WT cells had large variability in tumor
growth compared to those from A431-HBp17-KO2 cells. Gross findings showed that A431-
WT cell tumors were more prone to tumor necrosis and invasive into the skin (data not
shown). It is considered that the invasive manner (tumor growth externally or internally)
of each tumor makes a difference in tumor size. Taken together, the results show that loss
of HBp17 expression in SCC and OSCC cells clearly inhibits tumor cell growth in vitro and
in vivo.

The amount of FGFs in the CM resulted from the ability of HBp17 to release bound
FGF from the ECM. By treatment with high-salt or heparinase-like enzymes, FGF-2 can
be released from the ECM, including perlecan which is served as a reservoir [39]. Fibrob-
last growth factors released by HBp17 play an important biological role in normal and
pathological tissues in an autocrine or paracrine manner [40]. Rosli et al. reported that
treatment of OSCC cells with 1α,25(OH)2D3 inhibits HBp17 expression and decreases
FGF-2 secretion into the CM [14]. Furthermore, higher FGF-2 levels are present in the CM
of A431-#4 cells overexpressing HBp17 compared to parental cells [12]. In this study, the
loss of HBp17 resulted in a decrease in the amount of soluble FGF-2 in the CM, although
intracellular FGF-2 levels did not change. This result clearly shows that HBp17 is a key
molecule related to extracellular secretion of FGF-2 lacking a signal sequence, as mentioned
previously [14,15].

We next focused on the altered global gene and protein expressions in A431-HBp17-
KO2 cells compared to A431-WT cells. Cell differentiation molecules (FABP5, SPRR1A,
AKR1C3, AKR1C2, and SPRR1B) and immune response molecules (S100A9 and S100A8)
were upregulated in A431-HBp17-KO2 cells. Siegenthaler et al. reported that cellular
FABP5 expression is twice as high under normal Ca2+ concentrations, which induce differ-
entiation, compared to a low-Ca2+ medium, which inhibits differentiation [41]. A proteome
profiling study on bladder SCC showed a decrease in FABP5 expression in less differen-
tiated tumors [42]. Analysis of gene expression profiles in esophageal SCC showed that
genes involved in squamous cell differentiation, including SPRRs and calcium-binding
S100 proteins (S100A8, S100A9), are coordinately downregulated compared to their normal
counterparts [43]. Phorbol ester 12-O-tetradecanoylphorbol-13 acetate (TPA), a potent
tumor promotor, induced a significant increase in the formation of a cornified envelope
as an indicator of terminal differentiation of epidermal keratinocytes [43–45]. From GO
enrichment analysis of cDNA microarray data, some cascades related to epidermal de-
velopment, keratinization, and cornification emerged as potential targets of HBp17. A
series of epidermal structural proteins, including IVL, LOR, FLG, and the class of SPRRs,
are synthesized to reinforce the cornified envelope [46]. We confirmed that these corni-
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fied envelope-related molecules were upregulated in A431-HBp17-KO2 cells compared
to A431-WT cells. When we constructed PPI networks of molecules elevated by cDNA
microarray and proteomic analysis, both networks were similar (Supplementary Figures S1
and S2). Although there are many reports on the induction of cancer cell differentiation
and growth inhibition [47,48], there are almost no reports on the involvement of HBp17. It
was reported that FLG expression increases in HBp17-KO mice [49]. Our results revealed
that HBp17 KO induces terminal differentiation of the squamous epithelium.

The expression of HBp17, which is highly expressed in SCC and OSCC cells, increases
during the course of malignant transformation of squamous epithelial cells [10,12]. In
this study, using cytological, DNA microarray, and proteomic analyses, we found for the
first time that HBp17 KO inhibits growth and motility of SCC and OSCC cells through
induction of terminal differentiation. This is the first discovery of the novel role of HBp17,
which inhibits differentiation of SCC and OSCC cells. In this regard, well-differentiated
cancer cells, such as adenocarcinoma cells, show no HBp17 expression. At this point,
the mechanism by which HBp17 inhibits cell differentiation is unclear. Further studies
need to elucidate HBp17-interacting molecules involved in terminal differentiation of
squamous epithelial cells. Our findings strongly suggest that HBp17 KO can be applied to
differentiation inducing therapy for SCC and OSCC.

