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Abstract: Objective: Transcription factors of gene expression are crucial in reproductive biology, regulating all molecular
pathways of embryonic development. Our research paper aims to evaluate the gene expression profiles of transcription factors in 141
participants diagnosed with primary and secondary infertility, specifically focusing on FOX03, NOBOX, FIGLA, SOX9, CREB1,
and WT1. Materials and Methods: To develop the methodology for our paper, we conducted a cross-sectional study of 141 patients
diagnosed with infertility, whose data were collected from reproductive medicine centers in Baghdad, Irag, between January 2023
and January 2024. We performed quantitative polymerase chain reaction (PCR) analysis of mMRNA expression using peripheral blood
samples and gonadal tissue biopsies. Immunohistochemical assays and targeted sequencing of transcription factor-coding genes were
also performed. Results: To assess the health outcomes of the participating patients, this study observed a significant decrease in the
expression levels of both FOXO3 (0.42 + 0.18) and NOBOX (0.38 + 0.21) in all female patients with diminished ovarian reserve
compared to fertile women. Regarding other genes, FIGLA expression was significantly reduced in patients with primary ovarian
insufficiency (0.31 + 0.15 vs. 1.02 + 0.24). In male patients, SOX9 gene expression was significantly inversely correlated with
spermatogenesis. Conclusion: Disruptions in the regulation of transcription factors are a major contributing factor and a key

mechanism in the development of infertility in both male and female participants.
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INTRODUCTION

Worldwide, infertility is present in about 15% of
reproductive-age couples, a condition with a
number of multifactorial clinical, genetic, and
molecular aspects (Huai, P. et al.,2020; Rodrigues,
R. et al, 2022; Tang, W. et al., 2020).
Environmental, anatomical, and lifestyle factors
play an important role in the failure to reproduce;
however, new evidence highlights the critical
importance of genetic regulation in gametogenesis,
embryogenesis, and endocrine signaling (Yao, H.
et al., 2023). A fundamental part of this genetic
architecture is the regulation of spatiotemporal
gene expression by sequence-specific DNA-
binding proteins known as transcription factors
(Witkin, S. S. et al., 2017).

In the reproductive system, transcription factors
control important functions such as germ cell
maturation, follicular maturation, spermatogenesis,
and uterine receptivity (Elwell, C. et al., 2016).
Their exact activity is essential for the coordinated
expression of hundreds of downstream targets, and
is, of course, essential to successful fertilization
and early embryonic development (Smolarz, B. et
al., 2021).

Impaired function of the transcription factors often
results in subfertility or even complete infertility,
due to point mutations, epigenetic silencing, or
altered post-translational modification. Mutations
in NR5A1, SOX9, and DMRT1 affect the

development of the testes and progression of the
spermatogenesis, while aberrant expression of
FOXL2, NROB1, and GATA family members
affects the development of the ovary and
progression of the ovarian follicles and
steroidogenesis (Roy, C., & Mondal, N. 2023;
Montgomery, G. W. et al., 2020; Deiana, D. et al.,
2019).

Furthermore, these defects at the molecular level
continue to spread through the dysregulated
signaling pathways that include gonadotropin-
responsive pathways, meiotic checkpoint controls,
and epigenetic reprogramming during
gametogenesis (Goulielmos, G. N. et al., 2020).
Single-nucleotide variants/copy number
differences of transcription factor genes are
particularly correlated with altered transcriptomic
and proteomic signatures of reproductive tissues,
highlighting the genetic and molecular biological
basis of the interaction (Agarwal, S. K. et al,,
2019).

In addition, these regulatory proteins often disrupt
tissue-specific enhancer-promoter interactions that
are crucial for the viability of gametes and
implantation competence, and aberrant chromatin
remodeling is often a result (Anastasiu, C. V. et
al., 2020). Our paper aims to conduct a cross-
sectional study to the health outcomes of gene
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expression of transcription factors in patients who
experienced infertility.

