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Simple Summary: Gallbladder cancer (GBC) is one of the solid tumors with the worst prognosis,
and existing treatments for GBC are not effective. Understanding the disease process of GBC from
the perspective of molecular mechanisms is helpful in developing new therapies. In this study, we
aimed at exploring a meaningful regulator in GBC. Through a series of in vitro and in vivo assays, we
confirmed that zinc finger protein 64 (ZFP64) is a potential promoter and ZFP64-Notch1-HDAC1 is an
essential oncogenic axis in GBC progression. Targeting ZFP64 may pave the way for the development
of effective therapy for this disease.

Abstract: The lack of meaningful and effective early-stage markers remains the major challenge in
the diagnosis of gallbladder cancer (GBC) and a huge barrier to timely treatment. Zinc finger protein
64 (ZFP64), a member of the zinc finger protein family, is considered to be a promising predictor
in multiple tumors, but its potential effect in GBC still remains unclear. Here, we identified that
ZFP64 was a vital regulatory protein in GBC. We found that ZFP64 expressed higher in GBC gall-
bladder carcinoma tissues than in normal tissues and was positively correlated with poor prognosis.
Furthermore, ZFP64 was responsible for the migration, invasion, proliferation, anti-apoptosis, and
epithelial mesenchymal transition (EMT) of GBC cells in vitro and in vivo. Mechanistically, through
Co-IP assay, we confirmed that ZFP64 recruits HDAC1 localized to the promoter region of NUMB
for deacetylation and therefore inhibits NUMB expression. The downregulation of NUMB enhanced
the activation of the Notch1 signaling pathway, which is indispensable for the GBC-promotion
effect of ZFP64 on GBC. In conclusion, ZFP64 regulated GBC progression and metastasis through
upregulating the Notch1 signaling pathway, and thus ZFP64 is expected to become a new focus for a
GBC prognostic marker and targeted therapy.

Keywords: gallbladder cancer; ZFP64; Notch1; NUMB; HDAC1

1. Introduction

Gallbladder cancer (GBC) is one of the six major gastrointestinal malignancies and
is a common solid tumor in malignant biliary tract cancer (BTC) [1]. In recent years, the
incidence of GBC has continuously increased in several countries, particularly in Southeast
Asia [2]. Due to the lack of characteristic early symptoms and tumor markers, GBC patients
are often diagnosed at an advanced stage, with a poor prognosis and high mortality
rate [3]. The pathogenesis of GBC is extremely complex, and most GBC patients also
have concomitant gallbladder inflammation and gallstones, leading to the uncontrolled
and rapid growth of GBC under this multi-disease setting [2]. Furthermore, common
treatments such as surgical resection and chemotherapy are ineffective in the management
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of advanced GBC [4]. As a result, it is of great therapeutic importance to discover novel
targeted therapies for GBC and to prolong the survival time of GBC patients.

Transcriptional dysregulation is a crucial feature of tumor cells and transcription
factors have a direct impact on this process [5]. Zinc finger proteins, as the largest family of
transcription factors, have been shown to regulate the development of multiple cancers,
including gallbladder cancer [6,7]. Zinc finger protein 64 (ZFP64) is a member of the
zinc-finger type C2H2 transcription factors and, like other members of this family, the
predominant function of ZFP64 is thought to regulate transcription [8]. Early studies
identified ZFP64 as a coactivator of Notch1. ZFP64 interacts with the Notch intracellular
domain (NICD) and participates in the regulation of Notch1 signaling [9]. In most instances,
ZFP64 functions as a tumorigenesis promoter. ZFP64 was significantly upregulated in
various types of human cancers, including gastric cancer (GC), hepatocellular carcinoma
(HCC), and oesophageal cancer [10,11]. As a transcription factor, ZFP64 also activates the
promoter of the mixed spectrum leukaemia (MLL) gene, thereby maintaining this oncogene
at a high expression level [12]. In addition, by binding to and increasing the expression
of promoters such as Gal-1, PD-1, and CTLA-4, ZFP64 enables cancer cells to acquire
stemness and resist immunosuppression; ZFP64 possesses the capability to affect tumor
microenvironment and renders tumor cells resistant to immunosuppression [10,13]. These
findings are an indication that the targeting of ZFP64 may be a potential cancer therapy.

Notch is a family of receptors that is widely distributed and highly conserved in
multicellular organisms. In mammals, the Notch family consists of four receptors, Notch1-4,
which can influence organ development and repair organismal damage by regulating
cell proliferation and differentiation [14]. Notch1 has complex regulatory functions in
cancer. On the one hand, Notch1 has been reported to promote cancer cell migration and
invasion and inhibit apoptosis in many tumors, including tongue cancer [15], pancreatic
cancer [16], and breast cancer [17], while mechanistic studies in bladder cancer have
revealed that Notch1 also serves as an oncogene [18]. The Notch1 signaling pathway can be
suppressed by its negative regulator NUMB through several mechanisms, such as Notch1
ubiquitination, Notch1 endocytosis, and degradation of the NICD [19,20]. Considering the
possible roles of Notch1 in cancer, NUMB is promised to exhibit the inhibitory potential for
tumor progression and has been clarified in lung cancer and pancreatic cancer. Another
study found that high Notch1 expression was closely related to poor prognosis in GBC
patients [21], but the exact mechanism of Notch1’s regulatory role in GBC has not been
fully illustrated.

Here, through in vivo and in vitro assays, we confirmed that ZFP64 was an unfavor-
able prognostic factor in GBC and that ZFP64 promoted GBC development by supporting
malignant biological behaviors such as GBC cell proliferation, anti-apoptosis, migration,
invasion, and epithelial mesenchymal transition (EMT). Furthermore, we reported the
Notch1 signaling pathway as a downstream mechanism of ZFP64 and further confirmed
that ZFP64 activated the Notch1 signaling pathway by recruiting HDAC1 to the NUMB
promoter region and modifying H4K77 and H3K18 through deacetylation and delactyla-
tion, respectively. Our findings provided insights into the concrete mechanisms of GBC
and suggested that targeting ZFP64 promised to be an efficient therapeutic option for GBC.

2. Materials and Methods
2.1. Human Specimens and Cell Culture

Human GBC tissues and adjacent normal tissues were acquired from the Department
of Biliary Surgery of the Western China Hospital of Sichuan university with informed con-
sent of the patients and approval of the institutional research ethics committee. Fresh tissues
were stored at −80 ◦C for subsequent research or embedded with paraffin. Corresponding
clinicopathological features including age, sex, liver function index, tumor marker, and
lymph node metastasis were collected by clinical follow-up. None of the patients received
radiotherapy, chemotherapy, and any other adjuvant treatment before surgery.
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GBC-SD and NOZ cell line were purchased from Shanghai Key Laboratory of Biliary
Disease Research and cultured in Dulbecco’s Modified Eagle’s medium (Hyclone, Logan,
UT, USA) supplemented with 10% FBS (Gibco, Carlsbad, CA, USA) and 100 unit/mL
penicillin and 100 µg/mL streptomycin.

2.2. Construction of Stable Cell Lines

Lentivirus for overexpression and knockdown of ZFP64 was purchased from Shanghai
Genechem Co., Ltd. (Shanghai, China) GBC-SD or NOZ cells were implanted into the
six-well plate, and when the cells grew to 70% full, lentivirus was added and infected for
24 h. Tumor cells with ZFP64 overexpression or knockdown were subsequently screened
using complete culture medium supplemented with 10 µg/mL puromycin.

