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ABSTRACT

Ovarian secretion of steroid hormones is crucial for female
reproductive health. CREBZF, a basic leucine zipper
transcription factor, can heterodimerize with other
transcription factors to regulate genes involved in various
biological processes. This study investigates the role of
CREBZF in female reproduction and steroid hormone
synthesis regulation. Whole ovarian knockout of CREBZF
affects the estrous cycle, antral follicle development, and
testosterone and estradiol levels in female mice.
Conditional knockout of CREBZF in Cyp17a1-positive cells
results in altered serum testosterone during estrus,
impaired postpartum maternal behavior, and significantly
reduced offspring survival, associated with abnormal
corticosterone and oxytocin levels. In NCI-H295R cells
induced for steroidogenesis, CREBZF knockdown reduced
testosterone and  corticosterone  secretion. RNA
sequencing of CREBZF-knockdown NCI-H295R cells
identified 51 differentially expressed genes enriched in
steroidogenesis-related pathways. CREBZF knockdown
also reduced c-Jun and ApoE expression, with a significant
decrease in intracellular cholesterol. CREBZF interacts
with c-Jun and binds to the ApoE promoter to regulate
expression. Database screening identified two CREBZF/c-
Jun binding sites, where CREBZF enhances c-Jun-
mediated activation of ApoE at Site1 (—299 to —286 bp),
but inhibits it at Site2 (+70 to +83 bp). In conclusion, the
CREBZF/c-dun complex regulates ApoE expression,
influencing cholesterol levels and female steroidogenesis,
which is crucial for reproductive function.
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INTRODUCTION

Steroidogenic disorders encompass a wide range of clinically
significant conditions affecting gonadal and adrenal function,
such as Congenital Adrenal Hyperplasia (CAH), Polycystic
Ovary Syndrome (PCOS), Premature Ovarian Insufficiency
(POI), and male hypogonadism, as well as other reproductive
pathologies (Maher et al., 2023; Rosenfield, 2024; Touraine
etal., 2024). These conditions not only compromise
reproductive capacity but are also closely associated with
systemic health issues, including metabolic syndrome and
cardiovascular disease (Helvaci & Yildiz, 2025). Steroid
hormones are classified into four major types: glucocorticoids,
mineralocorticoids, sex hormones, and vitamin D (Payne &
Hales, 2004). Despite structural differences, all steroid
hormones are synthesized from cholesterol via a complex and
tightly regulated process requiring the coordinated action of
both ubiquitously and tissue-specifically expressed enzymes
and regulatory factors (Miller & Auchus, 2011). In gonad,
cholesterol is primarily derived from extracellular sources,
delivered by lipoproteins containing apolipoproteins like
Apolipoprotein A-I (ApoA-1), Apolipoprotein B-100 (ApoB-100),
and Apolipoprotein E (ApoE), which interact with specific cell
surface receptors such as Scavenger Receptor Class B
Type 1 (SR-B1), Low-Density Lipoprotein Receptor (LDLR),
and LDL Receptor-Related Protein 1 (LRP1) to facilitate
cellular uptake(Dalhaimer et al., 2023). In the ovary, granulosa
cells predominantly use the HDL-ApoA-SR-B1 pathway, while
theca cells rely on the LDL-ApoE-LDLR/LRP1 pathway for
cholesterol uptake to support androgen synthesis(Connelly &
Williams, 2003; Oria etal., 2020). Extensive research has
identified a range of key enzymes and regulatory factors
essential for steroidogenesis, such as the steroidogenic acute
regulatory protein (StAR) and various members of the
cytochrome P450 family (e.g., CYP11A1, CYP17A1).
Mutations in these genes have been linked to various human
diseases, underscoring their essential roles in steroid
hormone biosynthesis (Miller, 2017). Nevertheless, the
disease phenotypes and in vivo functions of apolipoproteins
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and potential novel regulators remain incompletely
understood, and monogenic disorders associated with these
factors have yet to be extensively investigated or modeled in
animal systems.

CREBZF, a transcription factor belonging to the CREB/ATF
protein family and characterized by a basic leucine zipper
(bZIP) domain, exists in two isoforms: the long isoform
(CREBZF-L), also known as Small Heterodimer Partner
Interacting Leucine Zipper Protein (SMILE), and the short
isoform (CREBZF-S), referred to as Zhangfei (Zf) (Xie et al.,
2008). Although these isoforms are produced by alternative
translation initiation, they share the same main functional
domains and regulate transcription through the formation of
heterodimers with other transcription factors. The absence of
an aspartic acid residue in their host cell factor-binding motif
(HBM) prevents homodimer formation, ensuring that both
isoforms function similarly in transcription regulation (Cockram
et al., 2006). Moreover, CREBZF represses the transactivation
activity of nuclear receptors on downstream target genes by
recruiting histone deacetylases (HDACs) (Xie et al., 2009a).
Extensive research has identified CREBZF as a critical
regulator of lipid metabolism, with mutations in two single
nucleotide polymorphisms (SNPs) within the human CREBZF
gene being significantly associated with elevated circulating
levels of high-density lipoprotein cholesterol (HDL-C).
Additionally, excessive activation of CREBZF has been
implicated in accelerating the progression of nonalcoholic fatty
liver disease (NAFLD) and nonalcoholic steatohepatitis
(NASH) (Ma etal.,, 2023; Zhang etal., 2018). Our recent
research revealed that CREBZF is associated with steroid
hormone synthesis. Although conditional knockout of CREBZF
in androgen-producing cells does not result in complete
infertility in male mice, it significantly reduces testosterone
secretion in primary mouse Leydig cells (Lu et al., 2019; Niu
etal., 2024). However, the role of CREBZF in female
reproductive function remains unknown, and the molecular
mechanisms by which CREBZF regulates steroid hormone
synthesis are yet to be elucidated.

In this study, we first investigated the reproductive
phenotypes and serum levels of relevant steroid hormones in
two female mouse models: ovarian-specific CREBZF knockout
via in situ AAV9 injection and conditional CREBZF deletion in
androgen-producing cells. Forskolin was utilized to enhance
steroid synthesis in the NCI-H295R cells, facilitating the
validation of CREBZF’'s function in this process.
Transcriptome profiling revealed differentially expressed
genes in forskolin-treated cells upon CREBZF knockdown,
among which ApoE emerged as a key downstream effector
mediating the impact of CREBZF on steroidogenesis.
Furthermore, we identified a mechanistic basis whereby
CREBZF forms heterodimers with the bZIP transcription factor
c-Jun to bidirectionally regulate Apoe transcriptional activation.
These findings uncover a unique mechanism by which
CREBZF regulates the conversion of cholesterol into steroid
hormones, providing novel insights into the identification of
regulatory factors involved in steroidogenesis.

MATERIALS AND METHODS

Animals

Generation of ovarian CREBZF knockout mice: CREBZF flox/fiox
mice (C57BL/6) were purchased from Cyagen Biosciences
(China). Six-week-old female CREBZF M1* mice were
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randomly assigned to control and experimental groups. Mice
were anesthetized using Avertin (30 uL/g body weight) and
secured. A small incision was made approximately 2 mm
caudal to the last rib on the dorsal side. The ovaries were
identified and fixed using blunt forceps, ensuring that the
fallopian tubes and blood vessels were not damaged.
Recombinant AAV9-Zsgreen and AAV9-Cre-Zsgreen viral
vectors were obtained from Hanbio (China), and their titers
were verified by quantitative real-time PCR (qRT-PCR). The
diluted viral solution (1x10"" pfu/mL) was then drawn into a
micro-injector connected to a 30G ophthalmic needle, which
was carefully inserted into the ovarian stroma for precise
delivery. A total of 10 pyL of AAV9 was slowly injected into
each ovary; control mice received AAV9-Zsgreen, while
experimental mice received AAV9-Cre-Zsgreen for conditional
knockout. After injection, the ovaries were gently compressed
to ensure complete adenovirus penetration and even
distribution within the ovarian tissue. The incision was then
sutured, and the mice were placed in a warm environment to
recover. Mice were allowed a 3-week recovery period
following ovarian AAV injection to permit viral infection and
plasmid expression. Estrous cycles were monitored
continuously for 15 days. One week later, at 12 weeks of age,
when all mice were in the non-estrous phase, each mouse
was injected with 10 IU of PMSG (Sansheng BioTec,
110914564) to synchronize the estrous cycle. 46 hours after
PMSG injection, mice were anesthetized and sacrificed, and
serum and necessary tissue samples were collected.