5. Conclusions

In this study, we have examined the functional role of HBp17 in A431 and HO-1-N-1
cells using the CRISPR/Cas9 technology. We have revealed that HBp17 knockout inhibited
cell proliferation, colony formation, and cell motility of the SCC cells, and that soluble
FGF-2 levels in the medium conditioned by HBp17-knockout A431 and HO-1-N-1 cells were
decreased compared to the parental cells. In addition, the molecules related to epidermal
development, cornification, and keratinization were upregulated in the HBp17-KO cells. It
was suggested that HBp17 KO inhibits growth and motility of SCC and OSCC cells through
induction of terminal differentiation. Based on these findings, the HBp17-targeting therapy
in treating SCC and OSCC will be expected in the future.
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Figure 1, as indicated, as well as the corresponding densitometric analyses. Figure S4: Original
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blots shown in Figure 2, as indicated, as well as the corresponding densitometric analyses. Figure S5:
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Western blots shown in Figure 7, as indicated, as well as the corresponding densitometric analyses.

Author Contributions: Conceptualization, T.S. and T.O.; methodology, M.H., T.S. and T.O.; acquisi-
tion of data, M.H., T.S. and T.O.; statistical analysis, M.H., T.S. and T.O.; writing—review and editing,
M.H., T.S. and T.O.; project administration, T.O.; funding acquisition, T.S. and T.O.; supervision, T.O.
All authors have read and agreed to the published version of the manuscript.

Funding: Grants-in-Aid for Scientific Research from the Japanese Ministry of Education, Culture,
Sports, Science and Technology supported T.O. (Grant number, 18H03000) and T.S. (Grant number,
19K11723).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and the Institutional Animal Care and Use Committee guidelines of
Hiroshima University (permission #A20-85).

Data Availability Statement: The data presented in this study are available from the corresponding
author upon reasonable request.

Acknowledgments: We gratefully acknowledge J. Denry Sato for his advice.

https://www.mdpi.com/article/10.3390/cancers13112684/s1
https://www.mdpi.com/article/10.3390/cancers13112684/s1


Cancers 2021, 13, 2684 18 of 20

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Burgess, W.H.; Maciag, T. The heparin-binding (fibroblast) growth factor family of proteins. Annu. Rev. Biochem. 1989, 58, 575–606.

[CrossRef]
2. Klagsbrun, M. The fibroblast growth factor family: Structural and biological properties. Prog. Growth Factor Res. 1989, 1, 207–235.

[CrossRef]
3. Itoh, N.; Ornitz, D.M. Fibroblast growth factors: From molecular evolution to roles in development, metabolism and disease. J.

Biochem. 2011, 149, 121–130. [CrossRef]
4. Myoken, Y.; Myoken, Y.; Okamoto, T.; Sato, J.D.; Takada, K. Immunocytochemical localization of fibroblast growth factor-1

(FGF-1) and FGF-2 in oral squamous cell carcinoma (SCC). J. Oral Pathol. Med. 1994, 23, 451–456. [CrossRef]
5. Myoken, Y.; Myoken, Y.; Okamoto, T.; Sato, J.D.; Takada, K. Effect of fibroblast growth factor-1 on the three-dimensional growth

and morphogenesis of human salivary gland epithelial cells embedded in collagen gels. Vitro Cell. Dev. Biol. Anim. 1995, 31, 84–86.
[CrossRef]

6. Bennett, M.R.; Gibson, D.F.; Schwartz, S.M.; Tait, J.F. Binding and phagocytosis of apoptotic vascular smooth muscle cells is
mediated in part by exposure of phosphatidylserine. Circ. Res. 1995, 77, 1136–1142. [CrossRef]