2.3. Reverse Transcription and Quantitative Real-Time PCR (RT-qPCR)

Total RNAs of cells and tissues were extracted using Trizol (Invitrogen, Carlsbad, CA,
USA) and then reversely transcribed with SuperScript TMII reverse transcriptase (Vazyme,
Nanjing, China). Quantitative real-time PCR was performed with SYBR Green qPCR Master
Mix (Vazyme) on Bio-Rad CFX96TM (Hercules, CA, USA) using the 2−∆∆Ct method.

Primer pairs:

• ZFP64 forward: GATGCCTTTGTAGCTCACAAGC
• ZFP64 reverse: GTCTGGGTCTCCGAGGTGAT
• NUMB forward: GCAGCAGACATTCCCTCACT
• NUMB reverse: AGAACCGTTGAGGTGCTGAG

2.4. Western Blot

Tissues or cells were splatted on ice for 40 min with RIPA supplemented with 1%
protease inhibitor and 1% phosphatase inhibitor, then the protein was quantified using
a BCA kit (Epizyme, Shanghai, China). After denaturation, the proteins with different
weights were separated via 10% SDS-PAGE and then transferred onto a PVDF membrane
(Merck, Darmstadt, Germany). The membrane was blocked with 5% skim milk dissolved
in TBST at RT for 1 h, incubated in specific primary antibody solution at 4 ◦C overnight,
and then incubated in corresponding second antibody solution at RT for 1 h. The results
were detected using the enhanced chemiluminescence (Epizyme, Shanghai, China). The
details of all primary antibodies are listed in Table S3.

2.5. Immunofluorescence Staining

The cell slipper was placed into a 24-well plate. GBC-SD and NOZ cells stably overex-
pressing or knocking down ZFP64 were seeded into a 24-well plate and incubated overnight.
Cells were fixed with 4% paraformaldehyde and then permeabilized with 0.5% TritonX-100.
Next, cells were incubated in NICD primary antibody at 4 ◦C overnight and then incubated
in second antibody conjugated with FITC. The nucleus was stained with DAPI solution
and the fluorescence intensity of each group of cells was digitized using Image J (v2021.8.0,
National Institutes of Health, Bethesda, MD, USA).

2.6. Cell Migration and Invasion Assay

3 × 104 or 5 × 104 cells were resuspended in 200 µL serum-free DMEM and then
seeded into the transwell upper chamber with or without Matrigel (Corning, New York,
NY, USA). The transwell lower chamber was filled with 600 µL medium with 10% FBS and
incubated for 24 h. Cells on the inside of chamber were gently removed with cotton swabs,
and cells on the outside of chamber were fixed with 4% paraformaldehyde and then stained
using 1% crystal violet. Five random fields were photographed under the microscope and
the average number of cells in the five fields was calculated using Image J.
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2.7. Cell Proliferation Assay (EdU)

The cell proliferation ability was examined using a EdU kit (KeyGEN BioTECH,
Nanjing, China) according to the instructions. GBC-SD and NOZ cells were seeded into a
96-well plate and cultured to a suitable density. An amount of 10 µM EdU solution was
added into cells and then the cells were incubated for 2 h. Next, the cells were fixed with
4% paraformaldehyde and permeabilized with 0.05% TritonX-100. Cells labeled with EdU
developed color by the addition of a Click-iT reaction mixture. The nuclei were stained
with 1 × Hoechst33342 solution for 10 min. Five fields were randomly photographed under
an inverted fluorescence microscope and the proportion of EdU-positive cells to total cells
was calculated using Image J.

2.8. Chromatin Immunoprecipitation (ChIP)-qPCR Assay

ChIP assay was performed used a ChIP kit (Bersin BioTM, Guangzhou, China). Fol-
lowing the instructions, the cells were crosslinked with 1% formaldehyde and then DNA
were broken into 100–500 bp lengths using non-contact ultrasound, followed by the addi-
tion of anti-ZFP64, anti-H3K18lac, or anti-H4K77ac antibodies and incubated at 4 ◦C for
12 to 16 h. An amount of 20 µL protein A/G-beads were added and incubated at room
temperature for 30 min, and then the DNA fragments were collected using elution buffers.
Three primers were designed according to the binding sites (BS) of ZFP64 in the NUMB
promoter region predicted by JASPAR (http://jaspar.genereg.net/, accessed on 22 February
2023). Quantitative PCR was used to detect the target DNA fragment (Table 1).

Table 1. The primers of NUMB promoter for ChIP-qPCR assay.

Primer Names Sequences

NUMB BS1 forward TGGCGTATTGAGAGTTCTCC
NUMB BS1 reverse AACCTGGGAGGCGTAGGTTGC
NUMB BS2 forward TAGCTGGGATTATAGGCATGA
NUMB BS2 reverse GCAGAATTCTCATTTCCAG
NUMB BS3 forward CATGCCTGTTATCCCAGCACT
NUMB BS3 reverse CTTTGTCTCTCTTTCTTCTTTCT

2.9. Co-Immunoprecipitation (Co-IP) Assay

PierceTM Co-IP kit (Thermo SCIENTIFIC, Carlsbad, CA, USA) was used to confirm
the interaction between ZFP64 with HDAC1. Briefly, ZFP64 or HDAC1 antibody were
crosslinked with magnetic beads. Tumor cells were lysed with cell lysate, then centrifuged
at 12,000× g for 5 min to remove the precipitation and finally total protein of the cells was
obtained. The total protein was incubated with magnetic bead-conjugated antibodies at
RT for 1 h. Antigens coupled to magnetic beads were eluted and analyzed using mass
spectrometry and Western blot.

2.10. Mouse Subcutaneous Xenograft Model

Subcutaneous xenograft assay had required approval of the Animal Ethics Committees
of Western China Hospital of Sichuan university. Five-week-old BALB/C nude male mice
were purchased from Beijing HFK Bioscience Co., Ltd. (Beijing, China) and kept in a sterile,
pathogen-free environment. Then, 2 × 106 GBC-SD or NOZ cells in the logarithmic growth
phase were injected into the right underarm of the mice. Each group consisted of 6 mice.
The mice were sacrificed, and the tumors were removed and then weighed and measured
after 20 or 28 days.