Breeding of CREBZF "flx  Cyp17a1-Cre* (CREBZF-cKO)
female mice: To knock out CREBZF in androgen synthesis
cells, Cyp17a1-Cre* mice (Cyagen Biosciences) were crossed
with CREBZF fofox mice. The resulting CREBZF ¥,
Cyp17a1-Cre* (Het) male mice were then mated with
CREBZF f* or CREBZF fi* female mice. Female
CREBZF fo¥flx  Cyp17a1-Cre* mice, designated as CREBZF-
cKO, were selected for subsequent experiments, with
littermate CREBZF "¥fiox females used as controls.

Genotype identification was performed as previously
described (Niu et al., 2024). All mice were housed in a specific
pathogen-free (SPF) environment with a temperature of 23°C,
a 12-hour light/dark cycle, and free access to food. All
experimental protocols were approved by the Institutional
Animal Care and Use Committee of Northwest A&F University
(Approval No. IACUC20240825). Procedures followed the
"Regulations for the Management of Laboratory Animals at
Northwest A&F University" and the "Guide for the Care and
Use of Laboratory Animals" (ISBN-10: 0-309-15396-4).

Dynamic monitoring of the estrous cycle in Mice

The estrous cycle of female mice was dynamically monitored
through smear preparation combined with H&E staining. The
procedure was performed continuously for 15 days, with
operations conducted daily starting at 0800h. A micropipette
was used to aspirate 10 pL of sterile physiological saline,
which was gently inserted approximately 1 mm into the vaginal
opening of the mouse. The saline was then aspirated and
ejected three times, followed by evenly spreading the sample
onto a glass slide. Once the smear dried, the slide was
stained using an H&E staining kit. The slides were examined
under a microscope to determine the proportions of different
cell types, which were used to identify the stage of the estrous
cycle (Byers et al., 2012).

Female mouse reproductive assessment
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Adult male CREBZF fofox mice with normal fertility were
mated with 3-month-old female CREBZF "fox or CREBZF-
cKO mice at a 1:1 ratio and co-housed continuously for 3
months. The litter size, number of litters, pup survival rate
within 7 days postpartum, and total number of surviving
offspring over the 3-month period were recorded.

Postpartum pup retrieval test in female mice

To evaluate the impact of conditional CREBZF knockout on
maternal behavior and offspring survival, a pup retrieval test
(PRT) was employed for behavioral observation and
assessment of postpartum female mice (Salais-Lépez et al.,
2021; Winters etal., 2022). Three-month-old female mice
were individually housed in M5-type cages (294 mm longx195
mm widex125 mm high). Upon initiation of the trial, a single
adult CREBZF ¥ male, possessing normal fertility, was
introduced into the female's cage. The male was removed on
day 18 of co-housing to ensure a calm and comfortable
environment for parturition. The timing of delivery was
meticulously recorded by performing bi-daily checks at 12-
hour intervals. The first appearance of pups within 12 h post-
birth was designated as postpartum day 0 (PPDO0). The
detailed protocol for the PRT is outlined below.

Environmental preparation: 1 hour prior to testing, the
mother and pups were relocated to a dedicated behavioral
testing facility to eliminate potential interference from the
original housing environment, including odors and auditory
stimuli. The mother was allowed to acclimatize to the new
setting.

Isolation and resetting: At the onset of the trial, the mother
was briefly transferred to a clean cage for 5 min, during which
three randomly selected pups were placed in the farthest
corner of the cage, distant from the nest.

Observation and recording: The mother was then returned
to the original cage, and her behavior was monitored via a
remote camera system integrated with SuperMaze behavioral
analysis software (Xinruan Information Technology Co., Ltd,
China). The mother’s interactions with the pups were recorded
for a 5-minute period, beginning once she made contact with
the pups. After each ftrial, the experimental setup was
sanitized with 75% ethanol, and alternating trials were
conducted for the control and CREBZF-cKO groups.

Behavioral evaluation: Maternal behavior was analyzed
through video recordings and SuperMaze software. The
retrieval time for each pup was recorded, with incomplete
retrievals logged as 300 seconds. For accurate tracking, the
software was calibrated to detect mouse movements with a
minimum velocity threshold of 2 cm/s and a sampling
frequency of 25 Hz. Detection zones were defined based on a
pre-set spatial grid corresponding to the home cage layout.
Frame-by-frame motion trajectories were automatically
logged, and retrieval was defined by the mouse’s nose-to-pup
contact followed by pup transportation back to the nest area.
To ensure objectivity and eliminate potential experimenter
bias, data collection and analysis were conducted in a double-
blind manner. Specifically, all video files were anonymized and
randomly coded by a third-party technician prior to analysis.
The experimenters conducting behavioral scoring and
statistical analysis were unaware of the group identities
throughout the entire evaluation process.

Cells culture
The NCI-H295R cell line was purchased from Wuhan Pricella
Biotechnology Co.,Ltd. and authenticated by STR profiling.

Cells were cultured in DMEM/F12 medium (BasalMedia,
China) supplemented with 10% fetal bovine serum (FBS)
(Gibco, 10270106), 1% ITS (Insulin-Transferrin-Selenium)-G
(Pricella, China), 100 U/mL penicillin, and 100 pg/mL
streptomycin. For steroidogenesis induction, NCI-H295R cells
were seeded at a density of 3x10° cells per well in a 6-well
plate. Once the cells adhered and reached approximately 70%
confluence, the medium was switched to phenol red-free
DMEM/F12 (BasalMedia) to eliminate the weak estrogenic
effects of phenol red (De Faria etal, 2016). FBS was
replaced with charcoal-stripped calf serum (YOSHI™, China)
to avoid interference from exogenous steroids present in FBS
(Tu etal., 2018). Cells were then treated with 10 pmol/L
forskolin (FSK) (MCE, HY-15371) for 48 h (Mangelis etal.,
2016) or with 1 mmol/L 8-Br-cAMP (MCE, HY-12306A) for 24
h (Sugawara etal., 2006) to stimulate steroid hormone
production, and samples were collected for subsequent
analysis.

The HEK293T cell line was cultured in DMEM (BasalMedia)
supplemented with 10% FBS, 100 U/mL penicillin and 100
pg/mL streptomycin. All the cultures were maintained at 37 °C
in a humidified atmosphere containing 5% CO..

siRNA transfection

For CREBZF knockdown, siNC or siRNA targeting CREBZF
CDS region (Tsingke, China) was dissolved in sterile,
nuclease-free ddH,O. The sequences of both siNC and
siCREBZF are listed in Supplementary Table S1. According to
the manufacturer's instructions for TurboFect transfection
reagent (Thermo Scientific, R0531), the siRNA was pre-
incubated in Opti-MEM medium to achieve a final
concentration of 50 nM. After a 24-hour incubation period,
cells were harvested for Western blot analysis to verify
knockdown efficiency. Alternatively, cells were further
processed for subsequent experimental procedures.

Quantitative RT-PCR

Total RNA was extracted from NCI-H295R cells and cDNA
synthesized using the manufacturer's protocols (Accurate
Biology, AG21017; AG11705). gqRT-PCR was performed using
SYBR Green Pro Taq HS (Accurate Biology, AG11701) on a
Bio-Rad CFX96™ Real-Time System. The specific primer
sequences used are provided in Supplementary Table S2.
Each gRT-PCR reaction was normalized to Gapdh
expression, and the relative gene expression levels were
calculated using the 2722C! method.