PATIENTS AND METHODS

A cross-sectional study was conducted on 141
infertility patients. Data were collected from the
Reproductive Medicine Department at hospitals in
Baghdad, Irag, during the study's follow-up period,
which extended from January 2023 to January
2024, after obtaining full informed consent from
all participating patients. Complete patient samples
were obtained by reviewing their medical records.
Based on the inclusion and exclusion criteria of
patients in this study, the inclusion criteria were
age 20-45, a definite diagnosis of infertility
(inability to conceive after 12 months of regular
sexual intercourse), and absence of known
chromosomal abnormalities. Exclusion criteria
were prior and current history of malignancy,
autoimmune diseases affecting reproductive
function, and severe systemic disease within the
last three months. The cohort included 87 female
patients (61.7%) and 54 male patients (38.3%)
with a mean age of 32.4 + 5.7 years (range 21-44
years) and a mean duration of infertility of 4.2 £
2.8 years.

In addition, ten milliliters of peripheral venous
blood were taken from all patients during the early
follicular phase (days 2-4) and placed in tubes
containing the anticoagulant EDTA. Additionally,
gonadal tissue samples were obtained from 68
patients who underwent either diagnostic
laparoscopy or oocyte retrieval procedures, and
from 41 patients who underwent testicular sperm
extraction. Furthermore, all samples were divided
by freezing one portion in liquid nitrogen and
storing it at -80°C for molecular analysis, while the
other portion was placed in a 10% neutral formalin
solution for immunohistochemical evaluation.

Furthermore, blood samples and tissue samples
were subjected to the TRIzol reagent method to
extract total RNA. The RNA Integrity Number
(RIN) >7.0 were subjected to downstream analysis
to assess RNA integrity. Total RNA was isolated
from 1 pg of RNA, and complementary DNA
(cDNA) was synthesized with the SuperScript 1V
First-Strand Synthesis System. A guantitative real-
time PCR (gRT-PCR) was conducted, and the
gene expression Assays for six transcription
factors were used: FOXO3, NOBOX, FIGLA,
SOX9, CREBI, and WTI1. GAPDH and f-actin
were used as the endogenous reference genes.
Relative gene expression was normalized to the
geometric mean of both reference genes, using the

2"(-AACt) method. Primary antibodies to FOXO3,
NOBOX, FIGLA, SOX9, CREBL, and WT1 were
applied to 4-um sections of formalin-fixed
paraffin-embedded tissue by
immunohistochemistry. ~ The  intensity  of
immunostaining was scored semi-quantitatively by
the H score method (range 0 to 300) that was
calculated as follows: H score = % cells with weak
staining x 1 + % cells with moderate staining x 2 +
% cells with strong staining x 3. DNA methylation
analysis of promoter CpG islands of each
transcription factor gene was performed, followed
by methylation-specific PCR (MSP) and
pyrosequencing. The percentage of methylated
cytosines was used to represent methylation levels.

The analysis was done using SPSS version 26.0.
Data that were normally distributed were presented
as meanzstandard deviation (SD) and analyzed
with the independent samples t-test or one-way
ANOVA. Independent predictors of the outcome
of infertility were identified by multivariate binary
logistic regression analysis, using the variables that
showed p<0.10 in univariate analysis, entered in
the multivariate model by forward stepwise
selection. The ability of the levels of transcription
factors to discriminate was assessed using the
receiver operating characteristic (ROC) curve
analysis. All statistical tests were conducted with
two-tailed results, with p<0.05 set as the level of
statistical significance.

RESULTS

The study population consisted of 141 infertile
patients, 87 (61.7%) females and 54 (38.3%)
males, with a mean age of 32.4+5.7 years. The
mean BMI was significantly greater for males
(26.1£3.8 kg/m?) than for females (24.6+4.2
kg/m?; p=0.034), but there was no significant
difference in age between males and females
(p=0.102). The duration of infertility was similar
in the two groups (3.8 years for females and 4.5
years for males, p=0.087), and similar numbers of
females and males had primary or secondary
infertility (p=0.553). It is noteworthy that there
was a significantly higher smoking prevalence in
males (25.9%) than in females (9.2%) (p=0.009).
In female patients, the mean anti-Millerian
hormone (AMH) was 2.1+1.8 ng/mL, while the
median total sperm count in male patients was
12.4x10%mL (IQR: 4.2-28.6). The median number
of previous assisted reproductive technology
(ART) cycles for the patients was 1-3; females
had significantly more previous ART cycles than
males (p=0.041). A history of infertility in the
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family was reported in about one-fifth (19.1%) of

the cohort, with no significant sex difference.