2.11. Statistical Analysis

All statistics in this study were analyzed using unpaired Student’s t test, one-way
ANOVA, two-way ANOVA, or Kaplan–Meier survival analysis. p values less than 0.05
were considered statistically significant. All the statistics in this paper were conducted by
GraphPad Prism 8.0.

http://jaspar.genereg.net/
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3. Results
3.1. ZFP64 Is Overexpressed in GBC Patients and Associated with Poor Prognosis

As mentioned before, ZFP64 has been implicated in promoting multiple cancers. To
clarify the possible role of ZFP64 in GBC, we evaluated and compared the expression
difference of ZFP64 between GBC tissues and adjacent normal tissues from 50 GBC pa-
tients. Indeed, the RT-qPCR results showed that ZFP64 mRNA levels were evidently much
higher in gallbladder carcinoma tissues than in adjacent normal tissues from GBC patients
(Figure 1A,C). In 50 gallbladder carcinoma tissues, the mRNA levels of ZFP64 in metastatic
gallbladder carcinoma tissues were higher than that in non-metastatic gallbladder carci-
noma tissues (Figure 1B). Similarly, Western blot analysis showed the analogous results in
protein levels: the expression of ZFP64 was significantly higher in gallbladder carcinoma
tissues than in adjacent normal tissues in all 10 GBC patient samples (Figure 1D). Overall,
ZFP64 is highly expressed in GBC tissues, especially in metastatic GBC tissues.
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Figure 1. ZFP64 is highly expressed in GBC patients and the higher expression of ZFP64 is associated
with poor prognosis. (A) The mRNA level of ZFP64 in gallbladder carcinoma tissues and in paired
adjacent normal tissues from 50 GBC patients. (B) The mRNA level of ZFP64 in metastatic (n = 24)
and non-metastatic (n = 26) gallbladder carcinoma tissues. (C) The ratio of ZFP64 mRNA level in
gallbladder carcinoma tissues and in paired adjacent normal tissues. Each color represented an
individual patient. (D) Western blot assays were performed to detect the expression level of ZFP64
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in gallbladder carcinoma tissues and in adjacent normal tissues from 10 GBC patients. (N: Normal
gallbladder tissues; C: gallbladder carcinoma tissues). (E) The relationship between the overall
survival (OS) with the expression level of ZFP64 (n = 50). (F) Prognostic indicators for OS in
multivariate analysis (G) The relationship between the recurrence-free survival (RFS) with the
expression level of ZFP64 (n = 50). (H) Prognostic indicators for RFS in multivariate analysis. Each
color in Figure 1F/1H represented different clinical pathological features as Y-axis shows. All data
were assessed using unpaired Student’s t test or Kaplan–Meier survival analysis, as mean ± SD,
* p < 0.05, *** p < 0.001. See Figure S2 for original western blots.

To further investigate the relationship between the clinicopathological features of GBC
patients and ZFP64 expression, we divided 50 GBC patients with detailed clinicopathologi-
cal information into a high ZFP64 expression group (n = 25) and a low ZFP64 expression
group (n = 25), and then analyzed their pathological features. The analysis revealed that
patients with high expression of ZFP64 had higher CA19-9 levels and higher rates of lymph
node metastasis, liver invasion, nerve invasion, and lower tumor differentiation (Table 2).
These aggressive characteristics may directly contribute to the poor prognosis in these GBC
patients. Subsequently, we went on to look at whether ZFP64 had an impact on patient
survival. We found that patients with high ZFP64 expression had shorter overall survival
(OS) and recurrence-free survival (RFS) compared with the low ZFP64 expression group
(Tables S1 and S2; Figure 1E,G). In both univariate and multivariate Cox proportional
hazards regression models, the expression level of ZFP64 was an independent prognostic
factor for OS and RFS (Tables S1 and S2, Figure 1F,H). Taken together, these results suggest
that ZFP64 is a potential predictive biomarker for GBC and is strongly associated with GBC
prognosis and metastasis.

Table 2. Correlation between the expression of ZFP64 and the clinicopathological features in 50 cases
of gallbladder carcinoma.

Clinicopathological Features
ZFP64 Expression

Cases Low High p Value

Age <60 22 12 10
0.569≥60 28 13 15

Gender
Male 20 11 9

0.564Female 30 14 15

CA19-9 level
≤37 U/mL 31 21 10

0.001>37 U/mL 19 4 15

Tumor size
≤3 cm 30 18 12

0.083>3 cm 20 7 13
Hepatic invasion No 26 19 7

0.002Yes 24 6 18
Lymph node

metastasis
No 26 19 7

0.002Yes 24 6 18

Neuro invasion
No 38 24 14

0.001Yes 12 1 11

Vascular invasion
No 45 25 0

0.059Yes 5 0 5
Tumor

differentiation
High moderate 29 18 11

0.045Low moderate 21 7 14

3.2. ZFP64 Promotes Gallbladder Cancer Progression In Vitro and In Vivo

To further elucidate the specific biological functions of ZFP64 in GBC progression, we
generated GBC-SD and NOZ cell lines with stable overexpression or the knockdown of
ZFP64 via lentivirus-mediated infection. The RT-qPCR and Western blot results demon-
strated that ZFP64 was successfully overexpressed or knocked down at both the mRNA
and protein level in both cell lines (Figure S1). The 5-ethynyl-20-deoxyuridine (EdU) assays
demonstrated that the overexpression of ZFP64 significantly enhanced GBC cells prolifera-
tion and ZFP64 knockdown leading to opposing results (Figure 2A,B). Simultaneously, a
transwell assay showed that the migration and invasion ability of tumor cells was signifi-
cantly enhanced in the overexpressed ZFP64 group, while it was significantly decreased
after ZFP64 was knocked down (Figure 2C,D). Western blot also showed a dramatic increase
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in BCL-2, cyclinD1, N-cadherin, and vimentin expression with ZFP64 overexpression, and
a downregulation in BAX and E-cadherin, while ZFP64 knockdown exhibited opposing
results (Figure 2E). All the results above meant that ZFP64 had a promotive effect on GBC
cell anti-apoptosis, proliferation, migration, invasion, and EMT, thereby contributing to the
procession of GBC tumors.
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bly overexpressing or knocking down ZFP64 were injected into BALB/C nude male mice. 
In terms of tumor growth rate and final tumor weight, the ZFP64 overexpression group 
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the tumors were heavier (Figure 2F), whereas the ZFP64 knockdown group exhibited an 

Figure 2. ZFP64 promotes GBC cells in vitro and in vivo invasion, proliferation, EMT, and migration.
(A,B) Transwell assays were conducted to detect the migration and invasion ability of GBC cells
overexpressing ZFP64 (A) or knocking down ZFP64 (B) compared with control group, respectively.
(C,D) EdU assays were used to determine the proliferation ability of GBC cells overexpressing
ZFP64 (C) or knocking down ZFP64 (D). (E) Western blot analyzed the expression level of proteins
related to apoptosis, proliferation, and EMT. (F,G) Tumors from ZFP64 knockdown group (F),
ZFP64 overexpressing group (G), and control group were dissected from BALB/C nude mice
after transplantation, and the weight and volume were measured. (n = 6, 2 × 106 cells per mouse).
All data were assessed using unpaired Student’s t test, one-way ANOVA, or two-way ANOVA, as
mean ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001. See Figure S3 for original western blots.

As our results above have revealed that ZFP64 promotes GBC cell progression in vitro,
it is necessary to further verify whether ZFP64 has the same promotive effect on GBC
cell in vivo through subcutaneous tumorigenesis assays. GBC-SD and NOZ cells stably
overexpressing or knocking down ZFP64 were injected into BALB/C nude male mice.
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In terms of tumor growth rate and final tumor weight, the ZFP64 overexpression group
showed the opposite results to the ZFP64 knockdown group: in the ZFP64 overexpression
group, the subcutaneous tumor growth rate was faster than that in the control group and
the tumors were heavier (Figure 2F), whereas the ZFP64 knockdown group exhibited an
obviously slower tumor growth rate and smaller tumors (Figure 2G). Therefore, ZFP64
could promote gallbladder cancer growth in vivo.