Western blot analysis

NCI-H295R or HEK293T cells were lysed in ice-cold RIPA
buffer for 20 min to extract total protein. The protein
concentration was determined using a BCA Protein Assay Kit
(Solarbio, PC0020). Protein samples were subjected to SDS-
PAGE and transferred to a PVDF membrane (ROCHE,
03010040001). After blocking with 10% non-fat dry milk, the
membrane was incubated with the following primary
antibodies: CREBZF (1:1000; Proteintech, 19070-1-AP), StAR
(1:2000; Proteintech, 12225-1-AP), Cyp11a1 (1:2000; Bioss,
bs-3608R), Cyp17a1 (1:2000; Proteintech, 14447-1-AP),
Hsd3b2 (1:1000; SantaCruz, sc-100466), c-Jun (1:2000;
Zenbio, 380397), p-c-Jun (S63) (1:2000; Zenbio, R22955),
ApoE (1:2000; Proteintech, 66830-1-Ig), and B-actin (1:5000;
Proteintech, 60009). Following incubation, the membrane was
probed with the appropriate HRP-conjugated secondary
antibodies (1:5000; Proteintech, SA00001-1/2). Information
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regarding the antibodies utilized was showed in
Supplementary Table S3. Protein bands were visualized using
an ECL substrate and captured on an imaging system (Cytiva,
AlI800). Imaged v.1.8.0 software was used for densitometric
analysis.

RNA-sequence analysis
NCI-H295R cells were transfected with either siNC or
siCREBZF, followed by stimulation with 10 umol/L FSK for 48
h. Cells were then collected and subjected to RNA-seq, which
was performed by Metware Biotechnology Co., Ltd. (China).
RNA was extracted from each sample, and its concentration
and integrity were assessed using a Qubit 4.0 Fluorometer
(Thermo Fisher, USA) and Qsep400 Bioanalyzer (BiOptic,
China), respectively. cDNA libraries were constructed and
subjected to quality control before sequencing on the lllumina
platform. Raw sequencing data were filtered, and error rate
and GC content distribution were examined to obtain clean
reads for further analysis. Clean reads were aligned to the
reference genome using HISAT2 v.2.1.0 to determine
sequence-specific information. Gene expression levels were
quantified using FPKM (Fragments Per Kilobase of transcript
per Million fragments mapped) to normalize for sequencing
depth and transcript length. Principal Component Analysis
(PCA) was performed to evaluate dataset characteristics and
sample similarity. Differential expression analysis between
groups was conducted using DESeqg2 v.1.36.0, with multiple
hypothesis correction applied to p-values using the Benjamini-
Hochberg method to control the False Discovery Rate (FDR).
Genes meeting the criteria |fold change|=1.2 and FDR<0.01
were considered differentially expressed. Gene Ontology
(GO), KEGG, and Disease Ontology (DO) enrichment
analyses were performed to identify significantly enriched
pathways and disease-related terms, providing insights into
the biological mechanisms regulated by CREBZF.

Hormone assay

Hormone levels in mice serum and NCI-H295R cell culture
supernatants  were quantified using  enzyme-linked
immunosorbent assay (ELISA) according to the manufacturer’s
protocols for each respective assay kit. The ELISA kits
employed included: testosterone (T) (Elabscience, E-OSEL-
MO0003), estradiol (E,) (Elabscience, E-OSEL-M0008),
corticosterone (CORT) (Cloud-clone, CEA540Ge), oxytocin
(OXT) (Cloud-clone, CEB052Ge), and prolactin (PRL) (BNBIT,
China).

Intracellular cholesterol content measurement

NCI-H295R cells were seeded in a 6-well plate at a density of
3x10° cells per well, with groups including siNC and
siCREBZF. After 48 hours of siRNA transfection, cells were
harvested using trypsinization, and cell suspensions were
collected. The cell number of each sample was determined
using a hemocytometer for standardization of cholesterol
content measurement. The sample processing procedure was
as follows: the cell suspensions were centrifuged at 1 000xg
for 5 min, and the supernatant was discarded. For each 1x10°
cells, 1 mL of isopropanol was added, and cells were
sonicated in an ice bath for 3 min (power 300 W, 2 s on, 3 s
off). The mixture was then centrifuged at 10 000xg for 10 min
at 4°C and kept on ice until further analysis. Cholesterol
content was quantified using total cholesterol (TC) (Solarbio,
BC1985) and free cholesterol (FC) (Solarbio, BC1895) assay
kits according to the manufacturer's instructions.
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Histological analysis

Ovarian samples were fixed in 4% paraformaldehyde and
processed using standard histological procedures, including
dehydration, paraffin embedding, and sectioning. Paraffin-
embedded sections were stained with H&E. Serial sections of
the entire ovary were obtained, and follicles were counted
based on the presence of an observable oocyte nucleus. The
areas of different ovarian regions and follicle diameters were
measured using Slide View v.2.5.0 software.

Immunofluorescence

Immunofluorescence staining and microscopic observation
were performed on ovarian tissue and NCI-H295R cells. For
ovarian tissue, frozen sections were blocked with 5% bovine
serum albumin (BSA) (SEVEN, SO110-01) and incubated
overnight at 4°C with primary antibodies of CREBZF (1:200;
Proteintech, 19070-1-AP) or ApoE (1:300; Proteintech, 66830-
1-1g). The sections were then incubated at room temperature
for 1 h with Alexa Fluor™ 594-conjugated secondary
antibodies (1:500, ThermoFisher, A-11012; A-11005). Nuclei
were stained with DAPI. For the cells, NCI-H295R cells were
seeded in 35 mm confocal culture dishes at a density of 1x10°
cells per well. The cells were treated with 10 umol/L of FSK for
48 h. After treatment, the culture medium was removed, and
the cells were fixed with 4% paraformaldehyde for 15 min.
They were then permeabilized with 0.2% Triton X-100 for 30
min, followed by blocking with 5% BSA at room temperature
for 1 h. The cells were incubated overnight at 4°C with anti-
CREBZF antibody, followed by incubation with fluorescently
labeled secondary antibody at room temperature for 1 h, in the
dark. The cells were stained with DAPI for nuclear labeling
and treated with anti-fade mounting medium. All
immunofluorescence samples were photographed using a
Leica laser confocal microscope, and fluorescence intensity
was analyzed using ImageJ v.1.8.0 software.

Plasmids cloning

The primers used for constructing pcDNAS3.1(+)-CREBZF-
Flag, pcDNA3.1(+)-c-Jun-HA, pcDNA3.1(+)-ApoE-Myc as well
as various truncated and point-mutated fragments of the
mouse ApoE promoter, are listed in Supplementary Table S4.
The CREBZF, c-Jun and ApoE coding sequences were cloned
into the pcDNAS3.1(+) expression vector, while promoter
fragments and mutants were inserted into the pGL4.10[luc2]
basic vector (Promega) for luciferase reporter assays. pRL-
CMV (Promega) was co-transfected as an internal control for
normalization. All fragments were amplified using
PrimeSTAR® GXL DNA Polymerase (Takara, R050Q) and
then ligated into the corresponding vectors using a seamless
cloning kit (DiNing, DT100-10). All plasmids were verified by
Sanger sequencing.

Co-immunoprecipitation (Co-IP)

HEK293T cells were co-transfected with pcDNA3.1-CREBZF-
Flag and pcDNAS3.1-c-Jun-HA for 48 h and then lysed in cold
lysis buffer containing protease inhibitors. After centrifugation,
the supernatant was incubated overnight at 4°C with anti-Flag
(1:100, TRANS, HT201-01), anti-HA (1:100, Proteintech,
51064-2-AP) antibodies, and control I1gG (Proteintech,
B900620; Abclonal, AC005). Subsequently, the mixture was
incubated with Dynabeads Protein A/G (BEAVER, 22204-5).
The immunocomplexes were separated by SDS-PAGE and
analyzed by Western blot. The detailed information of
antibodies used in this study can be found in Supplementary


www.zoores.ac.cn

Table S3.