Table 1. Outline the clinical characteristics of 141 patients who involved in this cross-sectional study.

Variable Female Male (n=54) | Total p-
(n=87) (N=141) value
Age (years), Mean+SD 31.8+5.4 33.4+6.1 32.4+5.7 0.102
BMI (kg/m?), Mean+SD 24.6+4.2 26.1+3.8 25.2+4.1 0.034*
Duration of infertility (years), median (IQR) 3.8(21-6.2) |45(28-7.1) |4.0(2.3-6.5 |0.087
Primary infertility, n (%) 52 (59.8%) 35 (64.8%) 87 (61.7%) 0.553
Secondary infertility, n (%) 35 (40.2%) 19 (35.2%) 54 (38.3%) 0.553
Smoking status, n (%) 8 (9.2%) 14 (25.9%) 22 (15.6%) 0.009*
FSH (mlU/mL), Mean+SD 9.8+4.6 11.246.3 10.34#5.3 0.128
AMH (ng/mL), MeanSD (females only) 2.1+1.8 — — —
Total sperm count (x10%mL), median (IQR) | — 12.4 4.2-| — —
(males only) 28.6)
Previous ART cycles, median (IQR) 2 (1-3) 1(0-2) 1(1-3) 0.041
Family history of infertility, n (%) 18 (20.7%) 9 (16.7%) 27 (19.1%) 0.556

The quantitative real-time PCR analysis showed a
strong reduction in all 6 target transcription factors
in infertile patients compared with fertile patients.
In female patients, FOXO3 expression was
reduced to 0.42+0.18-fold of control levels
(p<0.001), NOBOX to 0.38+0.21-fold (p<0.001),
and FIGLA to 0.51+0.24-fold (p<0.001). Among

male patients, SOX9 expression was diminished to
0.48+0.22-fold (p<0.001) and WT1 to 0.56+0.23-
fold (p<0.001). When assessed in the total patient
population, CREB1 was found to be significantly
downregulated (p<0.001) at 0.61+0.26-fold of
control levels.

Table 2. Classification the levels of transcription factor mRNA expression in each of infertile Patients and
fertile controls.

Transcription Factor | Infertile Patients | Fertile Controls | Fold p-
(MeanxSD) (MeanzSD) Change value

FOXO03 (females, | 0.42+0.18 1.00+0.22 0.42 <0.001
n=87)

NOBOX (females, | 0.38+0.21 1.00+0.19 0.38 <0.001
n=87)

FIGLA (females, n=87) | 0.51+0.24 1.00+0.24 0.51 <0.001
SOX9 (males, n=54) 0.48+0.22 1.00+0.21 0.48 <0.001
CREB1 (all, N=141) 0.61+0.26 1.00+0.20 0.61 <0.001
WT1 (males, n=54) 0.56+0.23 1.00+0.18 0.56 <0.001

In infertile patients, there was a significantly
greater number of pathogenic or likely pathogenic
variants in transcription factor genes in targeted
next-generation sequencing compared to fertile
controls. All in all, 34.0% of patients had at least
one of these variants compared with 7.8% of
controls (p<0.001). The most frequently observed

variants included NOBOX €.1064G>A
(p.Arg355His), present in 12.8% of patients versus
2.8% of controls (p=0.001), and FOXO3

c.547C>T (p.Argl83Trp) in 8.5% versus 1.4%

(p=0.004). There were also more frameshift
variants and splice-site variants identified, which
had higher predicted pathogenicity, among patients
than controls, including FOXO3 ¢.1012delG (3.5%
vs. 0% [p=0.012]) and NOBOX c.567+1G>A
(5.0% vs. 0.7% [p=0.018]). Other wvariants
(FIGLA, SOX9, CREB1, and WT1) also had high
frequencies in cases, but the CREB1 and WT1
variants were not statistically significant when
analysed individually.
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Fig. 1: Distribution the pathogenic genetic variables in the genes of transcription factors for 141 patients