7. Burland, T.G.; Bailey, J.; Adam, L.; Mukhopadhyay, M.J.; Dove, W.F.; Pallotta, D. Transient expression in Physarum of a
chloramphenicol acetyltransferase gene under the control of actin gene promoters. Curr. Genet. 1992, 21, 393–398. [CrossRef]

8. Wu, D.Q.; Kan, M.K.; Sato, G.H.; Okamoto, T.; Sato, J.D. Characterization and molecular cloning of a putative binding protein for
heparin-binding growth factors. J. Biol. Chem. 1991, 266, 16778–16785. [CrossRef]

9. Okamoto, T.; Tanaka, Y.; Kan, M.; Sakamoto, A.; Takada, K.; Sato, J.D. Expression of fibroblast growth factor binding protein
HBp17 in normal and tumor cells. Vitro Cell. Dev. Biol. Anim. 1996, 32, 69–71. [CrossRef]

10. Begum, S.; Zhang, Y.; Shintani, T.; Toratani, S.; Sato, J.D.; Okamoto, T. Immunohistochemical expression of heparin-binding
protein 17/fibroblast growth factor-binding protein-1 (HBp17/FGFBP-1) as an angiogenic factor in head and neck tumorigenesis.
Oncol. Rep. 2007, 17, 591–596. [CrossRef] [PubMed]

11. Czubayko, F.; Liaudet-Coopman, E.D.; Aigner, A.; Tuveson, A.T.; Berchem, G.J.; Wellstein, A. A secreted FGF-binding protein can
serve as the angiogenic switch in human cancer. Nat. Med. 1997, 3, 1137–1140. [CrossRef]

12. Liu, X.; Shi, S.; Chen, J.-H.; Wu, D.; Kan, M.; Myoken, Y.; Okamoto, T.; Sato, J.D. Human Fibroblast Growth Factor-Binding Protein
HBp17 Enhances the Tumorigenic Potential of Immortalized Squamous Epithelial Cells. In Animal Cell Technology: Basic & Applied
Aspects: Proceedings of the Thirteenth Annual Meeting of the Japanese Association for Animal Cell Technology (JAACT), Fukuoka-Karatsu,
Japan, 16–21 November 2000; Shirahata, S., Teruya, K., Katakura, Y., Eds.; Springer: Dordrecht, The Netherlands, 2002; pp. 343–352.
[CrossRef]

13. Rosli, S.N.; Shintani, T.; Hayashido, Y.; Toratani, S.; Usui, E.; Okamoto, T. 1α,25OH2D3 down-regulates HBp17/FGFBP-1
expression via NF-κB pathway. J. Steroid Biochem. Mol. Biol. 2013, 136, 98–101. [CrossRef]

14. Rosli, S.N.Z.B.; Shintani, T.; Toratani, S.; Usui, E.; Okamoto, T. 1α,25(OH)2D3 inhibits FGF-2 release from oral squamous cell
carcinoma cells through down-regulation of HBp17/FGFBP-1. Vitro Cell. Dev. Biol. Anim. 2014, 50, 802–806. [CrossRef]

15. Shintani, T.; Rosli, S.N.Z.; Takatsu, F.; Choon, Y.F.; Hayashido, Y.; Toratani, S.; Usui, E.; Okamoto, T. Eldecalcitol (ED-71), an
analog of 1α,25-dihydroxyvitamin D3 as a potential anti-cancer agent for oral squamous cell carcinomas. J. Steroid Biochem. Mol.
Biol. 2016, 164, 79–84. [CrossRef]

