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SP4 Facilitates Esophageal Squamous Cell Carcinoma
Progression by Activating PHF14 Transcription and
Wnt/B-Catenin Signaling
Li Wei1, Chaowei Deng2, Bo Zhang3, Guanghui Wang4, Yan Meng3, and Hao Qin3

ABSTRACT
◥

Specificity protein 4 transcription factor (SP4), a member of the
Sp/Kr€uppel-like family (KLF), could bind to GT and GC box
promoters, and plays an essential role in transcriptional activating.
Despite SP4 having been detected to be highly expressed in a variety
of human tumors, its biological effect and underlying molecular
mechanism in esophageal squamous cell carcinoma (ESCC) remains
unclear. Our research discovered that high SP4 expression is detected
in primary ESCC specimens and cell lines and is strongly associated
with the ESCC tumor grade and poor prognosis. In vitro, knockdown
of SP4 suppressed cell proliferation and cell-cycle progression and
promoted apoptosis, whereas overexpression of SP4 did the opposite.
In vivo, inhibiting SP4 expression in ESCC cells suppresses tumor
growth. Subsequently, we demonstrated that SP4 acts as the tran-
scriptional upstream of PHF14, which binds to PHF14 promoter

region, thus promoting PHF14 transcription. PHF14 was also sig-
nificantly expressed in patient tissues and various ESCC cell lines and
its expression promoted cell proliferation and inhibited apoptosis.
Moreover, knockdown of SP4 inhibited the Wnt/b-catenin signaling
pathway, whereas overexpression of PHF14 eliminated the effects
of SP4 knockdown in ESCC cells. These results demonstrate that SP4
activates the Wnt/b-catenin signaling pathway by driving PHF14
transcription, thereby promoting ESCC progression, which indicates
that SP4 might act as a prospective prognostic indicator or thera-
peutic target for patients with ESCC.

Implications: This study identified SP4/PH14 axis as a new mech-
anism to promote the progression of ESCC, which may serve as a
novel therapeutic target for patients with ESCC.

Introduction
Esophageal squamous cell carcinoma (ESCC) is the main histologic

subtype of esophageal cancerwhich is amalignant tumor that occurs in
the esophageal epithelium, accounting for more than 90% of esoph-
ageal cancer cases (1–4). Its incidence rate in East Asia ranks first in the
world (5). In recent years, the incidence rate of ESCC has decreased
significantly due to the reduction of the poor population, but the
postoperative prognosis of patients is still very poor, resulting in more
than 500,000 deaths every year (2, 6–9). The reason for this on one
hand is due to the fact that most patients with ESCC are usually
diagnosed at advanced stage (9). On the other hand, because the most
predominant neoadjuvant chemoradiotherapy for ESCC has not
achieved satisfactory therapeutic effect, that is, half of the patients
relapse before and after surgery, and the most common is distant

metastasis (9–12). Therefore, the clinical treatment of ESCC has a
long way to go, and new biomarkers and drug targets should urgently
be found (13–15).

Specificity protein 4 transcription factor (SP4) is a member of the
SP/KLF family, which includes 25 transcription factors (16, 17). As a
transcription factor, SP4 could bind to GC-rich DNA motifs and play
multiple roles in maintaining cellular homeostasis (16–18). SP4 has
been reported to be overexpressed in a variety of cancers, including
colon cancer (19), pancreatic cancer (20), breast cancer (21), thyroid
cancer (22), prostate cancer (23), bladder cancer (24), and esophageal
adenocarcinoma (25). In addition, SP4 plays an oncogenic role in
SKBR3 and MDA-MB-231, A549, SW480, 786-o, PANC1, l3.6pl,
miapaca2, Rh30 cell lines (26, 27) and also contributes to cancer
cell proliferation, survival, and angiogenesis (19, 20, 23, 24, 28–30).
However, the focus on SP1 has left the functional role of SP4 in
cancer cells uninvestigated in depth (26, 31). Although SP4 shares
a similar modular structure with SP1 and both bind GC-rich pro-
moter sequences, they also exhibit different numbers of isoforms and
unique DNA-binding characteristics (31–33). Therefore, an in-depth
study of the biological function of SP4 in tumors and its molecular
mechanism is warranted.

The plant homeodomain (PHD) finger protein 14 (PHF14) is a
member of the plant homeodomain finger protein family, some
members of which have been reported to be cancer associated (34).
Whereas the biological functions of PHF14 in tumors vary according
to different cancer types (35). PHF14 inhibits DNA damage in
colorectal cancer, thus inhibiting apoptosis (34) and it is also reported
that PHF14 depletion could inhibit cell proliferation in lung cancer
cells and bladder cancer cells (36). In addition, PHF14 inhibits
apoptosis and promotes proliferation and invasion of glioblastoma
cells through theWnt signaling pathway (35). PHF14 promotes gastric
cancer cell proliferation and migration through AKT and ERK1/2
pathways (37). Broadly speaking, PHF14 tends to have an active role in
tumorigenesis and progression.
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Although a certain handful of researches have investigated the
relationship between SP4 and human cancers, its functions in
ESCC are yet to be explored. In this study, we are the first to
evaluate the role of SP4 in ESCC. Mechanistically, we first found
that PHF14 is transcriptionally downstream of SP4 and transcrip-
tionally regulated by SP4. In view of this, we were also the first to
evaluate the expression of PHF14 in ESCC, and further explored
the role of SP4 transcriptionally regulating PHF14 as well as its
molecular mechanism in ESCC, which provided a new idea for
the underlying mechanism of ESCC development, and a theoreti-
cal reference for SP4 to be a promising prognostic indicator or
chemotherapy target.

Materials and Methods
Clinical specimens

With patients’ written informed consent, the 73 ESCC patients’
clinical tissue samples and adjacent nontumor tissues and corre-
sponding clinicopathologic features such as age, gender, and initial
stage were obtained from the Department of Oncology Surgery,
the First Affiliated Hospital of Medical College in Xi’an Jiaotong
University, P.R. China. Chemotherapy or radiotherapy had not
been implemented on these patients before surgery according to the
patients’ pathology records. The study was approved by the Ethical
Committee of Xi’an Jiaotong University Health Science Center.
Every individual patient who participated in the research signed
written informed consent. Ethical approval was given by the Ethics
Committee of The First Affiliated Hospital of Xi’an Jiaotong
University. The whole study was performed in accordance with
ethical standards just as in the 1964 Declaration of Helsinki and its
later amendments.