Dual-luciferase reporter assay

HEK293T cells were seeded at a density of 5000 cells per
well in 24-well culture plates. At 36 h post-transfection, the
culture medium was discarded, and 200 uL of cell lysis buffer
wasaddedtoeachwell. Thesampleswerethencentrifugedat12 000
xg for 5 min at 4°C. The supernatant was carefully collected
and transferred to a new brown centrifuge tube, which was
placed on ice for subsequent analysis. In accordance with the
protocol provided by the Dual-Luciferase Reporter Assay Kit
(Beyotime, RG029S), 100 yL of the sample and 100 uL of
firefly luciferase reagent were added to each well, and the
RLU were immediately measured. Subsequently, 100 pL of
Renilla luciferase working solution was added to each well,
and RLU readings were recorded again. The firefly luciferase
RLU value was normalized by dividing it by the Renilla
luciferase RLU value, thus enabling the comparison of
reporter gene activation levels across different experimental
groups.

Database screening for transcription factor binding
targets

The ApoE promoter region (=500 bp, +100 bp) was selected
for study, and potential binding sites of c-Jun within this region
were predicted using several databases and online tools. (1)
JASPAR (https://jaspar.genereg.net/) was utilized, employing
its Position Weight Matrix (PWM) for transcription factor
binding site (TFBS) prediction. The Homo sapiens species
database was selected, and the ApoE promoter sequence
was input with a similarity threshold set to 85%. (2) The
PROMO tool (http://alggen.Isi.upc.es/), based on the
TRANSFAC database, was used to predict binding sites by
inputting the sequence and selecting c-Jun as the target
transcription factor, with the mismatch threshold set to its
default value. 3) The hTFtarget database
(https://bioinfo.life.hust.edu.cn/hTFtarget/) was employed,
utilizing a dataset of partially experimentally validated data to
search for c-Jun's potential regulatory influence on the ApoE
promoter region. The results from the three tools were
compared, and commonly predicted, highly confident binding
regions were selected for further analysis. Specific nucleotide
positions of the binding sites, along with their PWM or
confidence scores, were recorded for subsequent in-depth
exploration.

Electrophoretic Mobility Shift Assay (EMSA)

EMSA was performed to validate the binding of CREBZF and
c-Jun to their target sites. Fluorescent probes, competitor
probes, and mutant probes were synthesized by Tsingke
Biotechnology Co., Ltd. (China), with the primer sequences
provided in Supplementary Table S5. HEK293T cells were
seeded at a density of 5x10° cells per dish in two 60 mm cell
culture plates and transfected with 2 ug of pcDNA3.1-CREBZF
or pcDNA3.1-c-Jun plasmids, respectively. After 48 hours, the
cells were harvested, and nuclear proteins were extracted
using the Nuclear Protein Extraction Kit (Beyotime, P0027)
following the manufacturer's instructions. In the reaction
system, all binding reaction components except for the
fluorescently labeled probe were first mixed and incubated at
room temperature for 10 min. The fluorescently labeled probe
was then added, followed by an additional 20-minute
incubation at room temperature. The reaction mixture was
loaded onto a 6% EMSA PAGE gel and electrophoresed in an

ice bath at 80V for 90 min using 0.5xTBE buffer. Results were
captured using the Cy3 channel and recorded via digital
imaging.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
v.8.0.2 software. The normality of the data distribution was
assessed using the Shapiro-Wilk test. For comparisons
between two groups, a two-tailed t-test was used. For
comparisons involving more than two groups, One-way
ANOVA was performed. Pairwise comparisons of follicle
numbers at different stages of the ovaries were analyzed
using multiple t-tests with appropriate corrections. Two-way
ANOVA was used to compare the activation of different
promoter fragments in response to various transcription factor
combinations. Ovarian follicle count and fertility data were
expressed as the meantstandard deviation (+SD), while all
other data were presented as the meanzstandard error of the
mean (xSEM). Statistical significance was considered when
P<0.05.

RESULTS

CREBZF deficiency induces ovarian pathological changes
and impairs reproductive function

The CREBZF Mfx mice used for ovarian AAV injection
experiments carry LoxP sequences inserted into both alleles,
resulting in a single 166 bp PCR product, whereas the WT
mice show a 132 bp band (Figure 1A). A schematic of the
experimental  workflow is shown in Figure 1B.
Immunofluorescence staining of ovarian tissue revealed that
the Zsgreen fluorescence was present throughout the ovaries
of both groups of mice. CREBZF was widely expressed in the
ovaries of the control group, particularly in the granulosa cells
of atretic follicles and the ovarian stroma, showing stronger
positive staining, which is consistent with previous studies. In
the AAV9-Cre-Zsgreen group, no positive staining for
CREBZF was observed across the ovaries, indicating that Cre
recombinase effectively excised CREBZF in the ovaries of the
CREBZF foxflox mice, confirming the successful generation of
the CREBZF knockout model (Figure 1C).

The criteria for determining the estrous cycle phases based
on H&E-stained smears are shown in Figure 1D. In proestrus,
the cell type was primarily nucleated epithelial cells with few
anucleate epithelial cells; during estrus, almost all cells were
anucleate epithelial cells stained by eosin; in metestrus, white
blood cells began to appear; in diestrus, all three types of cells
were visible, with sparse epithelial cells and the presence of
white blood cells. Mice in the AAV9-Zsgreen group exhibited a
regular estrous cycle with normal 4-5 day intervals, while
those in the AAV9-Cre-Zsgreen group showed irregular
estrous cycles with unregulated repetitions between estrus
and diestrus (Figure 1E). Statistical analysis showed a
significant reduction in the proportion of mice in proestrus after
CREBZF knockout (Figure 1F).

Histological examination revealed that the AAV9-Cre-
Zsgreen group exhibited a significantly increased ovarian/
body weight ratio (Figure 1G). Observations of the ovaries of
knockout mice showed an increased number of atretic follicles
with diameters greater than 200 ym. These follicles were
characterized by oocyte degeneration, nuclear shrinkage, or
the absence of oocytes, with significant granulosa cell
apoptosis, reduced or absent follicular fluid, and abnormal
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Figure 1 Reproductive phenotype of ovarian CREBZF knockout mice

A: PCR identification of the genotype in CREBZF 1x mijce. B: Schematic diagram of the experimental procedure. C: Immunofluorescence
validation of ovarian CREBZF knockout. Scale bar=200 uym. D: H&E staining of smear preparations from different estrous cycle stages. Scale
bar=50 um. (P: Proestrus; E: Estrus; M: Metestrus; D: Diestrus). E: Representative estrous cycle dynamic curves of the mice. F: Proportional
distribution of different estrous cycle stages. G: Statistical analysis of ovarian weight/body weight ratios. H: Representative H&E staining of ovarian
tissue sections. Scale bar=500 um. I: Statistical analysis of follicle distribution at different stages. J: Serum testosterone levels. (T: Testosterone). K:
Serum estradiol levels. (E,: Estradiol). Body weight and percentage of follicles were expressed as mean+SD, and other data were expressed as
mean+SEM. n=4 in each group. The P-values were determined by Student's t-test (for G, J and K) or multiple t-tests (for F and I). : P<0.05,
" P<0.01, ™" P<0.001.
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follicular morphology (Figure 1H). Statistical results indicated
that the proportion of antral follicles in the AAV9-Cre-Zsgreen
group was significantly lower compared to the control group,
while the proportion of atretic follicles was significantly higher.
No significant differences were observed in the proportions of
other follicle stages (Figure 11). CREBZF knockout in the
ovaries impairs both the basic ovarian morphology and
follicular development, with compromised antral follicle
formation.