3.3. ZFP64 Activates Notch1 Signaling Pathways

HEY1 and HES1 are endogenous Notch1 target genes and previous studies have
shown that ZFP64 is a coactivator of NICD that can locate on the promoter regions of HEY1
and HES1 and then facilitate transcription [9]. In addition, in GBC patients, the Notch1
signaling pathway has been implicated in poor prognosis [21]. Therefore, ZFP64 may be
involved in the regulation of GBC development through the Notch1 signaling pathway.
Western blot assays showed that the increased expression of Notch1, NICD, HES1, and
HEY1 is due to the overexpression of ZFP64 (Figure 3A), whereas the expression of these
essential molecules diminished when ZFP64 was knocked down (Figure 3B). NICD is
a product of Notch hydrolysis by γ-secretase. The entry of NICD into the nucleus and
the regulation of downstream gene transcription are two key events in the activation of
Notch1 signaling pathways [22]. Therefore, we performed immunofluorescence to detect
the protein level of NICD in the nucleus. The results showed that the level of NICD in the
nucleus was significantly increased in the ZFP64 overexpression group (Figure 3C), while it
decreased in the ZFP64 knockdown group (Figure 3D). Thus, ZFP64 is capable of activating
the Notch1 signaling pathway.
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Western blot assays. (C,D) Representative immunofluorescent staining images and statistical analysis
of NICD in GBC-SD and NOZ cells overexpressing ZFP64 or knocking down ZFP64. NICD: green
fluorescent; DAPI-stained nuclei: blue fluorescent. All data were assessed using unpaired Student’s
t test or one-way ANOVA, as mean ± SD, * p < 0.05, ** p < 0.01, See Figures S4 and S5 for original
western blots.

3.4. ZFP64 Promotes Gallbladder Cancer Proliferation, Migration, and Invasion In Vitro via
Activating Notch1 Signaling Pathway

To further validate that ZFP64-promoted GBC procession through activating the
Notch1 signaling pathway, we treated normal GBC cells and ZFP64-overexpressing GBC
cells with or without the Notch1 signaling pathway inhibitor DAPT. We then used Western
blot and immunofluorescence to detect the expression of key proteins in the Notch1 path-
way. The results showed that, compared with the normal GBC cells, the protein levels of
Notch1, NICD, HES1, and HEY1 in the ZFP64-overexpressing GBC cells were markedly
increased, while the corresponding protein levels of the DAPT-treated GBC cells were
substantially decreased. The protein levels of the combined treatment group of ZFP64
overexpression and DAPT were between those in the separate ZFP64 overexpression or
DAPT groups (Figure 4A,B). Meanwhile, Western blot analysis also showed that with
ZFP64 overexpressing, the expression levels of BCL-2, cyclinD1, N-cadherin, and vimentin
were significantly elevated, while BAX and E-cadherin were downregulated. Within the
treatment of DAPT, the expression levels of the above proteins were opposite to that of
the ZFP64-overexpressing GBC cells. In addition, combined treatment with ZFP64 overex-
pression and DAPT led to the middle expression level of these critical proteins between
the ZFP64-overexpressing GBC cells and the DAPT-treated GBC cells (Figure 4C). We also
conducted EdU assays to examine the proportion of proliferating tumor cells in each group.
The proportion of EdU-positive cells in the ZFP64-overexpressing GBC cells appeared to
be higher than that in normal GBC cells, while the DAPT group had fewer proliferating
cells. Consistent with the protein expression results, the EdU result of the DAPT and ZFP64
combined treatment group was between the two (Figure 4D). Furthermore, transwell assays
demonstrated that the overexpression of ZFP64 significantly promoted the proliferation
and invasion of GBC cells, while the use of DAPT obviously blocked GBC cell proliferation
and invasion. The combined treatment of ZFP64 overexpression and DAPT demonstrated
that DAPT obviously weakened the promotive effect of ZFP64 on GBC cells (Figure 4E). In
summary, ZFP64 promotes the progression of gallbladder cancer through activating the
Notch1 signaling pathway.
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Figure 4. ZFP64 promotes gallbladder cancer proliferation, migration, and invasion in vitro via
activating Notch1 signaling pathway. Control or ZFP64 overexpressing GBC-SD and NOZ cells were
treated with or without DAPT at 100 µM for 24 h. (A) Western blot assays were used to analyze
protein levels related to Notch1 signaling pathway. (B) Immunofluorescence assays were conducted to
analyze the expression level of NICD. NICD: green fluorescent; DAPI-stained nuclei: blue fluorescent.
(C) The ability of anti-apoptosis, proliferation, and EMT of GBC cells were detected using Western
blot assays. (D) The proliferation capacity of GBC cells was determined using EdU assays. EdU
positive cell: red fluorescent; DAPI-stained nuclei: blue fluorescent. (E) The migration and invasion
were detected and counted using transwell assays. All data were assessed using one-way ANOVA,
as mean ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001. See Figures S6 and S7 for original western blots.
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3.5. ZFP64 Activates the Notch1 Signaling Pathway by Recruiting HDAC1 to Inhibit
NUMB Expression

To further investigate how ZFP64 activated the Notch1 signaling pathway, we spec-
ulated about the possible promoter region of the gene to which ZFP64 might bind and
affect via JASPAR (http://jaspar.genereg.net/, accessed on 22 February 2023). As expected,
we found that the promoter region of NUMB, a known inhibitor of the Notch1 signal-
ing pathway, had the modification to which ZFP64 could bond (Figure 5A). Then, we
designed three pairs of primers of the NUMB promoter region for further qPCR analysis
according to the sites to which ZFP64 might bind. ChIP-qPCR assay further confirmed
that ZFP64 directly interacted with the NUMB promoter region (Figure 5B,C). Thus, ZFP64
might influence the transcription of NUMB to subsequently affect the Notch1 signaling
pathway. RT-qPCR and Western blot assays showed that the overexpression of ZFP64
down-regulated the mRNA and protein level of NUMB, whereas the knockdown of ZFP64
elevated NUMB expression (Figure 5D–F). ZFP64 acted as an inhibitory transcription factor
to control NUMB expression.

Moreover, the mechanism of how ZFP64 inhibited NUMB expression was still unclear,
so we combined co-immunoprecipitation (Co-IP) with mass spectrometry analysis to define
the proteins that interacted with ZFP64 and might play the crucial role in the ZFP64
inhibition of NUMB expression. The 20 proteins with the highest abundance among the
pull-down proteins were listed in Table S4. The results showed that, among these high
abundance proteins, HDAC1 was identified as one of the potential ZFP64-interacting
proteins because it has been widely recognized that HDAC1 is a key component of the
histone deacetylase complex and is able to regulate gene expression using deacetylating
histone [23] and delactylation [24]. The direct interaction of ZFP64 with HDAC1 probably
meant that ZFP64 recruited HDAC1 to the promoter region of NUMB, where HDAC1
catalyzed deacetylation and delactylation to prevent NUMB from proper transcription
and expression. Co-IP and Western blot assay further confirmed the interaction between
ZFP64 and HDAC1(Figure 5G). Furthermore, we conducted ChIP assays and evaluated
the influence of ZFP64 expression on the level of histone acetylation and the lactylation
of the NUMB promoter region. Consistent with our speculation, the overexpression of
ZFP64 apparently impaired the histone lactylation level at the H3K18 site and the histone
acetylation level at the H4K77 site, while the results performed on ZFP64 knockdown GBC
cells exhibited the reverse results (Figure 5H–K). These data indicated that the repressive
effect of ZFP64 on NUMB was facilitated by the deacetylation and delactylation of the
NUMB promoter region, which was due to the recruitment of ZFP64 to HDAC1.