Reagents and antibodies
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT; M5655) and dimethyl sulfoxide (DMSO; D5879), were pur-
chased from Sigma-Aldrich. RIPA lysis buffer, phenylmethylsulfonyl-
fluoride (PMSF), and transfection reagent Lipofectamine 2000 were
obtained from Thermo Fisher Scientific (New York, NY). Annexin V-
APC (2005128) and propidium iodide (PI; 2048964) were obtained
from Invitrogen. Super ECL prime (catalog no. S6008–100 mL) was
purchased from US Everbright Inc. Anti-SP4 (sc-390124) antibody
was purchased from Santa Cruz Biotechnology. CDK4 (#12790),
CDK6 (#13331), Cyclin D1 (#2922), active Caspase-3 (#9661), and
Wnt3a (#2721) were purchased from Cell Signaling Technology,
Inc. The GAPDH (60004-1-Ig), b-catenin (51067-2-AP), PHF14
(ProteinTech, catalog no. 24787–1-AP, RRID: AB_2879724), and
mouse IgG (ProteinTech, catalog no. B900620, RRID: AB_2883054)
antibodies were purchased from ProteinTech Group.

Cell culture
EC109 (RRID: CVCL_6898), TE-1 (RRID: CVCL_1759), SEG-1,

and Het-1A (RRID: CVCL_3702) cell lines were used in this study
and obtained from the Procell Life Science & Technology Co. Ltd.
Short tandem repeat analysis for cell lines used in the study has been
conducted by Shanghai Biowing Applied Biotechnology Co. Ltd.
on March 3, 2022. All the cell lines were free of Mycoplasma con-
tamination as tested by vendors using a MycoAlert kit from Lonza
annually, and were grown in RPMI1640 medium with 1% penicillin–
streptomycin Solution and 10% FBS at standard conditions (5% CO2,
37�C). Throughout the entire study, the cell lines were passaged
approximately 10–15 times between thawing and use.

Quantitative and reverse transcriptional PCR
According to previous research methods (38), total RNA was

isolated from collected cells and human tissues using TRizol reagent
(Invitrogen) according to the manufacturer’s instructions. Total
RNA was reverse-transcribed to cDNA using a PrimeScript RT
reagent Kit (TaKaRa Biotechnology Co., Ltd.). qRT-PCR was con-
ducted using the iCycler IQ Multicolor qRT-PCR Detection System
(Bio-Rad). The results were normalized to GAPDH gene expression.
Each reaction was repeated three times. All primers were shown as
follows:

SP4-F: 50-TCCACCAAGCAGATTGTCTTTCTTC-30

SP4-R: 50-TCATCTGCCTGTTGTGCATTTCT-30

PHF14-F: 50-GCAACTTGCAAGGGAACTGG-30

PHF14-R: 50-AAGAGGTTTCCGGGATTGCC-30

GAPDH-F: 50-GCCGTATCGCTCAGACAC-30

GAPDH-R: 50-GCCTAATACGACCAAATCC-30

Transfection, infection experiments, and plasmids
Lentiviruses for human SP4 were obtained from Gene Pharma Co.

Ltd. Small-interfering siRNA for human SP4 and PHF14 knockdown
as well as negative control were obtained from Gene Pharma Co. Ltd.,
and showed as follows:

Negative siRNA (NC-siRNA) sense: 50-UUCUCCGAACGUGU-
CACGUTT-30

Negative siRNA (NC-siRNA) antisense: 50- ACGUGACACGUU
CGGAGAATT-30

SP4 siRNA-1 sense: 50-GUGGAUUACAGAGUAGGAATT-30

SP4 siRNA-1 antisense: 50-UUCCUACUCUGUAAUCCACTT-30

SP4 siRNA-2 sense: 50-GGCCAGCAGAAAAUUCUCUTT-30

SP4 siRNA-2 antisense: 50-AGAGAAUUUUCUGCUGGCCTT-30

PHF14 siRNA-1 sense: 50-GUCAGCGAGCCAAAAAAAUTT-30

PHF14siRNA-1antisense:50-AUUUUUUUGGCUCGCUGACTT-30

PHF14 siRNA-2 sense: 50-CCAUGAUCAGCAUCUUCUUTT-30

PHF14 siRNA-2 antisense: 50-AAGAAGAUGCUGAUCAUGGTT-30

sh-control: 50-AAAAGAGGCTTGCACAGTGCATTCAAGACGTG
CACTGTGCAAGCCTCTTTT-30

sh-SP4: 50-TGGAGAAACTGATGTGGATTTTCTCGAGAGAG
AATTTTCTGCTGGCCTTTTTTC-30

The recombinant plasmid containing the human SP4 as well as
PHF14 full-length cDNA cloned into the PCDH-CMV-MCS-EF1-
Hygro vector was purchased from Youbao Company.

For transfection, EC109 as well as TE-1 cells in the logarithmic
phase were inoculated into 6-well plates (2� 105 cells in 2mLmedium
per well) and cultured overnight in a 37�C incubator. Lipofectamine
2000 (6 mL/well) was used to optimize siRNA and overexpress plasmid
(2 mg/well) transfection for 72 hours.

For infection, lentiviruses were used to infect EC109 cells twice at
40% confluency, 12 hours per infection. The infected cells were
screened by treatment for 36 hours with puromycin (Life Technolo-
gies), and the surviving cells were frozen and stored in liquid nitrogen
for subsequent experiments.

Cell viability detection
Cells were seeded at 3,000 cells in 100 mL RPMI1640 per well in

96-well culture plates, respectively, treated with siRNA or overexpres-
sion plasmid for 24, 48, and 72 hours. At these indicated time points,
10 mL of 5 mg/mLMTT was added to each well and incubated at 37�C
for 4 hours. Next, suspension liquid was thrown away and 150 mL
DMSO was used to dissolve formazan crystals. The absorbance values
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(OD 492 nm) were measured using a multi-microplate test system
(POLARstar OPTIMA, BMG Lab Technologies).

Live-cell imaging system
ESCC cells were seeded at 3,000 cells in 100 mL RPMI1640 per well

in 96-well culture plates, respectively, treated with siRNA or over-
expression plasmid. Cells were imaged on 96-well culture plates using
LeicaAndor andNikon-Andor spinning disc confocal imaging systems
with an EM-CCD camera. The number of cells was recorded at 24, 48,
and 72 hours, respectively.

Cell-cycle analysis
Treated ESCC cells were placed in 6-well plates with a confluence

of 50% 24 hours before analysis, then were collected by trypsin
digestion, and resuspended in PBS. Next, ice-cold ethanol (70%)
was applied to immobilize these treated cells at 4�C overnight. The
collected cells were stained with 50 mg/mL PI containing 50 mg/mL
RNase A (DNase free) for 20 minutes at room temperature. Samples
were subjected to flow cytometry for cell-cycle analysis by FACS
(FACSCalibur, BD Biosciences).

Apoptosis analysis
Treated ESCC cells were placed in 6-well plates with a confluence of

50% 24 hours before analysis, then were collected by trypsin digestion
and resuspended in PBS. The harvested cells were stained with
Annexin-V FITC Apoptosis Detection Kit (Invitrogen) according to
the manufacturer’s instructions. Samples were subjected to flow
cytometry for apoptosis analysis by using a flow cytometer (FACSCa-
libur, BDBiosciences), and the apoptosis populationswere determined
by ModFit software.