16. Shintani, T.; Takatsu, F.; Rosli, S.N.Z.; Usui, E.; Hamada, A.; Sumi, K.; Hayashido, Y.; Toratani, S.; Okamoto, T. Eldecalcitol
(ED-71), an analog of 1α,25(OH)(2)D(3), inhibits the growth of squamous cell carcinoma (SCC) cells in vitro and in vivo by
down-regulating expression of heparin-binding protein 17/fibroblast growth factor-binding protein-1 (HBp17/FGFBP-1) and
FGF-2. Vitro Cell. Dev. Biol. Anim. 2017, 53, 810–817. [CrossRef]

17. Higaki, M.; Shintani, T.; Hamada, A.; Rosli, S.N.Z.; Okamoto, T. Eldecalcitol (ED-71)-induced exosomal miR-6887-5p suppresses
squamous cell carcinoma cell growth by targeting heparin-binding protein 17/fibroblast growth factor-binding protein-1
(HBp17/FGFBP-1). Vitro Cell. Dev. Biol. Anim. 2020, 56, 222–233. [CrossRef]

18. Fabricant, R.N.; De Larco, J.E.; Todaro, G.J. Nerve growth factor receptors on human melanoma cells in culture. Proc. Natl. Acad.
Sci. USA 1977, 74, 565–569. [CrossRef] [PubMed]

19. Okamoto, T.; Tani, R.; Yabumoto, M.; Sakamoto, A.; Takada, K.; Sato, G.H.; Sato, J.D. Effects of insulin and transferrin on the
generation of lymphokine-activated killer cells in serum-free medium. J. Immunol. Methods 1996, 195, 7–14. [CrossRef]

20. Sato, J.D.; Kawamoto, T.; Okamoto, T. Cholesterol requirement of P3-X63-Ag8 and X63-Ag8.653 mouse myeloma cells for growth
in vitro. J. Exp. Med. 1987, 165, 1761–1766. [CrossRef] [PubMed]

21. Hayashido, Y.; Hamana, T.; Yoshioka, Y.; Kitano, H.; Koizumi, K.; Okamoto, T. Plasminogen activator/plasmin system suppresses
cell-cell adhesion of oral squamous cell carcinoma cells via proteolysis of E-cadherin. Int. J. Oncol. 2005, 27, 693–698.

22. Sugiura, T.; Shirasuna, K.; Hayashido, Y.; Sakai, T.; Matsuya, T. Effects of human fibroblasts on invasiveness of oral cancer cells
in vitro: Isolation of a chemotactic factor from human fibroblasts. Int. J. Cancer 1996, 68, 774–781. [CrossRef]

23. Szklarczyk, D.; Morris, J.H.; Cook, H.; Kuhn, M.; Wyder, S.; Simonovic, M.; Santos, A.; Doncheva, N.T.; Roth, A.; Bork, P.; et al.
The STRING database in 2017: Quality-controlled protein-protein association networks, made broadly accessible. Nucleic Acids
Res. 2017, 45, D362–D368. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev.bi.58.070189.003043
http://doi.org/10.1016/0955-2235(89)90012-4
http://doi.org/10.1093/jb/mvq121
http://doi.org/10.1111/j.1600-0714.1994.tb00443.x
http://doi.org/10.1007/BF02633966
http://doi.org/10.1161/01.RES.77.6.1136
http://doi.org/10.1007/BF00351700
http://doi.org/10.1016/S0021-9258(18)55368-0
http://doi.org/10.1007/BF02723035
http://doi.org/10.3892/or.17.3.591
http://www.ncbi.nlm.nih.gov/pubmed/17273738
http://doi.org/10.1038/nm1097-1137
http://doi.org/10.1007/978-94-017-0728-2_61
http://doi.org/10.1016/j.jsbmb.2012.10.011
http://doi.org/10.1007/s11626-014-9787-5
http://doi.org/10.1016/j.jsbmb.2015.09.043
http://doi.org/10.1007/s11626-017-0183-9
http://doi.org/10.1007/s11626-020-00440-x
http://doi.org/10.1073/pnas.74.2.565
http://www.ncbi.nlm.nih.gov/pubmed/265522
http://doi.org/10.1016/0022-1759(96)00081-6
http://doi.org/10.1084/jem.165.6.1761
http://www.ncbi.nlm.nih.gov/pubmed/3585251
http://doi.org/10.1002/(SICI)1097-0215(19961211)68:6&lt;774::AID-IJC15&gt;3.0.CO;2-0
http://doi.org/10.1093/nar/gkw937
http://www.ncbi.nlm.nih.gov/pubmed/27924014