In order to further elucidate the effect of the ZFP64–HDAC1 axis on the NUMB–
Notch1 signaling pathway, HDAC1 was overexpressed in gallbladder cancer cell lines
with ZFP64 knockdown. Western blot results showed that the overexpression of HDAC1
suppressed NUMB expression only in the control group. The inhibitory effect of HDAC1
on NUMB expression disappeared when ZFP64 was knocked down (Figure 6A), indicating
that this inhibitory effect was dependent on the expression level of ZFP64. On the other
hand, Western blot assays also demonstrated that, in GBC cells simultaneously overex-
pressing ZFP64 and knocking down HDAC1, the prohibitive effect of ZFP64 on NUMB
and the promotive effect on the Notch1 signaling pathway were significantly reversed by
HDAC1 knockdown (Figure 6B,C). The immunofluorescence of NICD further drew the
same conclusion (Figure 6D).

http://jaspar.genereg.net/
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was detected using ChIP-qPCR in GBC-SD and NOZ cells. (D,E) The mRNA expression levels of
NUMB in GBC cells overexpressing or knocking down ZFP64 was detected using RT-qPCR assays.
(F) The protein expression levels of NUMB in GBC cells overexpressing or knocking down ZFP64
was detected using Western blot assays. (G) The direct interaction between ZFP64 and HDAC1
was confirmed using Co-IP assays and Western blot analysis. (H–K) The H3K18lac levels (H,I)
and the H4K77ac level (J,K) in the NUMB promoter region of GBC-SD and NOZ cells with ZFP64
overexpression or knockdown were detected using ChIP-qPCR assays. Ns: no statistically significance.
All data were assessed using unpaired Student’s t test or one-way ANOVA, as mean ± SD, * p < 0.05,
** p < 0.01, *** p < 0.001. See Figures S8 and S9 for original western blots.
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Figure 6. ZFP64 activates the Notch1 signaling pathway by recruiting HDAC1 to inhibit NUMB
expression. (A) Control or ZFP64 knocking down GBC-SD and NOZ cells were transfected with
vector or HDAC1 overexpressing plasmid for 24 h, and the NUMB protein expression levels were
determined using Western blot assays. (B,C) Control or ZFP64 overexpressing GBC-SD and NOZ
cells were transfected with shRNA plasmid of HDAC1 or corresponding empty plasmid. Western
blot was used to detect the expression of NUMB (B) and the key molecules of Notch1 signaling
pathway (C). (D) Immunofluorescence was performed to examine the expression level of NICD in
nucleus. NICD: green fluorescent; DAPI-stained nuclei: blue fluorescent. All data were assessed
using one-way ANOVA, as mean ± SD, * p < 0.05, *** p < 0.001. See Figures S10–S12 for original
western blots.
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4. Discussion

The lack of early markers and the poor treatment outcomes in the intermediate and
advanced stage settings remain the most considerable obstacles to cure in GBC. Our
study focused on the vital role of ZFP64 in GBC for the very first time. Through the
RT-qPCR and the western blot assays, we demonstrated that ZFP64 expressed evidently
higher in gallbladder carcinoma tissues from GBC patients than in normal tissues, and
that GBC patients with high ZFP64 expression appeared to have an extremely worse
prognosis. The expression level of ZFP64 was directly correlated with the prognosis of
GBC patients and might positively serve as a reference indicator to aid in the prognosis of
GBC and a biomarker for the early diagnosis of clinical GBC. In our exploration of more
detailed mechanisms, we found that the overexpression of ZFP64 remarkably enhanced the
proliferation, anti-apoptosis, invasion, migration, and EMT in both GBC-SD and NOZ cells
in vitro and in vivo, which in turn promoted the metastasis and malignant development of
GBC tumors. In addition, GBC can invade adjacent tissues through liver metastases, lymph
node metastases, and vascular metastases, which has become another severe difficulty in the
treatment of GBC [25,26]. Patients with high expression level of ZFP64 showed higher rates
of lymph node metastasis, liver invasion, nerve invasion, and lower tumor differentiation,
which might also be related to the facilitative effect of ZFP64 on the migration and invasion
of GBC cells.

Histone acetylation, one of the most common histone epigenetic modifications, is in
connection with multiple physiological and pathological diseases, in particular cancer. Two
prime proteins engage in mediating this histone modification: histone acetyltransferases
(HATs) add acetyl groups to histone lysine residues for acetylation modification, while
histone deacetylases (HDACs) remove acetyl groups from histone lysines [27]. Belonging
to the class I Rpd3-like family of HDACs, HDAC1 widely distributes in cells and is Zn2+-
dependent for its catalytic function. HDAC1 is considered to be primary to mediate
the regulation of epigenetic inheritance [28]. As the research progresses, HDAC1 has
also been demonstrated to be apparently upregulated in a variety of cancers and the
loss of HDAC1 interdicts tumor progression and induces apoptosis [29,30]. In addition,
HDAC1 strengthens the repressive effect of some transcription factors on oncoprotein
promoters by deacetylating these transcription factors. For example, in breast cancer,
HDAC1 deacetylated SREBP1 and inhibited E-calmodulin transcription, thereby suppressing
the EMT [31]. In hepatoblastoma (HBL), HDAC1 delivered to the promoter of the p21 gene
by another transcription factor, sp5, and activated p21 expression, thereby promoting the
proliferation and metastasis of HBL cells [32]. In addition, inhibitors of HDAC1 have been
developed and placed in more well-established pre-clinical and clinical systems to treat
cancers, including colorectal cancer, hepatocellular carcinoma, and neuroblastoma [33,34].
In GBC, HDAC1 was first shown to interact with the transcription factor TCF-12, driving
GBC tumor invasion and leading to poor prognosis [35]. Combined treatment with the
HDAC inhibitor SAHA and the BRD4 inhibitor JQ1 could resist GBC cell proliferation and
viability and induced apoptosis, thereby reducing the tumorigenic capacity of GBC cells
in vivo [36].

Histone lactylation is another epigenetic modification present in histones, and like
histone acetylation modifications, it imposes gene transcription with analogous molecular
mechanisms [37]. As the Warburg effect describes, tumor cells produce large amounts
of lactic acid through aerobic glycolysis [38]. The degree of lactylation is dependent on
the production of endogenous lactic acid, and the accumulation of endogenous lactic
acid provides the indispensable substrate for lactylation [37,39]. Recent studies have
expounded the role of histone lactylation in some cancers. In ocular melanoma, a lactylation
increase in H3K18 sites at the YTHDF2 promoter region improved YTHDF2 expression and
sustained ocular melanoma malignization [40]. In addition, two lactylation sites, H3K9
lac and H3K56 lac, were also known to contribute to HCC development. Meanwhile,
the demethylzeylasteral (DML) has been shown to be equipped to control glycolysis and
gluconeogenesireduce, therefore reducing lactate levels in hepatocellular carcinoma stem
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cells (LCSC) and preventing LCSC tumorigenesis [41]. In addition to deacetylating histones,
HDAC1 also acts as a lysine delactylase to delactylate histone lysines [24]. However,
the function of HDAC1 as a delactylase in tumors still remains unknown. Here, we
proved that HDAC1 interacted with ZFP64 directly. In GBC cell lines overexpressing
ZFP64, mass spectrometry identification confirmed lessened levels of H3K18 lactylation and
H4K77 acetylation in the NUMB promoter region. Further Co-IP confirmed that HDAC1
principally mediated this process: ZFP64 recruited HDAC1 to locate on the promoter region
of NUMB and modified it through deacetylation and delactylation. Subsequently, this
modification suppressed NUMB expression, thereby activating the Notch1 pathway and
upregulating the expressions of Notch1 pathway-related proteins HEY1, HES1, and NICD.
The Notch1 signaling pathway inhibitor DAPT abrogated the promotive effects of ZFP64
on the proliferation and metastasis of GBC cells, which further demonstrated that ZFP64
regulated GBC development through the Notch1 signaling pathway.