Western blot analysis
ESCC clinical tissues, normal esophageal squamous tissues, and

ESCC cells were lysed with RIPA lysis buffer supplemented with PMSF
and protease inhibitors (Roche) to obtain protein. Equal amounts of
protein lysates were separated with 10% SDS polyacrylamide gels and
transferred to polyvinylidene fluoride (PVDF)membranes. Themem-
branewas blockedwith 5%BSAat room temperature for 2 hours.Next,
the primary antibodies were used to incubate the membranes over-
night at 4�C. Then, the PVDF membrane was incubated with the
secondary antibody (peroxidase-labeled anti-mouse and anti-rabbit
antibodies) at room temperature for 2 hours. The ECL reagent
(Amersham) was used to incubate the membranes. Then, the lumi-
nescent signal was scanned, recorded, and quantified with Syngene
GBox (Syngene).

Subcutaneous tumor xenografts
All operations were conducted orderly following to the Guidelines

for Animal Health and Use (Ministry of Science and Technology,
China, 2006). Ten 5-week-old female nude mice purchased from
Huafukang Biotechnology Co., Ltd., were randomly divided into two
groups to feed, and observed in the SPF room for a week to adapt to the
new environment. By previous research methods (39), EC109 cells
were stably transfected with shCtrl and shSP4. These transfected cells
(1 � 106 cells per mouse) were suspended in 0.1 mL serum-free
RPMI1640 and subcutaneously inoculated on the left upper back of
two groups ofmice respectively on a sterile workbench of an SPF room.
Prior to this, mice were subjected to nasal anesthesia with isoflurane.
Before and after subcutaneous injection, mouse epidermis was disin-
fected with 75% medical alcohol. After 1 week of injection, tumor
volume [tumor volume ¼ (length � width2)/2] was measured every
3 days under strict and standardized feeding conditions. Before tumor

collection, mice were given nasal anesthesia (isoflurane) to alleviate
their pain. Then, these mice were sacrificed, and tumors were har-
vested and weighed. The bodies were frozen at �20�C before incin-
eration. Finally, these tumors were photographed and recorded.

IHC staining
Tumors embedded in paraffin were cut into 5 mm–thick sections,

dewaxed, hydrated, and then, these paraffin slices were placed in citrate
buffer (pH 6.0) and heated in amicrowave oven to 95�C for 20minutes
to facilitate antigen retrieval. After that, endogenous peroxidase
activity was quenched, then using normal goat serum blocked this
process. The anti-SP4 antibody was diluted with 5% normal goat
serum (1:50), and added to the paraffin sections and incubated
overnight at 4�C. The second antibody linked to horseradish perox-
idase was added and incubated with these slices, followed by the
addition of DBA reagent. Before counterstaining with hematoxylin,
the results were observed under a microscope.

Chromatin immunoprecipitation-qRT-PCR assay
In accordance with previous research methods (40), the chromatin

immunoprecipitation (ChIP) assay was fulfilled by using a ChIP Assay
Kit (Millipore) according to the manufacturer’s instructions. Form-
aldehyde (1%) was used to crosslink for 15minutes in EC109 and TE-1
cells and glycine was applied to quench. DNA was sheared into 200–
800 bp fragments by using sonication. These DNA fragments were
incubated using SP4 or IgG antibodies for 12 hours at 4�C, respectively.
Then, Dynabeads Protein A (Thermo Fisher Scientific) was applied to
obtain DNA–protein complexes and TE buffer was used to elute the
complexes at 65�C. Next, these complexes were treated for reversing
crosslinking 8 hours at 65�C. These DNA products were isolated by
using the QIA Quick PCR Purification Kit (QIAGEN) for qRT-PCR.
The correlative gene-specific primers were shown as follows:

PHF14 (ChIP)-Primer 1-F: 50-CTGATTGCGCGTTACTTCATTT
ACA-30

PHF14 (ChIP)-Primer 1-R: 50-CGACCTGAGCAGCGGCTCAAG
GGCC-30

PHF14 (ChIP)-Primer 2-F: 50-AGCCGCTGCTCAGGTCGCTTCC
GTA-30

PHF14 (ChIP)-Primer 2-R: 50-GTTGTCCAGGTTCTTGGCGTT
TTTA-30

PHF14 (ChIP)-Primer 3-F: 50-GAACCTGGACAACTTGCAGTCA
CGA-30

PHF14 (ChIP)-Primer 3-R: 50-TTTTGTTTCTGATCTGTTTTTTA
AG-30

PHF14 (ChIP)-Primer 4-F: 50-GATCAGAAACAAAAACTGGCC
TCCC-30

PHF14 (ChIP)-Primer 4-R: 50-GGAGCAGAGATCCCCGCCAAAC
CCT-30

PHF14 (ChIP)-Primer 5-F: 50-CTCTGCTCCGCCTTGGCACTACT
CG-30

PHF14 (ChIP)-Primer 5-R: 50-TGAGAGCAGCAGGAATTGAGGG
CGC-30

PHF14 (ChIP)-Primer 6-F: 50-CTCAGGGCTGCGCTCAGCCTCG
TGT-30

PHF14 (ChIP)-Primer 6-R: 50-ACCAGAAGCAACGAAAGAC-
CAGAAA-30

PHF14 (ChIP)-Primer 7-F: 50-TTTCTGGTCTTTCGTTGCTTCT
GGT-30

PHF14 (ChIP)-Primer 7-R: 50-CAGCGCAGTCAACCCGGCGGCC
CCG-30

SP4/PHF14 Axis Drives ESCC Progression

AACRJournals.org Mol Cancer Res; 22(1) January 2024 57



PHF14 (ChIP)-Primer 8-F: 50-CTTTAATTTTTTTTCTTCTAGTT
TT-30

PHF14 (ChIP)-Primer 8-R: 50-CTCGAGCCCCTTCCCACAGCGC
TCC-30

GAPDH (ChIP)-F: 50-GTGGCAAAGTGGAGATTGTT-30

GAPDH (ChIP)-R: 50-CTCGCTCCTGGAAGATGG-30

Luciferase reporter assay
Dual-Luciferase expression plasmids pGL3-luc, as well as pGL3-

PHF14-Luc, were constructed by AuGCT DNA-SYN Biotechnology.
ESCC cells were transfected with pGL3-Luc or pGL3-GIT1-luc to
verify these plasmids. SP4 siRNA and NC-siRNA were cotransfected
into ESCC cells that have been transferred with pGL3-PHF14-luc, so
are overexpression SP4 and vector. The ESCC cells were collected
48 hours after transfection. Next, we examined and analyzed the
luciferase activity by applying the Dual-Luciferase Reporter System
(Promega).