Cancers 2021, 13, 2684 19 of 20

24. Herlyn, M.; Clark, W.H.; Rodeck, U.; Mancianti, M.L.; Jambrosic, J.; Koprowski, H. Biology of tumor progression in human
melanocytes. Lab. Investig. 1987, 56, 461–474. [PubMed]

25. Rols, M.P.; Delteil, C.; Golzio, M.; Dumond, P.; Cros, S.; Teissie, J. In vivo electrically mediated protein and gene transfer in murine
melanoma. Nat. Biotechnol. 1998, 16, 168–171. [CrossRef]

26. Albino, A.P.; Davis, B.M.; Nanus, D.M. Induction of growth factor RNA expression in human malignant melanoma: Markers of
transformation. Cancer Res. 1991, 51, 4815–4820.

27. Abraham, J.A.; Whang, J.L.; Tumolo, A.; Mergia, A.; Friedman, J.; Gospodarowicz, D.; Fiddes, J.C. Human basic fibroblast growth
factor: Nucleotide sequence and genomic organization. EMBO J. 1986, 5, 2523–2528. [CrossRef]

28. Gospodarowicz, D.; Jones, K.L.; Sato, G. Purification of a growth factor for ovarian cells from bovine pituitary glands. Proc. Natl.
Acad. Sci. USA 1974, 71, 2295–2299. [CrossRef]

29. Wang, W.P.; Lehtoma, K.; Varban, M.L.; Krishnan, I.; Chiu, I.M. Cloning of the gene coding for human class 1 heparin-binding
growth factor and its expression in fetal tissues. Mol. Cell. Biol. 1989, 9, 2387–2395. [CrossRef] [PubMed]

30. Schulze-Osthoff, K.; Risau, W.; Vollmer, E.; Sorg, C. In situ detection of basic fibroblast growth factor by highly specific antibodies.
Am. J. Pathol. 1990, 137, 85–92. [PubMed]

31. Seno, M.; Masago, A.; Nishimura, A.; Tada, H.; Kosaka, M.; Sasada, R.; Igarashi, K.; Seno, S.; Yamada, H. BALB/c 3T3 cells
co-expressing FGF-2 and soluble FGF receptor acquire tumorigenicity. Cytokine 1998, 10, 290–294. [CrossRef]

32. Soutter, A.D.; Nguyen, M.; Watanabe, H.; Folkman, J. Basic fibroblast growth factor secreted by an animal tumor is detectable in
urine. Cancer Res. 1993, 53, 5297–5299. [PubMed]

33. Yoshimura, N.; Sano, H.; Hashiramoto, A.; Yamada, R.; Nakajima, H.; Kondo, M.; Oka, T. The expression and localization of
fibroblast growth factor-1 (FGF-1) and FGF receptor-1 (FGFR-1) in human breast cancer. Clin. Immunol. Immunopathol. 1998,
89, 28–34. [CrossRef] [PubMed]

34. Harris, V.K.; Coticchia, C.M.; List, H.J.; Wellstein, A.; Riegel, A.T. Mitogen-induced expression of the fibroblast growth factor-
binding protein is transcriptionally repressed through a non-canonical E-box element. J. Biol. Chem. 2000, 275, 28539–28548.
[CrossRef]