5. Conclusions

Motivated by the current poor therapeutic efficacy of GBC, our study aims at devel-
oping new methods for GBC treatment. In conclusion, we provide evidence to support
that ZFP64 is a provital regulatory protein in GBC progression. Furthermore, we also
demonstrated that ZFP64-HDAC1-NUMB-Notch1 is an essential oncogenic axis in GBC
that promotes multiple malignant biological behaviors of GBC cells. We highlight that
targeting ZFP64 may be an effective avenue for future GBC therapy.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cancers15184508/s1, Figure S1. GBC-SD and NOZ cells
were generated to stably overexpress or knockdown ZFP64 via lentivirus transfection for 24 h,
and then 10 µg/mL of puromycin was added to screen successfully infected cells; Figure S2. Un-
cropped Western Blot images for Figure 1D; Figure S3. Uncropped Western Blot images for Figure 2E;
Figure S4. Uncropped Western Blot images for Figure 3A; Figure S5. Uncropped Western Blot images
for Figure 3B; Figure S6. Uncropped Western Blot images for Figure 4A; Figure S7. Uncropped West-
ern Blot images for Figure 4C; Figure S8. Uncropped Western Blot images for Figure 5F; Figure S9.
Uncropped Western Blot images for Figure 5G; Figure S10. Uncropped Western Blot images for
Figure 6A; Figure S11. Uncropped Western Blot images for Figure 6B; Figure S12. Uncropped Western
Blot images for Figure 6C; Figure S13. Uncropped Western Blot images for Figure S1C; Figure S14.
Uncropped Western Blot images for Figure 5E; Table S1. Prognostic factors for overall survival by the
univariate and multivariate cox proportional hazards regression model; Table S2. Prognostic factors
for disease-free survival by the univariate and multivariate cox proportional hazards regression
model; Table S3. Summary of primary antibody information used in this article; Table S4. Top twenty
ZFP64 pull-down proteins analyzed by mass spectrum.

Author Contributions: Conceptualization, Z.H. and Y.Z.; methodology, Z.H. and Y.Z.; validation,
Z.H. and Y.Z.; data curation, Z.H. and Y.Z.; formal analysis, H.H.; resources, F.L.; writing—original
draft preparation, H.H.; writing—review and editing, H.H.; project administration, F.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by 1.3.5 project for disciplines of excellence, West China Hospital,
Sichuan University (ZYJC21046, funder: Fuyu Li); 1.3.5 project for disciplines of excellence—Clinical
Research Incubation Project, West China Hospital, Sichuan University (2021HXFH001, funder: Fuyu
Li); Natural Science Foundation of Sichuan Province (2022NSFSC0806, funder: Fuyu Li); National
Natural Science Foundation of China for Young Scientists Fund (82203650, funder: Wenjie Ma;
82203782: funder Haijie Hu), Sichuan Science and Technology Program (2021YJ0132, funder: Wenjie
Ma; 2021YFS0100, funder: Haijie Hu); the fellowship of China Postdoctoral Science Foundation
(2021M692277, funder: Haijie Hu); Sichuan University-Zigong School-local Cooperation project
(2021CDZG-23, funder: Fuyu Li); Sichuan University-Sui Lin School-local Cooperation project
(2022CDSN-18, funder: Fuyu Li); Science and Technology project of the Health planning committee
of Sichuan (21PJ046, funder: Fuyu Li); Post-Doctor Research Project, West China Hospital, Sichuan
University (2020HXBH127, funder: Haijie Hu).

https://www.mdpi.com/article/10.3390/cancers15184508/s1


Cancers 2023, 15, 4508 16 of 17

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of West China Hospital, Sichuan University
(2023-1269). The animal study protocol was approved by the Animal Ethics Committee of West China
Hospital, Sichuan University (20230807007).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data are contained within the article or Supplementary Materials.

Acknowledgments: We sincerely appreciate all the staffs from the Core Facilities, West China Hospi-
tal, Sichuan University, including Jingyao Zhang, Cong Li, Huifang Li, Jian yang, Yan Wang, and
Liwen Qin for their technical guidance to this study.

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

References
1. Sturm, N.; Schuhbaur, J.S.; Hüttner, F.; Perkhofer, L.; Ettrich, T.J. Gallbladder Cancer: Current Multimodality Treatment Concepts

and Future Directions. Cancers 2022, 14, 5580. [CrossRef]
2. Roa, J.C.; García, P.; Kapoor, V.K.; Maithel, S.K.; Javle, M.; Koshiol, J. Gallbladder cancer. Nat. Rev. Dis. Prim. 2022, 8, 69.

[CrossRef]
3. Cai, Q.; Wang, S.; Jin, L.; Weng, M.; Zhou, D.; Wang, J.; Tang, Z.; Quan, Z. Long non-coding RNA GBCDRlnc1 induces

chemoresistance of gallbladder cancer cells by activating autophagy. Mol. Cancer 2019, 18, 82. [CrossRef]
4. Lv, Y.; Yin, W.; Zhang, Z. Non-coding RNAs as potential biomarkers of gallbladder cancer. Clin. Transl. Oncol. 2022, 25, 1489–1511.

[CrossRef] [PubMed]
5. Bradner, J.E.; Hnisz, D.; Young, R.A. Transcriptional Addiction in Cancer. Cell 2017, 168, 629–643. [CrossRef] [PubMed]
6. Li, X.; Han, M.; Zhang, H.; Liu, F.; Pan, Y.; Zhu, J.; Liao, Z.; Chen, X.; Zhang, B. Structures and biological functions of zinc finger

proteins and their roles in hepatocellular carcinoma. Biomark. Res. 2022, 10, 2. [CrossRef] [PubMed]
7. Zhang, D.; Wang, Y.; Dai, Y.; Wang, J.; Suo, T.; Pan, H.; Liu, H.; Shen, S.; Liu, H. CIZ1 promoted the growth and migration of

gallbladder cancer cells. Tumour Biol. 2015, 36, 2583–2591. [CrossRef]
8. Mack, H.G.; Beck, F.; Bowtell, D.D. A search for a mammalian homologue of the Drosophila photoreceptor development gene glass

yields Zfp64, a zinc finger encoding gene which maps to the distal end of mouse chromosome 2. Gene 1997, 185, 11–17. [CrossRef]
9. Sakamoto, K.; Tamamura, Y.; Katsube, K.-I.; Yamaguchi, A. Zfp64 participates in Notch signaling and regulates differentiation in

mesenchymal cells. J. Cell Sci. 2008, 121, 1613–1623. [CrossRef]
10. Qiu, G.; Deng, Y. ZFP64 transcriptionally activates PD-1 and CTLA-4 and plays an oncogenic role in esophageal cancer. Biochem.