Statistical analysis
All triplicate results were quantitative results of inter-independent

experiments. The data were presented as mean � SEM. Statistical
analysis was performed with SPSS (RRID: SCR_002865) 19.0 software
(Abbott Laboratories). Quantitative data were shown as mean � SD
and analyzed by Student t test, two-way ANOVA, and Pearson x2 test
according to the data characteristics. P < 0.05 indicates statistical
significance.

Data availability
The datasets analyzed during this study are available at https://xe

nabrowser.net/. All other data supporting the funding of this study are
available in the article, as well as from the corresponding authors upon
reasonable request.

Results
High expression of SP4 in ESCC is relevant to clinicopathologic
characteristics

Aiming to describe the profile of SP4 in ESCC progression, we first
investigated the correlation between SP4 expression and ESCC clin-
icopathologic features. University of California Santa Cruz (UCSC,
Santa Cruz, CA) Xena online data illustrated that, compared with
normal esophageal squamous tissue, SP4 had higher expression in
ESCC tissues (P < 0.05) and was correlated with poor phase G, TNM
(P < 0.05; Fig. 1A–C). Moreover, Kaplan–Meier analysis from UCSC
Xena showed that high expression of SP4 was negatively associated
with disease-specific survival (DSS) and progression-free interval (FPI;
P < 0.01; Fig. 1D and E). We next analyzed its expression levels in 73
ESCC tissues and matched adjacent nontumor tissues by qRT-PCR to
further confirm the SP4 expression in ESCC tissues. The results
showed that mRNA expression of SP4 was upregulated in ESCC
tissues compared with normal tissues (Fig. 1F; P < 0.01). Western
blot analysis showed that SP4 was additionally expressed in ESCC
tissues than in normal esophageal squamous tissues (Fig. 1G). Fur-
thermore, the relevance between SP4 mRNA levels with the patient
clinicopathologic feature of 73 ESCC sufferers was recorded in
Supplementary Table S1, which illustrated that high SP4 mRNA
expression was correlated with histologic grade [G1: 61.9% (13/21);
G2: 82.4% (28/34); G3: 94.4% (17/18)] (P < 0.01), T stage [T1/T2:
64.7% (11/17); T3/T4: 83.9% (47/56)] (P < 0.01), and TNM stage [I/II:
56.7% (17/30); III/IV: 95.3% (41/43)] (P < 0.01), and not associated
with age and gender.

To facilitate subsequent in vitro experiments, we validated the
above results in ESCC cell lines (EC109, TE-1, SEG-1) by Western
blot and qRT-PCR analyses, which demonstrated that SP4 expres-
sion in ESCC cell lines was distinctly higher than that in a normal
human esophageal epithelial cell line (Het-1A; Fig. 1H and I). In
brief, these data deliver that SP4 might be a potential effective
biomarker and involved in human ESCC progression.

SP4 promotes ESCC cell proliferation and inhibits apoptosis
in vitro and in vivo

Considering the clinical significance of SP4 in ESCC, we next
explored the effects of SP4 gain and knockdown on the malignant
growth potential of ESCC cells to further identify the role of SP4
in ESCC. EC109 and TE-1 were used as the in vitro experimental
material, which both express higher SP4 level. Western blot and
qRT-PCR results showed that SP4 siRNAs remarkably decreased
SP4 expression in EC109 and TE-1 cells (Fig. 2I and K; P < 0.01),
while SP4 overexpression vector availably enhanced SP4 expres-
sion (Fig. 2J and L; P < 0.01). MTT assays revealed reduced viability
of ESCC cells with SP4 knockdown (Fig. 2A; P < 0.01), whereas
increased viability of ESCC cells with SP4 overexpression (Fig. 2B;
P < 0.01). Analogical results with the same trend could also be
observed in the live-cell imaging system (Fig. 2C and D; P < 0.01).
Understandably, flow cytometry analysis showed that SP4 knock-
down resulted in cell-cycle arrest at the G0–G1 phase (Fig. 2E;
P < 0.01) and increased percentage of apoptotic cells (Fig. 2G;
P < 0.01), whereas overexpression of SP4 did the opposite
expectantly (Fig. 2F and H; P < 0.01). After expectation, Western
blot analysis demonstrated that SP4 knockdown downregulated
CDK4, CDK6, and Cyclin D1 protein expression and upregulated
active-caspase 3 protein expression in ESCC cells (Fig. 2K),
whereas SP4 overexpression increased CDK4, CDK6, and Cyclin
D1 protein expression and decreased active-caspase 3 expressions
(Fig. 2L).

To further evaluate whether overexpression of SP4 could restore
apoptosis of ESCC cells with SP4 knocked down, qRT-PCR, Western
blot, and flow cytometry assays were performed, and the results
indicated that the apoptosis of ESCC cells was significantly rescued
(Supplementary Fig. S1A–S1C). Besides, we have conducted more
detailed experiments, using 5-fluorouracil (5-FU) to simulate the
influence of chemotherapy, demonstrating that overexpression of SP4
could rescue the apoptosis of ESCC cells caused by 5-FU, which
demonstrating that SP4 are closely associated with cancer cell apo-
ptosis (Supplementary Fig. S1D).

We next generated a stable SP4 knockdown EC109 cell line by
using a shRNA lentivirus transfection system to more accurately
address the importance of SP4 in regulating the growth of ESCC
cells. Western blot and qRT-PCR results showed that SP4 shRNAs
remarkably suppressed SP4 expression in EC109 with decreased
CDK4, CDK6, and Cyclin D1 protein expression and increased
active-caspase 3 protein expression (Fig. 3C andD; P < 0.01), which
inhibited ESCC cell growth as shown in MTT assay and live cell
imaging system (Fig. 3A; P < 0.01). As the same results as SP4
siRNA, flow cytometry analysis showed that SP4 shRNA resulted in
cell-cycle arrest at the G0–G1 phase and increased percentage of
apoptotic cells (Fig. 3B; P < 0.01).

Then the EC109 cells with SP4 shRNA and sh-Control were
subcutaneously injected into 5-week-old female nude mice, respec-
tively. Cell-derived xenograft experiments indicated that the growth
rate of tumors and the volume and weight of tumors with SP4
shRNA were significantly decreased compared with those in the
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control groups (Fig. 3E-G; P < 0.01). qRT-PCR, IHC staining,
and Western blot analysis have been conducted to verify the
downregulation of SP4 in tumors derived from SP4 shRNA–
transduced EC109 cells (Fig. 3H–J; P < 0.01). Consistently, down-
regulated CDK4, CDK6, and Cyclin D1 protein expression and
upregulated active-caspase 3 protein expression in these tumors
were observed using Western blot analysis (Fig. 3J). Taken together,

these data stated that SP4 promoted malignancy and progression
of ESCC cells.

SP4 binds the promoter of PHF14 to mediate its transcription
Given the transcription factor role of SP4, bioinformatics analysis

(UCSC Genome Browser) was used to hunt the SP4 target gene to
further analyze the molecular mechanism of SP4 regulating ESCC

Figure 1.