35. Lametsch, R.; Rasmussen, J.T.; Johnsen, L.B.; Purup, S.; Sejrsen, K.; Petersen, T.E.; Heegaard, C.W. Structural characterization
of the fibroblast growth factor-binding protein purified from bovine prepartum mammary gland secretion. J. Biol. Chem. 2000,
275, 19469–19474. [CrossRef]

36. Liao, Z.; Dai, Z.; Cai, C.; Zhang, X.; Li, A.; Zhang, H.; Yan, Y.; Lin, W.; Wu, Y.; Li, H.; et al. Knockout of Atg5 inhibits proliferation
and promotes apoptosis of DF-1 cells. Vitro Cell. Dev. Biol. Anim. 2019, 55, 341–348. [CrossRef]

37. Nakade, S.; Tsubota, T.; Sakane, Y.; Kume, S.; Sakamoto, N.; Obara, M.; Daimon, T.; Sezutsu, H.; Yamamoto, T.; Sakuma,
T.; et al. Microhomology-mediated end-joining-dependent integration of donor DNA in cells and animals using TALENs and
CRISPR/Cas9. Nat. Commun. 2014, 5, 5560. [CrossRef]

38. Deltcheva, E.; Chylinski, K.; Sharma, C.M.; Gonzales, K.; Chao, Y.; Pirzada, Z.A.; Eckert, M.R.; Vogel, J.; Charpentier, E. CRISPR
RNA maturation by trans-encoded small RNA and host factor RNase III. Nature 2011, 471, 602–607. [CrossRef]

39. Mongiat, M.; Otto, J.; Oldershaw, R.; Ferrer, F.; Sato, J.D.; Iozzo, R.V. Fibroblast growth factor-binding protein is a novel partner
for perlecan protein core. J. Biol. Chem. 2001, 276, 10263–10271. [CrossRef]

40. Czubayko, F.; Smith, R.V.; Chung, H.C.; Wellstein, A. Tumor growth and angiogenesis induced by a secreted binding protein for
fibroblast growth factors. J. Bio. Chem. 1994, 269, 28243–28248. [CrossRef]

41. Siegenthaler, G.; Hotz, R.; Chatellard-Gruaz, D.; Didierjean, L.; Hellman, U.; Saurat, J.H. Purification and characterization of the
human epidermal fatty acid-binding protein: Localization during epidermal cell differentiation in vivo and in vitro. Biochem. J.
1994, 302 Pt 2, 363–371. [CrossRef]

42. Ostergaard, M.; Rasmussen, H.H.; Nielsen, H.V.; Vorum, H.; Orntoft, T.F.; Wolf, H.; Celis, J.E. Proteome profiling of bladder
squamous cell carcinomas: Identification of markers that define their degree of differentiation. Cancer Res. 1997, 57, 4111–4117.

43. Luo, A.; Kong, J.; Hu, G.; Liew, C.C.; Xiong, M.; Wang, X.; Ji, J.; Wang, T.; Zhi, H.; Wu, M.; et al. Discovery of Ca2+-relevant and
differentiation-associated genes downregulated in esophageal squamous cell carcinoma using cDNA microarray. Oncogene 2004,
23, 1291–1299. [CrossRef]

44. Okamoto, T.; Moroyama, T.; Morita, T.; Yoshiga, K.; Takada, K.; Okuda, K. Differentiation of cultured epidermal keratinocytes
related to sterol metabolism and its retardation by chemical carcinogens. Biochim. Biophys. Acta 1984, 805, 143–151. [CrossRef]

45. Oyesanya, R.A.; Bhatia, S.; Menezes, M.E.; Dumur, C.I.; Singh, K.P.; Bae, S.; Troyer, D.A.; Wells, R.B.; Sauter, E.R.; Sidransky,
D.; et al. MDA-9/Syntenin regulates differentiation and angiogenesis programs in head and neck squamous cell carcinoma.
Oncoscience 2014, 1, 725–737. [CrossRef]

46. Candi, E.; Schmidt, R.; Melino, G. The cornified envelope: A model of cell death in the skin. Nat. Rev. Mol. Cell. Biol. 2005,
6, 328–340. [CrossRef]