Biophys. Res. Commun. 2022, 622, 72–78. [CrossRef] [PubMed]
11. Wei, C.-Y.; Zhu, M.-X.; Zhang, P.-F.; Huang, X.-Y.; Wan, J.-K.; Yao, X.-Z.; Hu, Z.-T.; Chai, X.-Q.; Peng, R.; Yang, X.; et al.

PKCα/ZFP64/CSF1 axis resets the tumor microenvironment and fuels anti-PD1 resistance in hepatocellular carcinoma. J. Hepatol.
2022, 77, 163–176. [CrossRef]

12. Lu, B.; Klingbeil, O.; Tarumoto, Y.; Somerville, T.D.D.; Huang, Y.-H.; Wei, Y.; Wai, D.C.; Low, J.K.K.; Milazzo, J.P.; Wu, X.S.; et al.
A Transcription Factor Addiction in Leukemia Imposed by the MLL Promoter Sequence. Cancer Cell 2018, 34, 970–981.e978.
[CrossRef]

13. Zhu, M.; Zhang, P.; Yu, S.; Tang, C.; Wang, Y.; Shen, Z.; Chen, W.; Liu, T.; Cui, Y. Targeting ZFP64/GAL-1 axis promotes therapeutic
effect of nab-paclitaxel and reverses immunosuppressive microenvironment in gastric cancer. J. Exp. Clin. Cancer Res. 2022, 41, 14.
[CrossRef]

14. Zhou, B.; Lin, W.; Long, Y.; Yang, Y.; Zhang, H.; Wu, K.; Chu, Q. Notch signaling pathway: Architecture, disease, and therapeutics.
Signal Transduct. Target. Ther. 2022, 7, 95. [CrossRef] [PubMed]

15. Gan, R.-H.; Wei, H.; Xie, J.; Zheng, D.-P.; Luo, E.-L.; Huang, X.-Y.; Xie, J.; Zhao, Y.; Ding, L.-C.; Su, B.-H.; et al. Notch1 regulates
tongue cancer cells proliferation, apoptosis and invasion. Cell Cycle 2018, 17, 216–224. [CrossRef]

16. Lin, J.; Xu, Z.; Xie, J.; Deng, X.; Jiang, L.; Chen, H.; Peng, C.; Li, H.; Zhang, J.; Shen, B. Oncogene APOL1 promotes proliferation
and inhibits apoptosis via activating NOTCH1 signaling pathway in pancreatic cancer. Cell Death Dis. 2021, 12, 760. [CrossRef]

17. Zhang, H.-S.; Zhang, Z.-G.; Du, G.-Y.; Sun, H.-L.; Liu, H.-Y.; Zhou, Z.; Gou, X.-M.; Wu, X.-H.; Yu, X.-Y.; Huang, Y.-H. Nrf2
promotes breast cancer cell migration via up-regulation of G6PD/HIF-1α/Notch1 axis. J. Cell. Mol. Med. 2019, 23, 3451–3463.
[CrossRef]

18. Rampias, T.; Vgenopoulou, P.; Avgeris, M.; Polyzos, A.; Stravodimos, K.; Valavanis, C.; Scorilas, A.; Klinakis, A. A new tumor
suppressor role for the Notch pathway in bladder cancer. Nat. Med. 2014, 20, 1199–1205. [CrossRef]

19. McGill, M.A.; McGlade, C.J. Mammalian Numb Proteins Promote Notch1 Receptor Ubiquitination and Degradation of the Notch1
Intracellular Domain. J. Biol. Chem. 2003, 278, 23196–23203. [CrossRef]

20. McGill, M.A.; Dho, S.E.; Weinmaster, G.; McGlade, C.J. Numb Regulates Post-endocytic Trafficking and Degradation of Notch1.
J. Biol. Chem. 2009, 284, 26427–26438. [CrossRef]

https://doi.org/10.3390/cancers14225580
https://doi.org/10.1038/s41572-022-00398-y
https://doi.org/10.1186/s12943-019-1016-0
https://doi.org/10.1007/s12094-022-03056-7
https://www.ncbi.nlm.nih.gov/pubmed/36576705
https://doi.org/10.1016/j.cell.2016.12.013
https://www.ncbi.nlm.nih.gov/pubmed/28187285
https://doi.org/10.1186/s40364-021-00345-1
https://www.ncbi.nlm.nih.gov/pubmed/35000617
https://doi.org/10.1007/s13277-014-2876-y
https://doi.org/10.1016/S0378-1119(96)00607-5
https://doi.org/10.1242/jcs.023119
https://doi.org/10.1016/j.bbrc.2022.06.011
https://www.ncbi.nlm.nih.gov/pubmed/35843097
https://doi.org/10.1016/j.jhep.2022.02.019
https://doi.org/10.1016/j.ccell.2018.10.015
https://doi.org/10.1186/s13046-021-02224-x
https://doi.org/10.1038/s41392-022-00934-y
https://www.ncbi.nlm.nih.gov/pubmed/35332121
https://doi.org/10.1080/15384101.2017.1395534
https://doi.org/10.1038/s41419-021-03985-1
https://doi.org/10.1111/jcmm.14241
https://doi.org/10.1038/nm.3678
https://doi.org/10.1074/jbc.M302827200
https://doi.org/10.1074/jbc.M109.014845


Cancers 2023, 15, 4508 17 of 17

21. Liu, L.; Yang, Z.-L.; Wang, C.; Miao, X.; Liu, Z.; Li, D.; Zou, Q.; Li, J.; Liang, L.; Zeng, G.; et al. The Expression of Notch 1 and
Notch 3 in Gallbladder Cancer and Their Clinicopathological Significance. Pathol. Oncol. Res. 2016, 22, 483–492. [CrossRef]
[PubMed]

22. Kopan, R.; Ilagan, M.X.G. The Canonical Notch Signaling Pathway: Unfolding the Activation Mechanism. Cell 2009, 137, 216–233.
[CrossRef] [PubMed]

23. Witt, O.; Deubzer, H.E.; Milde, T.; Oehme, I. HDAC family: What are the cancer relevant targets? Cancer Lett. 2009, 277, 8–21.
[CrossRef] [PubMed]

24. Moreno-Yruela, C.; Zhang, D.; Wei, W.; Bæk, M.; Liu, W.; Gao, J.; Danková, D.; Nielsen, A.L.; Bolding, J.E.; Yang, L.; et al. Class I
histone deacetylases (HDAC1–3) are histone lysine delactylases. Sci. Adv. 2022, 8, eabi6696. [CrossRef]

25. Ertel, A.E.; Bentrem, D.; Abbott, D.E. Gall Bladder Cancer. Cancer Treat. Res. 2016, 168, 101–120. [CrossRef]
26. Shen, H.; He, M.; Lin, R.; Zhan, M.; Xu, S.; Huang, X.; Xu, C.; Chen, W.; Yao, Y.; Mohan, M.; et al. PLEK2 promotes gallbladder

cancer invasion and metastasis through EGFR/CCL2 pathway. J. Exp. Clin. Cancer Res. 2019, 38, 247. [CrossRef]
27. Audia, J.E.; Campbell, R.M. Histone Modifications and Cancer. Cold Spring Harb. Perspect. Biol. 2016, 8, a019521. [CrossRef]
28. Seto, E.; Yoshida, M. Erasers of Histone Acetylation: The Histone Deacetylase Enzymes. Cold Spring Harb. Perspect. Biol. 2014,