High expression of SP4 in ESCC is relevant to clinicopathologic characteristics. A, SP4 expression in patients with ESCC. B, Correlation between SP4
expression and G stage in patients with ESCC. C, Correlation between SP4 expression and TNM stage in patients with ESCC. D, Patients’ disease-specific
survival (DSS) estimation datasets of SP4 high expression correlation group compared with low expression correlation group. E, Patients’ progression-free
interval estimation datasets of SP4 high expression correlation group compared with low expression correlation group. F, SP4 mRNA expression in ESCC
tissues versus normal esophageal squamous tissues (n ¼ 73; P < 0.01). G, SP4 protein expression in ESCC tissues versus normal esophageal squamous
tissues. GAPDH was used as an internal reference. H, SP4 mRNA expression in ESCC cells (EC109, TE-1, SEG-1) versus esophageal squamous cells (Het-1A).
GAPDH was used as an internal reference. I, SP4 protein expression in ESCC cells (EC109, TE-1, SEG-1) versus normal esophageal squamous cells (Het-1A).
GAPDH was used as an internal reference. Each experiment was performed in triplicate. According to the data characteristics, quantitative data of
(A–C, F, H) were analyzed by Student t test, quantitative data of D and E were analyzed by Pearson x2 test, � , P < 0.05.
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progression. According to the results, we found that SP4 could bind to
the promoter region of PHF14 (Fig. 4A). The Cancer Genome Atlas
(TCGA) online data showed that SP4 expression was positively related
to PHF14 expression in human ESCC tissues (Fig. 4B; P < 0.01). The
qRT-PCR results from 73 ESCC tissues and matched adjacent

nontumor tissues also showed that SP4 mRNA expression was re-
markably positively correlated with PHF14 mRNA expression in
ESCC (Fig. 4C; P < 0.01). Most importantly, we verified that SP4
bound to the promoter of PHF14 in EC109 and TE-1 cells by ChIP-
qRT-PCR assay (Fig. 4D; P < 0.01). A dual-luciferase reporter system

Figure 2.

SP4 promotes ESCC cell proliferation and inhibits apoptosis in vitro. A, Viability of ESCC cells after transfection with SP4 siRNA. B, Viability of ESCC cells
after transfection with SP4 overexpression plasmid. C, Cell number of ESCC cells after transfection with SP4 siRNA. D, Cell number of ESCC cells after
transfection with SP4 overexpression plasmid. E, The cell cycle of ESCC cells after transfection with SP4 siRNA was analyzed by flow cytometry. F, The cell
cycle of ESCC cells after transfection with SP4 overexpression plasmid was analyzed by flow cytometry. G, Apoptosis of ESCC cells after transfection
with SP4 siRNA was examined by flow cytometry. H, Apoptosis of ESCC cells after transfection with SP4 overexpression plasmid was examined by flow
cytometry. I, SP4 mRNA expression after transfection with SP4 siRNA in ESCC cells. GAPDH was used as an internal reference. J, SP4 mRNA expression
after transfection with SP4 overexpression plasmid in ESCC cells. GAPDH was used as an internal reference. K, SP4, CDK4, CDK6, Cyclin D1, and active
caspase 3 expressions were measured after transfection with SP4 siRNA in ESCC cells. GAPDH was used as an internal reference. L, SP4, CDK4, CDK6,
Cyclin D1, and active caspase 3 expressions were measured after transfection with SP4-overexpression plasmid in ESCC cells. GAPDH was used as an
internal reference. Each experiment was performed in triplicate. According to the data characteristics, quantitative data of A–D were analyzed by Pearson
x2 test, quantitative data of E–J were analyzed by Student t test, � , P < 0.05.
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was implemented to verify this result. The target sequence of the
promoter of PHF14 was inserted into the luciferase gene in the pGL3
reporter plasmid, which was transferred into EC109 and TE-1 cells.
After 48 hours, luciferase activity was recorded. The results showed
that, compared with in pGL3-luc group, luciferase activity remarkably
increased in the pGL3-PHF14-luc group (Fig. 4E; P < 0.01). Subse-
quently, SP4 siRNAs and SP4 overexpression vector were, respectively,
cotransfected with pGL3-PHF14-luc into EC109 and TE-1 cells.

Remarkably reduced luciferase activity was observed in SP4 siRNA
groups compared with the NC-siRNA group (Fig. 4F; P < 0.01),
whereas significantly enhanced luciferase activity was observed in the
SP4 overexpression vector group compared with the control vector
group (Fig. 4G; P < 0.01). To be essential, the effect of SP4 on PHF14
expression was analyzed through qRT-PCR and Western blot analy-
sis. We found that SP4 siRNAs observably suppressed PHF14 ex-
pression in EC109 and TE-1 cells (Fig. 4H and J; P < 0.01), while

Figure 3.

SP4 shRNA inhibits ESCC cell proliferation and promotes apoptosis in vitro and in vivo. A, Viability and cell number of ESCC cells after SP4-knockdown. B, The
cell cycle and apoptosis of ESCC cells after SP4-knockdown were analyzed by flow cytometry. C, SP4 mRNA expression after SP4 knockdown in ESCC cells.
GAPDH was used as an internal reference. D, SP4, CDK4, CDK6, Cyclin D1, and active caspase 3 expressions were measured after SP4 knockdown in
ESCC cells. GAPDH was used as an internal reference. E, Morphology of isolated tumors from nude mice. F, Growth curvatures of tumor volume were
obtained from 7 to 31 days. G, Tumor weight of indicated mice at 31st day. H, SP4 mRNA expression in xenograft tumor. I, IHC staining was performed to detect
the expression of SP4. J, SP4, CDK4, CDK6, Cyclin D1, active caspase 3 expressions in xenograft tumor. GAPDH was used as an internal reference.
Each experiment was performed in triplicate. According to the data characteristics, quantitative data of A and Fwere analyzed by Pearson x2 test, quantitative
data of B, C, G, and H were analyzed by Student t test. � , P < 0.05.
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Figure 4.