47. Roviello, G.; D’Angelo, A.; Sirico, M.; Pittacolo, M.; Conter, F.U.; Sobhani, N. Advances in anti-BRAF therapies for lung cancer.
Investig. New Drugs 2021. [CrossRef]

48. Abdelaal, M.R.; Soror, S.H.; Elnagar, M.R.; Haffez, H. Revealing the Potential Application of EC-Synthetic Retinoid Analogues in
Anticancer Therapy. Molecules 2021, 26, 506. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/3553733
http://doi.org/10.1038/nbt0298-168
http://doi.org/10.1002/j.1460-2075.1986.tb04530.x
http://doi.org/10.1073/pnas.71.6.2295
http://doi.org/10.1128/MCB.9.6.2387
http://www.ncbi.nlm.nih.gov/pubmed/2474753
http://www.ncbi.nlm.nih.gov/pubmed/1695484
http://doi.org/10.1006/cyto.1997.0286
http://www.ncbi.nlm.nih.gov/pubmed/8221664
http://doi.org/10.1006/clin.1998.4551
http://www.ncbi.nlm.nih.gov/pubmed/9756721
http://doi.org/10.1074/jbc.M001677200
http://doi.org/10.1074/jbc.M002550200
http://doi.org/10.1007/s11626-019-00342-7
http://doi.org/10.1038/ncomms6560
http://doi.org/10.1038/nature09886
http://doi.org/10.1074/jbc.M011493200
http://doi.org/10.1016/S0021-9258(18)46920-7
http://doi.org/10.1042/bj3020363
http://doi.org/10.1038/sj.onc.1207218
http://doi.org/10.1016/0167-4889(84)90161-7
http://doi.org/10.18632/oncoscience.99
http://doi.org/10.1038/nrm1619
http://doi.org/10.1007/s10637-021-01068-8
http://doi.org/10.3390/molecules26020506


Cancers 2021, 13, 2684 20 of 20

49. Schmidt, M.O.; Garman, K.A.; Lee, Y.G.; Zuo, C.; Beck, P.J.; Tan, M.; Aguilar-Pimentel, J.A.; Ollert, M.; Schmidt-Weber, C.; Fuchs,
H.; et al. The Role of Fibroblast Growth Factor-Binding Protein 1 in Skin Carcinogenesis and Inflammation. J. Investig. Dermatol.
2018, 138, 179–188. [CrossRef]

http://doi.org/10.1016/j.jid.2017.07.847

	Introduction 
	Materials and Methods 
	Cell Culture 
	Isolation and Establishment of HBp17-Knockout A431 and HO-1-N-1 Cells 
	Extraction of RNA and Quantitative Reverse Transcription-Polymerase Chain Reaction Analysis 
	SDS-PAGE and Western Blot 
	Immunofluorescent Analysis 
	Cell Growth and Colony Formation Assays 
	Cell Motility Assay 
	Enzyme-Linked Immunosorbent Assay for Soluble FGF-2 
	Animal Experiments 
	Microarray Analysis and Gene Ontology Enrichment Analysis 
	Proteomic Analysis 
	Protein–Protein Interaction Network Construction 
	Statistical Analysis 

	Results 
	Screening and Identification of HBp17 Gene Knockout 
	HBp17 Knockout Inhibits Proliferation and Colony-Forming Ability of A431 and HO-1-N-1 Cells In Vitro 
	HBp17 Knockout Inhibits A431 and HO-1-N-1 Cell Motility 
	HBp17 Knockout Inhibits Tumor Growth in Athymic Nude Mice 
	Microarray Analysis and GO Enrichment Analysis 
	Proteomic Analysis 
	Validation of Expressions of Terminal Differentiation-Related Molecules in A431-KO and HO-1-N-1-KO Cells 

	Discussion 
	Conclusions 
	References