6, a018713. [CrossRef] [PubMed]
29. Qiao, W.; Liu, H.; Liu, R.; Liu, Q.; Zhang, T.; Guo, W.; Li, P.; Deng, M. Prognostic and clinical significance of histone deacetylase 1

expression in breast cancer: A meta-analysis. Clin. Chim. Acta 2018, 483, 209–215. [CrossRef]
30. Zhang, L.; Bu, L.; Hu, J.; Xu, Z.; Ruan, L.; Fang, Y.; Wang, P. HDAC1 knockdown inhibits invasion and induces apoptosis in

non-small cell lung cancer cells. Biol. Chem. 2018, 399, 603–610. [CrossRef]
31. Zhang, N.; Zhang, H.; Liu, Y.; Su, P.; Zhang, J.; Wang, X.; Sun, M.; Chen, B.; Zhao, W.; Wang, L.; et al. SREBP1, targeted by

miR-18a-5p, modulates epithelial-mesenchymal transition in breast cancer via forming a co-repressor complex with Snail and
HDAC1/2. Cell Death Differ. 2019, 26, 843–859. [CrossRef]

32. Rivas, M.; Johnston, M.E., 2nd; Gulati, R.; Kumbaji, M.; Aguiar, T.F.M.; Timchenko, L.; Krepischi, A.; Shin, S.; Bondoc, A.; Tiao,
G.; et al. HDAC1-Dependent Repression of Markers of Hepatocytes and P21 Is Involved in Development of Pediatric Liver
Cancer. Cell. Mol. Gastroenterol. Hepatol. 2021, 12, 1669–1682. [CrossRef]

33. Lee, H.-Y.; Tang, D.-W.; Liu, C.-Y.; Cho, E.-C. A novel HDAC1/2 inhibitor suppresses colorectal cancer through apoptosis
induction and cell cycle regulation. Chem. Biol. Interact. 2022, 352, 109778. [CrossRef] [PubMed]

34. Sixto-López, Y.; Gómez-Vidal, J.A.; de Pedro, N.; Bello, M.; Rosales-Hernández, M.C.; Correa-Basurto, J. Hydroxamic acid
derivatives as HDAC1, HDAC6 and HDAC8 inhibitors with antiproliferative activity in cancer cell lines. Sci. Rep. 2020, 10, 10462.
[CrossRef]

35. He, J.; Shen, S.; Lu, W.; Zhou, Y.; Hou, Y.; Zhang, Y.; Jiang, Y.; Liu, H.; Shao, Y. HDAC1 promoted migration and invasion binding
with TCF12 by promoting EMT progress in gallbladder cancer. Oncotarget 2016, 7, 32754–32764. [CrossRef]

36. Liu, S.; Li, F.; Pan, L.; Yang, Z.; Shu, Y.; Lv, W.; Dong, P.; Gong, W. BRD4 inhibitor and histone deacetylase inhibitor synergistically
inhibit the proliferation of gallbladder cancer in vitro and in vivo. Cancer Sci. 2019, 110, 2493–2506. [CrossRef] [PubMed]

37. Zhang, D.; Tang, Z.; Huang, H.; Zhou, G.; Cui, C.; Weng, Y.; Liu, W.; Kim, S.; Lee, S.; Perez-Neut, M.; et al. Metabolic regulation of
gene expression by histone lactylation. Nature 2019, 574, 575–580. [CrossRef]

38. Liberti, M.V.; Locasale, J.W. The Warburg Effect: How Does it Benefit Cancer Cells? Trends Biochem. Sci. 2016, 41, 211–218.
[CrossRef] [PubMed]

39. Xie, Y.; Hu, H.; Liu, M.; Zhou, T.; Cheng, X.; Huang, W.; Cao, L. The role and mechanism of histone lactylation in health and
diseases. Front. Genet. 2022, 13, 949252. [CrossRef] [PubMed]

40. Yu, J.; Chai, P.; Xie, M.; Ge, S.; Ruan, J.; Fan, X.; Jia, R. Histone lactylation drives oncogenesis by facilitating m6A reader protein
YTHDF2 expression in ocular melanoma. Genome Biol. 2021, 22, 85. [CrossRef]

41. Pan, L.; Feng, F.; Wu, J.; Fan, S.; Han, J.; Wang, S.; Yang, L.; Liu, W.; Wang, C.; Xu, K. Demethylzeylasteral targets lactate
by inhibiting histone lactylation to suppress the tumorigenicity of liver cancer stem cells. Pharmacol. Res. 2022, 181, 106270.
[CrossRef] [PubMed]

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

https://doi.org/10.1007/s12253-015-0019-4
https://www.ncbi.nlm.nih.gov/pubmed/26634853
https://doi.org/10.1016/j.cell.2009.03.045
https://www.ncbi.nlm.nih.gov/pubmed/19379690
https://doi.org/10.1016/j.canlet.2008.08.016
https://www.ncbi.nlm.nih.gov/pubmed/18824292
https://doi.org/10.1126/sciadv.abi6696
https://doi.org/10.1007/978-3-319-34244-3_6
https://doi.org/10.1186/s13046-019-1250-8
https://doi.org/10.1101/cshperspect.a019521
https://doi.org/10.1101/cshperspect.a018713
https://www.ncbi.nlm.nih.gov/pubmed/24691964
https://doi.org/10.1016/j.cca.2018.05.005
https://doi.org/10.1515/hsz-2017-0306
https://doi.org/10.1038/s41418-018-0158-8
https://doi.org/10.1016/j.jcmgh.2021.06.026
https://doi.org/10.1016/j.cbi.2021.109778
https://www.ncbi.nlm.nih.gov/pubmed/34929181
https://doi.org/10.1038/s41598-020-67112-4
https://doi.org/10.18632/oncotarget.8740
https://doi.org/10.1111/cas.14102
https://www.ncbi.nlm.nih.gov/pubmed/31215139
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1016/j.tibs.2015.12.001
https://www.ncbi.nlm.nih.gov/pubmed/26778478
https://doi.org/10.3389/fgene.2022.949252
https://www.ncbi.nlm.nih.gov/pubmed/36081996
https://doi.org/10.1186/s13059-021-02308-z
https://doi.org/10.1016/j.phrs.2022.106270
https://www.ncbi.nlm.nih.gov/pubmed/35605812

	Introduction 
	Materials and Methods 
	Human Specimens and Cell Culture 
	Construction of Stable Cell Lines 
	Reverse Transcription and Quantitative Real-Time PCR (RT-qPCR) 
	Western Blot 
	Immunofluorescence Staining 
	Cell Migration and Invasion Assay 
	Cell Proliferation Assay (EdU) 
	Chromatin Immunoprecipitation (ChIP)-qPCR Assay 
	Co-Immunoprecipitation (Co-IP) Assay 
	Mouse Subcutaneous Xenograft Model 
	Statistical Analysis 

	Results 
	ZFP64 Is Overexpressed in GBC Patients and Associated with Poor Prognosis 
	ZFP64 Promotes Gallbladder Cancer Progression In Vitro and In Vivo 
	ZFP64 Activates Notch1 Signaling Pathways 
	ZFP64 Promotes Gallbladder Cancer Proliferation, Migration, and Invasion In Vitro via Activating Notch1 Signaling Pathway 
	ZFP64 Activates the Notch1 Signaling Pathway by Recruiting HDAC1 to Inhibit NUMB Expression 

	Discussion 
	Conclusions 
	References