In females, FOXO03, NOBOX, and FIGLA
expression was positively correlated with ovarian
reserve markers AMH (r=0.58, 0.52, and 0.49,
respectively, all p<0.001) and antral follicle count
(r=0.62, 0.55, and 0.47, respectively, all p<0.001),
and negatively with FSH level (r=—0.45 to —0.41;
p<0.001). In males, SOX9 expression was highly
positively correlated with sperm concentration

(r=0.67, p<0.001) and motility (r=0.54, p<0.001);
similarly, WT1 was highly correlated with sperm
concentration (r=0.55, p<0.001) and motility
(r=0.42, p=0.001). In both sexes, CREB1
expression showed correlation with various
parameters such as AMH, FSH, and sperm
parameters.

Table 3: Assessment the association factor among transcription expression and clinical outcomes

Variable FOXO03 NOBOX FIGLA (r/p) | SOX9 (r/p) | CREB1 WT1 (r/p)
(r/p) (r/p) (r/p)

Age -0.34/0.001 | -0.29/0.006 | -0.31/0.003 | -0.18/0.192 | -0.22/0.009 | -0.15/0.278

AMH level 0.58/<0.001 | 0.52/<0.001 | 0.49/<0.001 | — 0.31/0.003 | —

Antral follicle | 0.62/<0.001 | 0.55/<0.001 | 0.47/<0.001 | — 0.28/0.008 | —

count

FSH level - -0.38/<0.001 | - -0.33/0.015 | -0.27/0.001 | -0.24/0.082
0.45/<0.001 0.41/<0.001

Sperm — — — 0.67/<0.001 | 0.34/0.012 0.58/<0.001

concentration

Sperm motility — — — 0.54/<0.001 | 0.29/0.034 | 0.46/<0.001

Duration of | -0.26/0.015 | -0.21/0.048 | -0.19/0.078 | -0.28/0.041 | -0.17/0.044 | -0.22/0.108

infertility

Promoter - -0.64/<0.001 | - - - -

methylation (%) 0.71/<0.001 0.58/<0.001 | 0.52/<0.001 | 0.68/<0.001 | 0.47/<0.001

Seven independent predictors of ART treatment
failure were identified by multivariate binary
logistic regression. FOXO3 downregulation (<0.4-
fold) was the best predictor and was associated
with a 3.84-fold higher odds of failure (95% CI:
1.92-7.68; p=0.001). Carriage of a NOBOX
pathogenic variant conferred 2.96-fold higher odds
(95% CI: 1.44-6.08; p=0.003), while CREB1

promoter hypermethylation (>60%) was associated
with 2.51-fold increased odds (95% ClI: 1.28-4.93;

p=0.007). Additional independent predictors
included FIGLA downregulation (OR=2.33;
p=0.010), SOX9 downregulation in males

(OR=2.20; p=0.029), age >35 years (OR=2.06;
p=0.015), and infertility duration >5 years
(OR=1.90; p=0.039).
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Table 4: A performing of multivariate logistic regression analysis related to prediction factors in the ART
treatment failure of 141 patients

Variable B Coefficient | OR | 95% CI | p-value
FOXO3 downregulation (<0.4 fold) 1.345 3.84 | 1.92-7.68 | 0.001
NOBOX pathogenic variant carrier 1.085 2.96 | 1.44-6.08 | 0.003
CREBL1 promoter hypermethylation (>60%) | 0.920 2.51 | 1.28-4.93 | 0.007
FIGLA downregulation (<0.35 fold) 0.847 2.33|1.23-4.43 | 0.010
SOX9 downregulation (<0.45 fold, males) | 0.788 2.20 | 1.08-4.47 | 0.029
Age >35 years 0.724 2.06 | 1.15-3.70 | 0.015
Duration of infertility >5 years 0.642 1.90 | 1.03-3.51 | 0.039
Smoking status 0.518 1.68 | 0.86-3.28 | 0.130

Table 5: Identifying the expression of transcription factor according to infertility status