Hormone assay results showed that serum levels of
testosterone (T) and estradiol (E,) were significantly lower in
the AAV9-Cre-Zsgreen group compared to the control group
(Figure 1J, K), indicating that CREBZF knockout impairs sex
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steroids secretion.

CREBZF knockout in androgen-synthesizing cells
reduces T synthesis in female mice during estrous
without affecting pregnancy preparation

PCR identification of the CREBZF-cKO mouse genome DNA
is shown in Figure 2A. Immunofluorescence analysis of
ovarian tissue sections revealed successful CREBZF
knockout in the theca cell and a subset of ovarian stromal
cells in CREBZF-cKO female mice (Figure 2B), establishing
this animal model for investigating the role of CREBZF in
androgen-synthesizing cells in female mice. Notably,
CREBZF-cKO female mice maintained a complete estrous
cycle, with no significant differences in the duration of each
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Figure 2 Reproductive phenotypes of CREBZF-cKO female mice

A: PCR genotyping of mice with different genotypes. B: Validation of CREBZF knockout in theca cells and stromal cells. Scale bar=50 ym. (Arrow:
Cells with CREBZF knocked out). C: Representative estrous cycle dynamic curves of mice (P: Proestrus; E: Estrus; M: Metestrus; D: Diestrus). D:
Statistical analysis of the proportions of each estrous phase. E: Histological analysis of ovarian sections from representative mice. Scale bar=500
pm. F: Serum testosterone levels in 3-month-old estrous female mice. (T: Testosterone). G. Serum estradiol levels. (E,: Estradiol). Data are
presented as mean+SEM. CREBZF "¥fox group n=5-7, CREBZF-cKO group n=6-7. P-values were determined by Student's t-test (for F and G) or

multiple t-tests (for D). ns: Not significant. : P<0.05.
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phase compared to control mice (Figure 2C, D). Ovarian
morphology during estrus in these mice appeared normal, and
follicular development was unaffected, showing no differences
from same-litter CREBZF "¥"x mice (Figure 2E). Serum T
levels during estrus were significantly reduced in CREBZF-
cKO female mice (Figure 2F), while E, levels remained
unchanged (Figure 2G). These findings indicate that the loss
of CREBZF in androgen-synthesizing cells primarily affects
testosterone secretion. However, CREBZF in Cyp17a1®
ovarian cells do not appear to be a critical factor in regulating
female estrous cycles or follicular development.

Postpartum maternal deficits in CREBZF-cKO females
result in impaired offspring survival

Female CREBZF-cKO mice and control females were housed
with adult male controls for 3 consecutive months (Figure 3A).
Although CREBZF-cKO females were able to conceive and
had normal litter sizes (Figure 3B), there were no significant
differences in the number of litters produced during the 3-
month period (Figure 3C). However, the total number of
surviving offspring in CREBZF-cKO females was significantly
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lower than that in the control group (Figure 3D).

The majority of pup loss in CREBZF-cKO females occurred
within the first 7 days postpartum (Figure 3E). Furthermore,
CREBZF-cKO mothers exhibited poor maternal care and
nursing behavior (Figure 3F). Behavioral tests revealed that in
the PRT, as the postpartum days increased, CREBZF flox/flox
mothers gradually shortened the time to retrieve pups,
showing normal maternal behavior. In contrast, CREBZF-cKO
mothers showed significantly longer retrieval times on PPD1,
PPD3, and PPD7 compared to controls, with several mothers
failing to retrieve pups by PPD7 (Figure 3G).

ELISA results demonstrated that CREBZF-cKO females had
reduced serum CORT levels (Figure 3H), significantly
increased OXT levels (Figure 3l), and no statistical difference
in PRL levels compared to controls (Figure 3J). These findings
indicate that the impaired maternal behavior in CREBZF-cKO
females is closely associated with the abnormal secretion of
corticosterone and oxytocin.

CREBZF regulates steroid synthesis in NCI-H295R cells
and affects T and CORT secretion
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Figure 3 Monitoring of fertility and postpartum maternal behaviors in CREBZF-cKO female mice

A: Mating scheme. B: Litter size. C: Number of litters within 3 months. D: Number of surviving offspring within 3 months. E: Offspring survival curve
at day 7 postpartum. F: Representative postpartum behavior of mother mice. G: Statistical analysis of pup retrieval time. H: Serum corticosterone
levels in mother mice at 24 h postpartum. (CORT: Corticosterone). I: Serum oxytocin levels. (OXT: Oxytocin). J: Serum prolactin levels. (PRL:
Prolactin). Data are presented as mean+SD (B-E) or mean+SEM (G-J). n=5-11 in each group. P-values were determined by Student's f-test (for
B-D and H-J) or multiple t-tests (for E and G). ns: Not significant. ": P<0.05, ™: P<0.01, ™": P<0.001.
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After 48 h of FSK treatment, the expression levels of both long
and short isoforms of CREBZF were significantly increased in
NCI-H295R cells. Concurrently, the expression of key
enzymes involved in steroid hormone synthesis, including the
rate-limiting enzyme StAR, cytochrome P450 enzymes
Cyp11al and Cyp17al, and steroid dehydrogenase
3B-HSD2, was significantly upregulated (Figure 4A, B).
Immunofluorescence analysis showed a marked increase in
CREBZF-positive staining intensity in both the nucleus and
perinuclear cytoplasm following FSK treatment (Figure 4C, D).
Direct addition of the cell-permeable 8-Br-cAMP also elevated

Figure S1), indicating that both receptor-dependent and
independent pathways induce an upregulation of CREBZF
expression in steroidogenesis.

In NCI-H295R cells with CREBZF knockdown (Figure 4E),
the secretion levels of T and CORT were significantly reduced
(Figure 4F, H), while E, levels remained unchanged (Figure
4G).

CREBZF knockdown-induced reduction in T and CORT is
not mediated by the classical steroidogenic pathway
To further explore the mechanism by which CREBZF
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Figure 4 Effect of CREBZF on steroidogenesis in NCI-H295R cells

A: Protein expression of CREBZF and steroidogenic enzymes in NCI-H295R cells stimulated with forskolin for 48 h. B: Western blot grayscale
analysis. C: Immunofluorescence staining of CREBZF in cells after forskolin treatment. Scale bar=20 ym. D: Analysis of CREBZF fluorescence
intensity. E: Validation of CREBZF knockdown. F—H: Concentrations of testosterone (F), estradiol (G), and corticosterone (H) in the cell
supernatants of NCI-H295R cells with CREBZF knockdown after 48-hour forskolin treatment. (T: Testosterone; E,: estradiol; CORT:
Corticosterone); Data are presented as mean+SEM. Each group n23. P-values were determined by Student's t-test. ns: Not significant. : P<0.05,

" P<0.01, ™" P<0.001.
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expression levels of key genes involved in classical steroid
hormone synthesis after CREBZF knockdown and FSK
induction, using gqRT-PCR. The results showed no significant
differences in the expression of Star, Cyp11a1, Cyp17a1,
Cyp11b1, and Cyp11b2 (Supplementary Figure S2A-F).
Interestingly, the expression of Cyp19al mRNA was
significantly increased (Supplementary Figure S2G). These
findings suggest that the reduction in steroids observed upon
CREBZF knockdown is likely not mediated by the classical
intracellular steroidogenic pathway, and further investigation is
needed to uncover the underlying mechanism.

RNA-Seq reveals CREBZF/JUN-ApoE regulate cellular
cholesterol levels involved in steroidogenesis

To investigate the global impact of CREBZF knockdown on
the cellular mRNA expression profile, RNA-Seq was
performed. Principal component analysis (PCA) of the data
showed that the first and second principal components (PC1
and PC2) explained the majority of the variation (18.18% and
15.34%, respectively), with clear separation between the si-
CREBZF and si-NC groups (Figure 5A). Volcano plot analysis
revealed that 32 genes were significantly upregulated and 19
genes were significantly downregulated in the CREBZF
knockdown group, with a strong significance in the differential
expression of these genes (Figure 5B).