SP4 binds the promoter of PHF14 to mediate its transcription. A, Bioinformatics analysis (UCSC Genome Browser) predicted the SP4 binding site in
the promoter of PHF14. B, Correlation analysis between SP4 and PHF14 using TCGA data. C, mRNA correlation between SP4 and PHF14 in ESCC tissues.
D, ChIP-qRT-PCR analysis showed that SP4 binds the promoter of PHF14. E, ESCC cells were transfected with pGL3-PHF14-luc (target sequences of SP4),
and the luciferase activity was examined at 48 h after transfection. Renilla luciferase was known as the internal control. F, ESCC cells were co-transfected
with pGL3-PHF14-luc and SP4 siRNAs; the luciferase activity was determined. Renilla luciferase was known as the internal control. G, ESCC cells were
cotransfected with pGL3-PHF14-luc and SP4 siRNAs; the luciferase activity was determined. Renilla luciferase was known as the internal control. H, PHF14
mRNA expression after transfection with SP4 siRNA in ESCC cells. GAPDH was used as an internal reference. I, PHF14 mRNA expression after transfection
with SP4 overexpression plasmid in ESCC cells. GAPDH was used as an internal reference. J, SP4 and PHF14 expressions were measured after transfection
with SP4 siRNA in ESCC cells. GAPDH was used as an internal reference. K, SP4 and PHF14 expressions were measured after transfection with SP4
overexpression plasmid in ESCC cells. GAPDH was used as an internal reference. L, SP4 and PHF14 expressions were measured after SP4 knockdown in
ESCC cells. GAPDH was used as an internal reference. Each experiment was performed in triplicate. According to the data characteristics, quantitative data
of B and C were analyzed by two-way ANOVA, quantitative data of D–I were analyzed by Student t test. � , P < 0.05.
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SP4 overexpression vector significantly enhanced PHF14 expression
(Fig. 4I and K; P < 0.01). With the same results as SP4 siRNA, SP4
shRNA also decreased PHF14 expression in tumors derived from
SP4 shRNA–transduced EC109 cells (Fig. 4L).

High expression of PHF14 occurred in ESCC and is associated
with clinicopathologic feature

Previous studies have shown that PHF14 exerted carcinogene-
sis as well as altered tumor physiology in a variety of cancers, such
as gastric cancer (37), biliary tract cancer (41), lung cancer (42),
glioblastoma (35), and bladder cancer (36). However, the profile of
PHF14 expression in patients with ESCC remains unknown. There-
fore, we first analyzed the expression of PHF14 in ESCC tissues
to explore the role of PHF14 transcriptionally regulated by SP4
in ESCC progression. Data from UCSC Xena revealed that PHF14
expression was significantly upregulated in ESCC tissues compared
with normal esophageal squamous tissues (Supplementary Fig. S2A;
P < 0.01) and correlated with poor phase G, TNM, and T (Sup-
plementary Fig. S2B–S2D; P < 0.05). The high PHF14 expression
was correlated to progression-free interval of patients with ESCC
(Supplementary Fig. S2E; P < 0.05). The qRT-PCR results from 73
ESCC tissues and matched adjacent nontumor tissues showed that
mRNA expression of PHF14 was upregulated in ESCC tissues com-
pared with normal tissues (Supplementary Fig. S2F; P < 0.01). The
same trend shown by Western blot analysis revealed that the PHF14
protein expression was observably increased in ESCC tissues (Sup-
plementary Fig. S2H). Likewise, the PHF14 expression was also
greatly upregulated in ESCC cell lines (Supplementary Fig. S2G and
S2I). Furthermore, investigating the clinicopathologic feature of
patients with ESCC, we found that high PHF14 mRNA expression
was correlated with histologic grade [G1: 61.9% (13/21); G2: 76.5%
(26/34); G3: 88.9% (16/18)] (P < 0.01), T stage [T1/T2: 47.1% (8/17);
T3/T4: 83.9% (47/56)] (P < 0.01) and TNM stage [I/II: 50.0%
(15/30); III/IV: 93.0% (40/43)] (P < 0.01), and not associated with
age and gender (Supplementary Table S2).

PHF14 promotes ESCC cell proliferation and inhibits apoptosis
in vitro

To further explore the role of PHF14 in ESCC, PHF14 siRNAs
and PHF14 overexpression vector were transfected into EC109 and
TE-1 cells independently. Western blot and qRT-PCR results
showed that PHF14 siRNAs significantly decreased PHF14 expres-
sion in EC109 and TE-1 cells (Fig. 5I and K; P < 0.01), while PHF14
overexpression vector availably enhanced PHF14 expression
(Fig. 5J and L; P < 0.01). MTT assays revealed reduced viability
of ESCC cells with PHF14 knockdown (Fig. 5A; P < 0.01), whereas
increased viability of ESCC cells with PHF14 overexpression
(Fig. 5B; P < 0.01). Live-cell imaging system showed that the
number of cells was reduced after knocking down the expression
of the PHF14 gene, whereas increased the number of cells in the
PHF14 overexpression vector group (Fig. 5C and D; P < 0.01). Flow
cytometry analysis showed that PHF149 knockdown also resulted
in cell-cycle arrest at the G0–G1 phase (Fig. 5E; P < 0.01) and
enhanced percentage of apoptotic cells (Fig. 5G; P < 0.01), whereas
overexpression of PHF14 did the opposite (Fig. 5F andH; P < 0.01).
In addition, using 5-FU to simulate the influence of chemotherapy,
demonstrating that overexpression of PHF14 could rescue the
apoptosis of ESCC cells caused by 5-FU, showed that PHF14 is
closely associated with cancer cell apoptosis (Supplementary
Fig. S1D). Meanwhile, the expression of cell cycle and apoptosis-
related proteins was detected by Western blot analysis, which found

that PHF14 knockdown also reduced CDK4, CDK6, and Cyclin D1
protein expression and upregulated active caspase 3 protein expres-
sion in ESCC cells (Fig. 5K), whereas PHF14 overexpression
increased CDK4, CDK6, and Cyclin D1 protein expression and
decreased active caspase 3 expressions (Fig. 5L). Besides, we have
analyzed correlation of WNT3A, CTNNB1, and SP4/PFH14 expres-
sion using qRT-PCR results from 73 ESCC tissues and matched
adjacent nontumor tissues. The result showed that WNT3A and
CTNNB1 were both positive correlated with SP4/PFH14 (Supple-
mentary Fig. S3A–S3D), which was consistent with the previous
report that PHF14 promotes proliferation and invasion and alle-
viates apoptosis through the Wnt signaling pathway (35).Consid-
ering the relevance between the Wnt pathway and SP4/PHF14,
qRT-PCR assays were implemented to show that SP4 and PHF14
siRNAs significantly decreased Wnt3a and b-Catenin mRNA ex-
pression in EC109 and TE-1 cells (Supplementary Fig. S3E–S3H).
Accordingly, Western blot analysis showed that PHF14 knockdown
decreased Wnt3a, b-catenin protein expressions, but overexpressing
PHF14 upregulated their protein levels (Fig. 5K and L). Collec-
tively, as transcriptional downstream of SP4, PHF14 plays a car-
cinogenic role in ESCC and regulates cell cycle and apoptosis.