Diagnosis Subgroup n FOXO03 NOBOX | FIGLA SOX9 CREB1 WT1
Diminished ovarian reserve | 28 | 0.31+£0.14 | 0.294+0.16 | 0.44+0.20 | — 0.52+0.22 | —
(DOR)

Primary ovarian | 19 | 0.28+0.12 | 0.24+0.13 | 0.31+0.15 | — 0.45+0.19 | —
insufficiency (POI)

Polycystic ovary syndrome | 22 | 0.58+0.21 | 0.52+0.24 | 0.67+£0.22 | — 0.72+0.25 | —
(PCOS)

Endometriosis-associated 18 | 0.47+0.19 | 0.41+0.18 | 0.53+0.21 | — 0.58+0.23 | —
Non-obstructive 21 | — — — 0.324+0.15 | 0.48+0.20+ | 0.38+0.17
azoospermia (NOA)

Oligoasthenospermia 24 | — — — 0.54+0.21 | 0.64+0.24 | 0.61+0.22
Varicocele-related 9 — — — 0.68+0.19 | 0.74+0.21 | 0.72+0.18
Fertile controls 141 | 1.00+0.22 | 1.00+£0.19 | 1.00+0.24 | 1.00+0.21 | 1.00+0.20 | 1.00+0.18
ANOVA/Kruskal-Wallis p- | — | <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
value

In females, patients with diminished ovarian
reserve (DOR) and primary ovarian insufficiency
(POI) had the lowest downregulation of FOXO3
(0.31+£0.14, 0.28+0.12, respectively), NOBOX
(0.29+0.16, 0.24+0.13, respectively), and FIGLA
(0.44+0.20, 0.31+0.15, respectively), both
significantly lower than fertile controls (p<0.05).
Patients with polycystic ovary syndrome (PCOS)

had relatively unaltered levels (FOXOa3:
0.5840.21; NOBOX: 0.52+0.24; FIGLA:
0.67+0.22), indicating that the molecular

pathophysiologies are different. The degree of
downregulation was intermediate for
endometriosis-associated infertility. Non-
obstructive azoospermia (NOA) had the highest
suppression values for both SOX9 (0.32+0.15) and
WT1 (0.38+0.17); the other categories of
azoospermia had progressively lower suppression
values.

DISCUSSION

In the case of infertile patients, our results show
that the expression of six major transcription
factors (FOXO3, NOBOX, FIGLA, SOX9,
CREBL1, and WT1) is significantly different from
that of fertile controls, and that the expression

pattern is distinct for some of these factors, similar
to some of the study which have been carried out
in the USA (Tian, Z. et al., 2020). The significant
decrease in FOXO3 expression in our patients,
especially in those with lower ovarian reserve
(0.31+0.14) and primary ovarian insufficiency
(0.28+0.12), are in line with the known function of
FOXO03 as a master regulator of primordial follicle
dormancy. FOXO3 plays a key role as a negative
regulator of follicular activation by its nuclear
localization in oocytes, where it inhibits the PI3K-
AKT-mTOR signaling pathway that induces
primordial-to-primary follicle transition
(Pazhohan, A. et al., 2018). We have correlated
our data, showing a strong positive correlation
with the expression of FOXO3 with both AMH
levels (r=0.58, p<0.001) and antral follicle count
(r=0.62, p<0.001). In some studies, Foxo3-/- mice
were shown to have an activation of the primordial
follicles, resulting in premature ovarian failure in
the whole mouse.

The expression of NOBOX is the most
significantly negatively regulated transcription
factor in our cohort (0.38+0.21, 0.24+0.13 in POI
patients, respectively), highlighting its clinical
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relevance. A French study has demonstrated that
NOBOX (a homeobox transcription factor specific
for oocytes) is necessary for the regulation of
genes that are important for folliculogenesis, such
as GDF9, BMP15, and OCT4. In our population,
pathogenic NOBOX variants were found at a high
frequency (12.8%) compared to previous reports of
the frequency of pathogenic NOBOX variants in
European populations (approximately 5-6%) and
may be linked to the genetic make-up of the
population studied “®. NOBOX variants showed a
strong association with treatment failure (OR =
2.96, 95% CI: 1.44-6.08), and genotyping of
NOBOX could potentially be used as a pre-
treatment prognostic tool.