GO analysis identified the top 20 significantly enriched
terms, several of which were associated with steroid hormone
metabolism and biosynthesis (Figure 5C). KEGG pathway
analysis highlighted key biological pathways significantly
enriched between the two groups, with several entries related
to ovarian steroidogenesis, cortisol, and mineralocorticoid
biosynthesis, consistent with previous findings (Figure 5D).
DO analysis revealed the potential impact of CREBZF
knockdown across multiple disease contexts, with the highest
enrichment indices pointing to ovarian-related diseases,
suggesting a close association between CREBZF and
conditions such as infertility, ovarian dysfunction, and
polycystic ovary syndrome (Figure 5E).

A clustering heatmap displayed the top ten most
significantly downregulated genes in the si-CREBZF group,
including several important genes involved in cellular
metabolism and signal transduction. The most downregulated
gene was ApoE, a key player in lipid metabolism and steroid
transport. Additionally, JUN, encoding the c-Jun protein, was
also among the downregulated genes. As c-Jun is a b-ZIP
transcription factor like CREBZF, this suggests a potential
tight interaction between the two (Figure 5F). qRT-PCR and
Western blot analysis confirmed the reduced expression of
CREBZF, ApoE, c-Jun, and p-c-Jun at both mRNA
(Figure 5G-I) and protein levels (Figure 5J).
Immunofluorescence staining demonstrated a reduction in
ApoE-positive staining in preantral and antral follicles of
ovaries from CREBZF-deficient mice, with no significant
difference observed in the corpus Iluteum (Figure 5M;
Supplementary Figure S3).

ApoE is essential for cellular cholesterol transport. To
assess whether the decrease in ApoE caused by CREBZF
knockdown  affects cellular cholesterol = metabolism,
intracellular total cholesterol and free cholesterol levels were
measured in both groups. The results showed a significant
reduction in both TC and FC in cells with CREBZF knockdown
(Figure 5K, L).

Subsequently, we overexpressed ApoE in CREBZF-
knockdown cells and stimulated them with FSK (Figure 5N).
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The results showed that replenishment of ApoE in both the
siNC and CREBZF-knockdown groups increased the secretion
of T (Figure 50) and CORT (Figure 5P). Collectively, these
findings suggest that the CREBZF/c-Jun pathway may
regulate cholesterol transport through ApoE, influencing
cellular steroid hormone biosynthesis.

CREBZF/c-Jun heterodimer binds to different sites in the
ApoE promoter to mediate bidirectional regulation
Co-immunoprecipitation (Co-IP) results showed that FLAG-
tagged antibodies were used to immunoprecipitate the cell
lysates (IP-Flag), and c-Jun-HA was detected in the co-
precipitated complex with a molecular weight of approximately
45 kDa by Western blotting (Figure 6A). Reverse
immunoprecipitation (IP-HA) with HA antibodies revealed that
CREBZF-L and CREBZF-S proteins, with molecular weights of
approximately 65 kDa and 35 kDa, respectively, were
detected in the c-Jun-HA immunoprecipitate (Figure 6B). No
non-specific co-precipitation of CREBZF or c-Jun was
observed in the IgG control group. These results confirm the
binding interaction between CREBZF and c-Jun.

To explore the activation of the ApoE promoter by CREBZF
and c-Jun, a reporter plasmid containing the ApoE promoter
region (—2000, +100 bp) was constructed. Dual-luciferase
reporter assays showed no significant difference in the
activation of the ApoE promoter between the CREBZF
overexpression group and the empty vector control. However,
overexpression of c-Jun significantly increased the activation
of the ApoE promoter, approximately five times higher than
the control. Co-transfection of CREBZF and c-Jun resulted in
a ten-fold increase in activation, significantly higher than that
achieved with c-Jun alone (Figure 6C). These results indicate
that c-Jun plays a primary role in regulating ApoE expression,
while CREBZF enhances c-Jun-mediated activation of the
ApoE promoter.

To further investigate the binding sites of CREBZF/c-Jun,
truncated ApoE promoter reporter constructs were generated
(Figure 6D). Regardless of whether c-Jun is expressed alone
or co-expressed with CREBZF, the luciferase activity in the
pGL4.10-ApoE (-2000, +100) group was significantly lower
than that in the pGL4.10-ApoE (-2000, 0) group. This
suggests that the presence of the region from TSS to +100 bp
is unfavorable for the activation effect of CREBZF/c-Jun. In
the pGL4.10-ApoE (-2000, 0) group, co-transfection of
CREBZF and c-Jun resulted in higher luciferase activity than
c-Jun alone. In contrast, in the pGL4.10-ApoE (0, +100)
group, CREBZF inhibited luciferase activity, indicating that
CREBZF exerts opposing effects on ApoE promoter activation
both upstream and downstream of the TSS. Luciferase activity
in different truncated fragments within the —2000 to O bp
region showed no significant differences, indicating that the
specific site for c-Jun binding and transcriptional activation lies
within the =502 bp to 0 bp region. In the pGL4.10-ApoE (-502,
0) group, CREBZF binding enhanced luciferase activity,
suggesting that the CREBZF/c-Jun complex promotes ApoE
expression in this region (Figure 6E).

To predict the potential c-Jun binding sites in the —500 to
+100 bp region of the ApoE promoter, we used the JASPAR,
PROMO, and hTFtarget databases. JASPAR predicted five
potential binding sites, PROMO predicted five, and hTFtarget
identified three binding sites. The intersection of the three
databases identified two novel potential binding sites
(Figure 6F). These sites were located at the 5’ and 3’ ends of
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Figure 5 CREBZF knockdown reduces the expression of (p-)c-Jun and ApoE and decreases intracellular steroid content

A: PCA analysis. B: Volcano plot of differentially expressed genes. C: GO analysis of differentially expressed genes. D: KEGG analysis of

differentially expressed genes. E: DO analysis of differentially expressed genes. F: Top ten downregulated genes. G-I: qRT-PCR detection of
mRNA levels of CREBZF (G), ApoE (H), and c-Jun (I). J: Western blot analysis of CREBZF, c-Jun, p-c-Jun(S63), and ApoE. K: Intracellular
cholesterol content. L: Intracellular free cholesterol content. M: Immunofluorescence staining of ApoE in the antral and preantral follicles of ovarian
CREBZF knockout mice. Scale bar for preantral follicles: 50 ym; Scale bar for antral follicles: 100 um. N: CREBZF knockdown and ApoE
overexpression detected by Western blot. OE: Overexpression. O: Effect of CREBZF knockdown and ApoE restoration on cell testosterone
secretion levels. (T: Testosterone); P: Effect of CREBZF knockdown and ApoE replenishment on cell corticosterone secretion levels. (CORT:
Corticosterone); Data are presented as mean+SEM. Each group n23. P-values were determined by Student's t-test. ns: Not significant. ": P<0.05, ™

P<0.01, ™" P<0.001.
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Figure 6 Molecular mechanism of CREBZF/c-Jun regulation of ApoE expression

A: Western blot detection of IP-Flag complexes. B: Western blot detection of IP-HA complexes. C: Dual-luciferase reporter assay validating the
activation of the ApoE promoter region (-2000, +100 bp) by CREBZF and c-Jun. D: Schematic diagram of different truncated constructs of the

ApoE promoter region for luciferase reporter assays. E: The activation of

different truncated regions of the ApoE promoter by CREBZF and c-Jun.