SP4 facilitates ESCCprogression viamodulatingWnt/b-catenin
signaling pathway by promoting PHF14 transcription

We then tried to illustrate that SP4 exhibited oncogene function by
regulating PHF14 transcription. Western blot and qRT-PCR results
stated that SP4 siRNA resulted in the downregulation of PHF14
expression, whereas overexpressing PHF14 reversed the effect of SP4
siRNA on PHF14 expression (Fig. 6E and F; P < 0.01). Cell viability
detection by MTT assay showed that overexpressing PHF14 rescued
the suppression effect of SP4 siRNA on cell growth (Fig. 6A; P < 0.01).
Analogical results with the same trend were also exhibited in the
live cell imaging system (Fig. 6B; P < 0.01). Besides, flow cytometry
analysis showed that overexpressing PHF14 rescued cell-cycle arrest at
G0–G1 phase as well as apoptosis, both caused by SP4 knockdown
(Fig. 6C andD; P < 0.01). Consistent with the results of flow cytometry
analysis, Western blot analysis showed that overexpression of PHF14
rescued the downregulation of CDK4, CDK6, andCyclinD1 caused by
SP4 knockdown, meanwhile restored the upregulation of active cas-
pase 3 caused by SP4 knockdown. Moreover, we examined key
molecules in the signaling pathway using Western blot and qRT-
PCR analyses discovering that SP4 knockdown also downregulated
Wnt3a and b-Catenin protein expressions (Fig. 6F; Supplementary
Fig. S3I), as SP4 is a transcriptional upstream protein of PHF14. As
expected, Western blot and qRT-PCR analyses stated that co-
knockdown of both SP4 and PHF14 also results in more decreased
mRNAandprotein levels of theWnt3a andb-Catenin (Supplementary
Fig. S4), and overexpressing PHF14 successfully rescued the down-
regulation of Wnt3a and b-Catenin caused by SP4 knockdown
(Fig. 6F; Supplementary Fig. S3I). To further demonstrate whether
the Wnt/b-Catenin signaling pathway is downstream of SP4/PHF14,
we used Wnt inhibitor LGK974 treating ESCC cells after overexpres-
sion of SP4, andWestern blot results showed that the LGK974 IC50: 0.1
nmol/L indeed restored the upregulated Wnt3a and b-catenin levels
after overexpression of SP4 (Fig. 7E). MTT assay and live-cell imaging
system showed that LGK974 could restore the excessive cell vitality
and proliferation after overexpression of SP4 (Fig. 7A and B). Flow
cytometry analysis showed that LGK974 could restore cell-cycle
G0–G1 to S-phase transition as well as apoptosis, both caused by
overexpression of SP4 (Fig. 7C and D). In addition, Western blot
assays showed that overexpression of Wnt3a could restore the
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Figure 5.

PHF14 promotes ESCC cell proliferation and inhibits apoptosis in vitro. A, Viability of ESCC cells after transfection with PHF14 siRNA. B, Viability of ESCC cells after
transfectionwith PHF14 overexpression plasmid.C,Cell number of ESCC cells after transfectionwith PHF14 siRNA.D,Cell number of ESCC cells after transfectionwith
PHF14 overexpression plasmid.E,The cell cycle of ESCC cells after transfectionwith PHF14 siRNAwas analyzed by flowcytometry.F, The cell cycle of ESCC cells after
transfection with PHF14 overexpression plasmid was analyzed by flow cytometry. G, Apoptosis of ESCC cells after transfection with PHF14 siRNA was examined by
flow cytometry. H, Apoptosis of ESCC cells after transfection with PHF14 overexpression plasmid was examined by flow cytometry. I, PHF14 mRNA expression after
transfection with PHF14 siRNA in ESCC cells. J, PHF14 mRNA expression after transfection with PHF14 overexpression plasmid in ESCC cells. K, PHF14, Wnt3a,
b-catenin, CDK4, CDK6, Cyclin D1, and active caspase 3 expressionsweremeasured after transfectionwith PHF14 siRNA in ESCC cells. GAPDHwas used as an internal
reference. L, PHF14, Wnt3a, b-catenin, CDK4, CDK6, Cyclin D1, and active caspase 3 expressions were measured after transfection with PHF14 overexpression
plasmid in ESCC cells. GAPDHwas used as an internal reference. Each experimentwas performed in triplicate. According to the data characteristics, quantitative data
of E–J were analyzed by Student t test, quantitative data of A–D were analyzed by Pearson x2 test. � , P < 0.05.
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downregulation ofWnt3a, b-catenin, CDK4, CDK6, CyclinD1, as well
as the upregulation of active caspase3 caused by PHF14 siRNA
(Fig. 7F). Altogether, these findings suggested that SP4 activates
Wnt/b-catenin signaling pathway by promoting the PHF14 transcrip-
tion, thereby facilitates ESCC progression.

Discussion
Specificity protein (SP) transcription factors (TF) are essential for

embryonic growth and early development, and their expression
decreases with age (16, 43–45). Research on SP TF structure and
function has focused on SP1, showing that SP1 and its modifications
(phosphorylation, acetylation, and glycosylation) could play critical
roles in the basal transcriptional machinery (16, 46). Meanwhile, high
SP1 expression is also a poor prognostic factor in patients with
pancreatic, glioma, colon, gastric, head and neck, prostate, lung, and
breast cancers (47–55). In contrast, although SP4 has also been

characterized as highly expressed in several cancers (56), there has
been little in-depth investigation of its function as well as mechanism.
Our data were the first to reveal that SP4 was highly expressed in ESCC
tissues and cells and that the overexpression of SP4 was significantly
correlated with clinicopathologic characteristics for patients with
ESCC (Fig. 1; Supplementary Table S1). Subsequently, by knockdown
and overexpression of SP4 in ESCC cells, we found that SP4 could
promote the proliferation, G0–G1 to S-phase transition, and inhibit
apoptosis of ESCC cells (Fig. 2; Supplementary Figs. S1 and S3).
Correspondingly, cell-derived xenograft subcutaneous tumorigenesis
experiments showed that SP4 significantly promoted the growth of
tumors in vivo (Fig. 3E–J). In summary, these results suggest that SP4
promotes ESCC cell growth, proliferation, and inhibits cell apoptosis,
playing a vital role in ESCC progression.

To further clarify the potential molecular mechanism of SP4
facilitating ESCC, we combined bioinformatics prediction, ChIP-
qRT PCR, and dual luciferase reporting system to determine that

Figure 6.