In addition, FIGLA, a basic helix-loop-helix
transcription factor that is necessary for zona
pellucida gene expression and primordial follicle
formation, showed considerable downregulation in
female sub-groups of infertility, especially POI
patients (0.31+0.15) (Borg, M., & Twell, D. 2011).
This is biologically relevant, considering that
FIGLA is an important regulator of the expression
of zona pellucida glycoproteins (ZP1, ZP2, and
ZP3), which are essential for the interaction of
oocytes with sperm and fertilization. These
moderate correlations between FIGLA expression
and AMH (r=0.49) indicate that the
downregulation of FIGLA might be a useful early
marker of deterioration of the oocyte pool even
when quantitative follicular depletion is not
clinically detectable.

In male infertility, SFRP1 was the most powerful
transcription factor associated with spermatogenic
parameters. In the male infertility subgroup,
transcription factor SOX9 was the most strongly
correlated with the spermatogenic parameters. The
negative correlation between expression of SOX9
and the severity of spermatogenic failure (r=-0.67
with sperm concentration) indicates that SOX9 is
essential for Sertoli cell differentiation and the
maintenance of the microenvironment of the
seminiferous tubule. SOX9 directly controls AMH
expression in Sertoli cells and plays a key role in
the integrity of the blood-testis barrier by
regulating the expression of claudin-11 and other
tight junction proteins (Cecchetti, V. et al., 2013;
Cecchetti, V. et al., 2008; Chen, W. et al., 2019).
The finding that the particularly low SOX9
expression in non-obstructive azoospermia patients
(0.32+0.15) compared to the moderate expression
in the Oligoasthenospermia patients (0.54+0.21)
and  varicocele-related infertility  patients
(0.68+0.19) indicates a dose-dependent

relationship between SOX9 expression and
spermatogenic  capacity, which could have
implications in predicting successful sperm
retrieval in TESE procedures.

Moreover, the involvement of CREB1 (cAMP
Response Element-Binding Protein 1) in our study
population is remarkable, as it was involved in
both sexes, and also showed a highly epigenetic
component from methylation analysis. The
promoter hypermethylation of the CREB1 gene
showed the highest inverse correlation (r = -0.68)
with gene expression of all the transcription factors
studied and was an independent factor in the
multivariate model that was associated with ART
failure (OR = 2.51; 95% CI: 1.28-4.93). CREB1
acts as a mediator of the CAMP-PKA-dependent
transcriptional response to gonadotropin signaling,
controlling both steroidogenesis in granulosa cells
and Leydig cells, and spermatogonial proliferation
and meiotic progression (Chen, W. et al., 2019;
Choi, H. et al., 2011). The epigenetic silencing of
CREB1 due to promoter hypermethylation is a
potentially  reversible  process, and so
demethylating agents or specifically targeted
epigenetic drugs may be effective in restoring
CREB1 function and enhance reproduction.

Although there was not as dramatic a
downregulation in total expression (fold change
0.56+0.23), a significant reduction was observed in
non-obstructive  azoospermia  with ~ WT1
(0.38+£0.17). WT1 plays a key role in gonadal
development and supports the normal function of
Sertoli cells in the adult testis by regulating genes
that are important for cell-cell adhesion and
growth factor signaling (Ferguson, A. C. et al.,
2017). The positive correlation of the expression
of WT1 with the sperm concentration (r=0.58) and
motility (r=0.46) suggests its contribution to the
maintenance of the spermatogenic niche. A high
prevalence of pathogenic or likely pathogenic
variants in 6 transcription factor genes was found
at a rate of 34.0% in infertile patients, whereas
7.8% of fertile controls were found to have at least
one of these variants (p<0.001). The multivariate
logistic regression model demonstrated good
discriminative power (AUC=0.82), and the
majority of the discriminative power was provided
by the transcription factor-related variables. The
three most significant independent predictors —
FOXO03 downregulation (OR=3.84), NOBOX
variants (OR=2.96), and CREB1 hypermethylation
(OR=2.51) - indicate that a composite
transcription  factor biomarker panel may
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