F: c-Jun binding sites in the ApoE promoter region (=502, +100 bp) identified by JASPAR, RPOMO, and hTFtarget databases. G: Schematic
diagram of mutation luciferase reporter constructs for different binding sites. H: Activation of the ApoE promoter region after mutations at different
binding sites by CREBZF and c-Jun. |I-L: EMSA validation of c-Jun binding to Site1 (I) and Site2 (J), as well as CREBZF binding to Site1 (K) and
Site2 (L). M: Schematic diagram of the mechanism by which CREBZF/c-Jun regulates ApoE expression. Data are presented as mean+SEM. n=3 in
each group. P-values were determined by One-way ANOVA (C) or Two-way ANOVA (E and H). ns: Not significant. : P<0.05, ™: P<0.01, ™

P<0.001.

the TSS and were subsequently mutated (Figure 6G).
Mutation of Site1 significantly suppressed c-Jun-mediated
transcriptional activation of the ApoE promoter in the —502 to
+100 bp region, while mutation of Site2 enhanced c-Jun
activation. No matter which binding site is mutated, the
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CREBZF enhances the
transcriptional activation of c-Jun for ApoE (-502, +100 bp)
(Figure 6H).

EMSA was further employed to confirm the direct binding of
CREBZF and c-Jun to the two predicted sites. The results

presence  of consistently
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demonstrated that both CREBZF and c-Jun bind directly to
Site1 and Site2 (Figure 61-L).

Taken together, CREBZF forms a heterodimer with c-Jun
and binds to different sites in the ApoE gene promoter,
exerting bidirectional regulation of ApoE expression. Binding
of the CREBZF/c-dJun complex to Site1 before the TSS
promotes ApoE transcriptional activation, whereas binding to
Site2 after the TSS results in significant inhibition of ApoE
expression (Figure 6M).

DISCUSSION

The essential role of the ovary in steroid hormone secretion in
female animals is well-established. However, the intricate
mechanisms regulating ovarian steroidogenesis remain
incompletely understood. Research on the function of
CREBZF in female reproductive physiology, especially
regarding ovarian function and steroid hormone synthesis, is
limited, and its precise role remains unclear. To elucidate the
function of CREBZF in the mouse ovary, we employed a Cre-
loxP tissue-specific gene knockout system. Using surgical
techniques, we injected AAV9-Zsgreen/AAV9-Cre-Zsgreen
adenoviral vectors into the ovaries of female CREBZF flox/fiox
mice, establishing a global ovarian CREBZF knockout model.
This model enabled preliminary evaluation of the physiological
significance of CREBZF expression in ovarian tissue. Notably,
AAV9 has demonstrated superior tissue specificity for the
ovary compared to other adenoviruses, thus enhancing the
efficiency and precision of Cre recombinase delivery. This viral
vector system has been widely employed in ovarian disease
mechanism studies (Shi etal.,, 2023; Wang etal., 2023;
Zincarelli et al., 2008).

The deletion of ovarian CREBZF markedly reduced serum T
and E, levels, confirming that CREBZF participates in the
regulation of steroid hormone secretion in female animals.
Interestingly, despite the substantial reduction in serum steroid
hormone levels, the estrous cycle of female knockout mice
was not entirely abolished. Knockout mice exhibited a reduced
proestrus phase and abnormal fluctuations in the estrous
cycle, suggesting that the effects of sex hormones are not
solely dependent on serum concentrations, but also on local
hormone levels and receptor sensitivities in the ovary, uterus,
and other tissues. This phenomenon may be attributable to
the complex feedback regulation of the hypothalamic-pituitary-
gonadal axis. Histological analysis revealed structural
changes in the ovaries of knockout mice. The absence of
CREBZF increased the ovarian-to-body weight ratio and
decreased the proportion of antral follicles, while the number
of follicles larger than 200 um in diameter increased. Previous
studies from our group have demonstrated that CREBZF
overactivation promotes granulosa cell apoptosis via the
ERK1/2 and mTOR signaling pathways (Chen et al., 2018).
This may explain the greater presence of larger follicles in the
knockout mice, although this phenomenon did not lead to
increased estrogen secretion. Instead, it resulted in follicular
atresia of the larger follicles. Ovarian tissue is highly complex,
and steroidogenesis is influenced by multiple cell types,
including theca cells, granulosa cells, and oocytes, and their
interactions (Jones etal.,, 2024). Thus, the whole-ovary
knockout approach may have limitations in fully elucidating the
roles of CREBZF in the ovarian steroidogenesis process, as it
potentially affects multiple cell types and may induce off-target
or indirect effects that confound phenotype interpretation.

The CYP17A1 gene encodes cytochrome P450 170-

hydroxylase/17,20-lyase,  which  catalyzes the 17a-
hydroxylation of pregnenolone or progesterone (P,), leading to
the formation of dehydroepiandrosterone (DHEA) or
androstenedione, respectively. This enzyme plays a crucial
role in steroid hormone synthesis regulation (Yoshimoto &
Auchus, 2015). The Cyp17a1-Cre” mouse model has been
widely used for targeted gene knockout in androgen-
synthesizing cells to study steroidogenesis-related phenotypes
(Bridges et al., 2008; Fu et al., 2024; Ma et al., 2017). In this
study, we crossed Cyp17a1-Cre* mice with CREBZF flox/flox
mice to conditionally knock out CREBZF in the theca cells and
ovarian stromal cells. Comparing the effects of this conditional
knockout with those of the whole-ovary CREBZF knockout
model provided deeper insight into the role of CREBZF in
regulating steroid hormone secretion during the female
reproductive cycle.

Serum T levels during estrus in the CREBZF-cKO females
were reduced as anticipated, consistent with previous findings
in male mice (Lu etal., 2019; Niu etal., 2024). This further
underscores the central role of CREBZF in regulating sex
steroid synthesis, particularly in T synthesis. However, unlike
the whole-ovary CREBZF knockout, no significant decrease in
serum E, levels was observed in the CREBZF-cKO females.
This result may explain the absence of overt estrous cycle and
ovarian histological abnormalities in these mice. According to
the "two-cell, two-gonadotropin" model, E, is primarily
synthesized by granulosa cells in the ovary (Patel etal.,
2009). The knockout of CREBZF specifically in the theca cells
may not disrupt granulosa cell function, or the residual T may
suffice to maintain estradiol synthesis in granulosa cells.
Moreover, E, synthesis and metabolic regulation extend
beyond the ovarian granulosa cells to other tissues such as
the brain, adipose tissue, and liver. T conversion to E, likely
involves complex compensatory endocrine mechanisms
(Pedersen etal.,, 2004; Rettberg etal.,, 2014). In addition,
CREBZF-cKO females exhibited anxiety-like behavior
postpartum, resulting in reduced feeding and pup neglect,
which impaired maternal care. To quantify these observations,
we performed PRT on postpartum females and found that
CREBZF-cKO females had a significantly prolonged pup
retrieval time, which contributed to the decreased survival rate
of their offspring due to impaired maternal care. Maternal
behavior postpartum is primarily influenced by hormones such
as corticosterone, oxytocin, and prolactin (Chasseloup et al.,
2024; Nishi, 2020; Petersson & Uvnas-Moberg, 2024).
Corticosteroids, including cortisol in  humans and
corticosterone in rodents, are critical for HPA axis activation
and play a pivotal role in perinatal environmental effects. The
dynamic balance of corticosterone levels postpartum directly
impacts maternal behavior, as well as offspring survival and
development (Macri etal., 2011). Excessive corticosterone
levels lead to postpartum depression, resulting in depressive-
like behaviors and impaired maternal care. Additionally,
overactivation of the offspring's HPA axis and inhibition of the
BDNF-mTOR pathway affect emotional and cognitive behavior
in adulthood (Xie et al., 2025). However, supplementation with
appropriate corticosterone in maternal drinking water during
lactation can alleviate anxiety, support maternal behavior, and
improve resistance to ischemic neuronal damage, ultimately
enhancing offspring learning ability (Catalani etal., 2011).
Thus, the reduction of corticosterone levels postpartum in
CREBZF-cKO females may directly contribute to their
impaired maternal behavior. In addition, the significant
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elevation of oxytocin levels in the serum of cKO females may
also play a role in the observed maternal behavior deficits.
Since both oxytocin and prolactin are peptide hormones,
rather than steroids, they were not further explored in this
study. Future molecular investigations are required to
elucidate the shared and distinct mechanisms by which
CREBZF regulates the synthesis of various steroids.