SP4 facilitates ESCC progression via modulating the Wnt/b-catenin signaling pathway by promoting PHF14 transcription. A, Viability of ESCC cells after
cotransfection with SP4 siRNA-1 and PHF14 overexpression plasmid. B, Cell number of ESCC cells after cotransfection with SP4 siRNA-1 and PHF14 overexpression
plasmid. C, The cell cycle of ESCC cells after cotransfection with SP4 siRNA-1 and PHF14 overexpression plasmid was analyzed by flow cytometry. D, Apoptosis
of ESCC cells after cotransfection with SP4 siRNA-1 and PHF14-overexpression plasmid was analyzed by flow cytometry. E, PHF14 mRNA level was measured
in ESCC cells after cotransfection with SP4 siRNA-1 and PHF14 overexpression vector. F, PHF14, Wnt3a, b-Catenin, CDK4, CDK6, Cyclin D1, and active caspase 3
expressions were measured after cotransfection with SP4 siRNA-1 and PHF14 overexpression vector. GAPDH was used as an internal reference. Each experiment
was performed in triplicate. According to the data characteristics, quantitative data of A–E were analyzed by Student t test. � , P < 0.05.
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PHF14 is the transcriptional downstream of an SP4 transcription
factor (Fig. 4). PHF14 is a chromatin-binding protein that interacts
with histones via its PHD1 and PHD3 domains (57), indicative of its
function in epigenetic modification and regulation. Therefore, PHF14
has gradually gained attention in the field of cancer research in recent
years. PHF14 was reported to inhibit the growth of mesenchymal cells
in biliary tract cancer (41). It also induces epithelial–mesenchymal
transition (EMT) in tumor cells and enhances proliferation and
invasiveness in bladder cancer (36). Furthermore, PHF14 promotes
cell proliferation andmigration in gastric cancer through the AKT and
ERK1/2 pathways (37). In this study, we found that PHF14 expression
was upregulated in ESCC, which was significantly correlated with
clinicopathologic characteristics for patients with ESCC (Supplemen-
tary Fig. S2; Supplementary Table S2). Our data demonstrated that

PHF14 promoted ESCC cell proliferation and suppressed apoptosis
in vitro (Fig 5A–J).

PHF14 has been reported that could be involved in the Wnt/b-
catenin signaling pathway which was closely related to tumorigenesis
and progression and regulated many important biological processes
such as tumor growth, apoptosis, and metastasis (35, 58). Given the
effect of PHF14 on cell cycle and apoptosis, we speculate that PHF14
could also regulate the Wnt3a/b-catenin signaling pathway in ESCC
cells. As expected, the results showed thatWNT3A and CTNNB1 were
both positively correlated with SP4/PFH14 (Supplementary Fig. S3A–
S3D). PHF14 knockdown decreased Wnt3a and b-Catenin expres-
sions, whereas overexpressing PHF14 upregulated their levels (Fig. 5K
and L; Supplementary Fig. S3E–S3I). SP4 knockdown also down-
regulated Wnt3a and b-catenin expressions (Fig. 6F; Supplementary

Figure 7.

Wnt/b-Catenin signaling pathway is downstream of SP4/PHF14. A, Viability of ESCC cells after treatment with Vector, ov-SP4, ov-SP4þLGK974.
B, Cell number of ESCC cells after treatment with Vector, ov-SP4, ov-SP4þLGK974. C, The cell cycle of ESCC cells after treatment with vector, ov-SP4,
ov-SP4þLGK974. D, Apoptosis of ESCC cells after treatment with vector, ov-SP4, ov-SP4þLGK974. E, Wnt3a, b-catenin expressions were measured
after treatment with Vector, ov-SP4, ov-SP4þLGK974. GAPDH was used as an internal reference. F, PHF14, Wnt3a, b-catenin, CDK4, CDK6, Cyclin
D1, and active caspase-3 expressions were measured after treatment with Vector, ov-SP4, ov-SP4þLGK974. GAPDH was used as an internal
reference. Each experiment was performed in triplicate. According to the data characteristics, quantitative data of A–D were analyzed by Student
t test. � , P < 0.05.
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Fig. S3I), and coknockdown of both SP4 and PHF14 also results in
more decreased expression of the Wnt3a and b-catenin (Supplemen-
tary Fig. S4). Subsequently, the rescue experiments for SP4 knockdown
using PHF14 overexpression vectors showed that PHF14 could rescue
cell proliferation inhibition, apoptosis, and related protein changes
caused by SP4 knockdown(Fig. 6). Overexpressing Wnt3a could
rescue changes in proliferation and apoptosis-related proteins caused
by PHF14 knockdown(Fig. 7F). Further combination of inhibitors
LGK974 and SP4 overexpression revealed that LGK974 can restore
proliferation promotion, apoptosis inhibition, and related protein
changes induced by SP4 overexpression (Fig. 7A–E). These data
illustrated that SP4 could activate the Wnt/b-catenin signaling path-
way by facilitating PHF14 transcription, thereby facilitating ESCC
progression (Fig. 7). It is a pity that this conclusion still needs to be
supported by in vivo experimental data to be more robust. Not only
that, the specific mechanism by which SP4 exerts transcription, the
transcription regulatory factors it binds to, the DNA sites it binds to,
and the structural domains that exert transcription still need further
research. Furthermore, considering that Wnt/b-catenin signaling
pathway participates in a variety of biological processes, we will also
explore the role of SP4 in cancer metastasis and inflammation in the
future to further enrich the mechanism of SP4 regulating cancer
progression.

There is a strong statement that the SP4 is a nononcogene addic-
tion (NOA) gene in cancer (26). NOA suggests a situation in which
some cellular stress pathways fail to drive tumorigenesis on their
own, but are hyperactivated upon malignant transformation, man-
ifested as being necessary for disease progression (59, 60), such as
secretion of VEGFA as part of cellular response to hypoxia orches-
trated by hypoxia-inducible factor 1a (61), and amplification of
CDK4 and CDK6 or their partner Cyclin D1 observed in various
human tumors (62). Mutations in the NOA genes cannot directly
promote tumor formation because, although they are required for
their pathways, as non-rate-limiting genes, they cannot increase the
overall activity of their pathways. However, NOA genes could be
reduced in activity to limit the rate of their associated pathways
and NOA genes did not play as crucial a role in normal cells as they
do in cancer cells, indicative of their value as potential drug targets
(63, 64). For the past few years, an increasing number of chemical
drugs targeting the NOA gene have been discovered, such as
bevacizumab targeting VEGF to inhibit endothelial cell recruitment
and tumor vasculature (65), AZD2281 targeting PARP1 to inhibit
base excision repair in homologous recombination repair–deficient

cancer cells (66), methotrexate targeting DHFR to inhibit thymidine
biosynthesis and induces replicative stress (67). Our data suggested
that SP4, which is highly expressed in ESCC, is consistent with its
identity as an NOA gene and has the potential to be a clinical drug
target. Fortunately, some drugs with cancer chemopreventive activ-
ity, such as aspirin, sulindac, and its metabolites, the antidiabetic
drug metformin, curcumin, phenethyl isothiocyanate, triterpenoid
natural products, celastrol, betulinic acid and bardoxolone, resver-
atrol, and several polyphenolics have been reported to induce SP4
downregulation in cancer (68–74). Our studies on SP4 in cancer
progression enrich the anticancer mechanism of these drugs.

Collectively, in this study, we were the first to reveal that the SP4
expression was upregulated in ESCC and promoted ESCC progression
via modulating the Wnt/b-catenin signaling pathway by promoting
PHF14 transcription (Supplementary Fig. S5). These findings provid-
ed a theoretical reference for SP4 to be a promising prognostic
indicator or chemotherapy target.
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