The NCI-H295R cell line, derived from adrenal carcinoma,
maintains  steroidogenesis capabilities and has been
extensively used in steroidogenesis and endocrine research
(Rainey etal.,, 2004; Samandari etal., 2007).Due to the
complexity of ovarian theca cells and their variable
steroidogenic  potential, NCI-H295R cells provide an
alternative model, especially since they express high levels of
CYP17A1, mimicking the characteristics of theca cells in
steroidogenesis-related diseases such as PCOS (Liu etal.,
2020; Udhane & Fluck, 2016; Vlieghe etal., 2023). In this
study, we treated NCI-H295R cells with FSK and 8-Br-cAMP
to induce steroidogenesis. Both methods are widely accepted:
FSK activates PI3K/Akt and calcium signaling to increase
intracellular cAMP, while 8-Br-cAMP directly mimics cAMP
activity, stimulating PKA and activating steroidogenic enzymes
(Hirsch et al., 2012; Mangelis et al., 2016; Mikhaylova et al.,
2008). Regardless of the induction method, CREBZF
expression significantly increased, indicating that CREBZF
elevation is closely linked to steroidogenesis, independent of
AT1 receptor activation. Interestingly, CREBZF knockdown
reduced testosterone and corticosterone secretion, while
estradiol levels remained unchanged, consistent with the
findings in CREBZF-cKO mice. gqRT-PCR analysis revealed
no significant changes in steroidogenic enzyme expression,
except for an unexpected increase in CYP19A1 expression,
which converts testosterone to estradiol (Sheng et al., 2024).
This increase in CYP19A1 expression may partially explain
the unchanged E, levels despite reduced T. These results
suggest that CREBZF may regulate steroidogenesis through
non-classical pathways, highlighting the need for broader
gene screening methods, such as transcriptomics.

RNA-Seq analysis revealed a reduction in APOE expression
following CREBZF knockdown. ApoE, a critical apolipoprotein
involved in lipid transport, is primarily synthesized in the liver,
with ovarian and adrenal expression as well (Mahley, 2016;
Martinez-Martinez et al., 2020). Recent studies suggest that
ovarian ApoE plays a role in follicular development, with ApoE
- mice exhibiting disrupted cholesterol metabolism, lipid
accumulation in the ovaries, and reduced E, and P, levels
(Zhang et al., 2014). Under LH stimulation, theca cells rely on
cholesterol-binding lipoproteins for androgen production, and
ApoE facilitates the transport of LDL and VLDL into these cells
(Oria et al., 2020). Moderate ApoE concentrations promote
androgen synthesis, while excessive ApoE inhibits
androstenedione production, underscoring the importance of
ApoE-mediated cholesterol transport in steroidogenesis
(Zerbinatti et al., 2001). Notably, clinical studies have shown
that circulating ApoE-containing lipoprotein is associated with
PCOS phenotypes (Fan etal.,, 2012), and our differential
expression analysis revealed enrichment of PCOS-related
pathways in the CREBZF knockdown transcriptome. These
findings raise the possibility that the CREBZF-ApoE axis may
serve as a potential therapeutic target for PCOS.

b-ZIP transcription factors (TFs) are a class of essential
transcription factors characterized by a basic DNA-binding
domain and a leucine zipper structure. These TFs can form
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homo- or heterodimers, which specifically recognize and bind
to Cis-regulatory elements, thereby modulating the
transcriptional activity of downstream genes (Vinson etal,,
2002). b-ZIP TFs play significant roles in various cellular
processes, including responses to environmental stress,
regulation of cell proliferation, and control of programmed cell
death. They are also pivotal in immune modulation, metabolic
regulation, and cancer development, making them important
targets for the prevention and treatment of several diseases
(Daenthanasanmak et al., 2022; Lambou et al., 2024). c-Jun,
a key member of the b-ZIP family, can interact with other AP-1
family members (e.g., c-Fos, JunB, JunD) to regulate a broad
range of biological processes (Li et al., 2024). Recent studies
have demonstrated that during estrus and induced
superovulation in mice, c-Jun and its family members'
expression increases in an LH-dependent manner in
granulosa cells (Southall et al., 2025). Prenatal exposure to
bisphenol A (BPA) disrupts steroid hormone levels in the
placenta, including P4, E,, and T, by promoting methylation of
the JUN gene (Zhang et al., 2025). Moreover, schisandrin, a
major component of Schisandra chinensis, has been identified
as a potential therapeutic for PCOS, with bioinformatics
analyses indicating that JUN is a key therapeutic target (Dou
et al., 2025). In this study, we observed a significant reduction
in steroid synthesis upon CREBZF knockdown in NCI-H295R
cells, accompanied by a marked decrease in both mRNA and
protein levels of c-Jun. These findings highlight a close link
between c-Jun and steroidogenesis, and we provide novel
evidence that CREBZF may regulate this process by
heterodimerizing with c-Jun through its b-ZIP domain to
control ApoE transcription and cholesterol transport. Previous
research has indicated that high ApoE expression correlates
with poor prognosis in colorectal cancer. In HCT116 and
HCT8 cells, c-Jun activates ApoE transcription, promoting
cancer cell proliferation (He et al., 2023). We observed that c-
Jun activates the transcription of the ApoE gene within the
region from —-2000 bp to +100 bp relative to the TSS.
However, the region from the TSS to +100 bp exerted a
negative regulatory effect on this process. Among the two c-
Jun binding sites we validated, when the CREBZF/c-Jun dimer
binds to Site1 (299, —-286 bp), CREBZF enhances c-Jun-
mediated transcriptional activation of ApoE. In contrast,
binding at the site2(+70, +83 bp) unexpectedly exerted
inhibitory effects. EMSA revealed that, like c-Jun, CREBZF
directly binds the +70 bp to +83 bp fragment, suggesting
potential competitive inhibition between them. Furthermore, as
this site lies downstream of the TSS, CREBZF/c-Jun binding
could impede the effective assembly of RNA polymerase I
and its cofactors. Previous studies have indicated that
CREBZF can recruit histone deacetylases (HDACs) (Cui et al.,
2024; Xie etal., 2009b), and this deacetylation may reduce
the binding of other transcription factors at this site. However,
it remains unclear whether the interaction between CREBZF
and c-Jun is limited to b-ZIP domain dimerization, or if other
proteins serve as intermediaries in this process. Additionally,
while this study focused on the full-length CREBZF isoform, it
would be valuable to investigate whether the short isoform
(CREBZF-S), produced via alternative translation initiation,
plays a similar role in this interaction. Moreover, the
preference of CREBZF/c-Jun for specific ApoE gene binding
sites under different physiological conditions remains unknown
and warrants further investigation using advanced techniques.
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Although we used the Cyp17a1-Cre* model to achieve
targeted deletion, its cell-type specificity is not absolute, and
potential off-target effects or incomplete coverage of relevant
ovarian cell populations cannot be entirely ruled out.
Nonetheless, these findings offer valuable insights into
CREBZF's role in female steroidogenesis and ApoE
dysfunction regulation in metabolic diseases, with potential
applications in gene therapies for reproductive disorders, lipid
metabolism abnormalities, atherosclerosis, and cognitive
dysfunction.

In summary, CREBZF/c-Jun dimerization regulates the
ApoE gene promoter region, exerting bidirectional control. By
influencing ApoE-mediated cellular cholesterol transport,
CREBZF/c-Jun indirectly modulate steroid hormone synthesis,
which is essential for maintaining reproductive physiological
functions in female.
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