BIOCELL

K Tech Science Press

2024 48(12): 1805-1813

ARTICLE

Epigenetic regulation of ABCG2 promoter

adolescents with hyperuricemia

XueriING HUANG!; CHaojiE XU?; CHEN LI®*; ZHixiaN PAN*

! Department of Nephrology and Rheumatology, Yantian District People’s Hospital, Shenzhen, 518000, China
2 Department of Urology, the Fifth Affiliated Hospital of Zhengzhou University, Zhengzhou, 450000, China
? Department of Biology, Chemistry, Pharmacy, Free University of Berlin, Berlin, 14195, Germany

Key words: Hyperuricemia, ABCG2, Methylation, CRISPR/dCas9-TET1

Abstract: Background: Hyperuricemia is a metabolic disorder which is characterized by increased serum uric acid levels,
which can contribute to serious health issues such as gout, cardiovascular disease, and kidney damage. Epigenetic
modifications, for example, DNA methylation, exert a crucial function in gene regulation and have been implicated in
various metabolic disorders. The ATP-Binding Cassette Subfamily G Member 2 (ABCG2) gene is involved in uric
acid excretion, and its expression can be influenced by methylation of its promoter region. Methods: This study
involved the design of three guide RNA (gRNA) sequences targeting specific CpG sites within the ABCG2 promoter
region. Using the Clustered Regularly Interspaced Short Palindromic Repeats/dead Cas9-Ten-Eleven Translocation 1
(CRISPR/dCas9-TET1) system, these gRNAs were employed to guide targeted demethylation of the ABCG2 promoter
in cell models. A non-targeting gRNA served as a negative control. The methylation status of the ABCG2 promoter
and its effect on gene expression were assessed using bisulfite sequencing and qRT-PCR. Results: Among the gRNAs
tested, gRNA2 and gRNA3 effectively guided the dCas9-TET1 complex to the ABCG2 promoter, resulting in
significant demethylation. gRNA2 showed the most pronounced effect, leading to a substantial increase in ABCG2
expression. Clinical data analysis revealed that adolescents with hyperuricemia had higher uric acid levels compared
to healthy controls, and a higher proportion of the hyperuricemia group reported a high-protein diet, suggesting a
link between diet and ABCG2 methylation. Conclusion: The findings demonstrate that targeted demethylation of the
ABCG2 promoter can significantly upregulate its expression, which may help modulate uric acid levels. These results
indicate that dietary factors, such as a high-protein diet, could influence ABCG2 methylation and thus impact
hyperuricemia. Advanced research is necessary to explore the therapeutic potential of aiming at epigenetic
modifications for the treatment of hyperuricemia.
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Abbreviation FPG Fasting Plasma Glucose
ABCG2 ATP-Binding Cassette Subfamily G Member 2 TC Total Cholesterol
CRISPR/ TG Triglycerides
dCas9-TET1 Clustered Regularly Interspaced Short DMEM Dulbecco’s Modified Eagle Medium
Palindromic Repeats/dead Cas9-Ten-Eleven FBS Fetal Bovine Serum
Translocation 1 ELISA Enzyme-Linked Immunosorbent Assay
gRNA guide RNA SD Standard Deviation
RRBS Reduced Representation Bisulfite Sequencing  gpgs Statistical Package for the Social Sciences
ALT Alanine Aminotransferase E2F1 E2F Transcription Factor 1
AST Aspartate Aminotransferase DNMT3A  DNA Methyltransferase 3 Alpha
Cr Creatinine ACTB Actin Beta
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Hyperuricemia is a metabolic disorder characterized by
increased levels of uric acid in the blood, resulting from
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abnormalities in purine metabolism [1]. This condition is
increasingly being recognized as a significant health concern
due to its association with severe complications such as
cardiovascular, cerebrovascular, and renal diseases [2].
These comorbidities substantially contribute to morbidity
and mortality, highlighting the urgency of addressing
hyperuricemia’s underlying mechanisms and potential
interventions [3]. Epidemiological studies have shown that
the prevalence of hyperuricemia in mainland China is
approximately 13.3%. Alarmingly, this condition is
becoming more prevalent among adolescents aged 10 to 18
years [4,5]. This rising trend in adolescent hyperuricemia
warrants comprehensive research to understand its
pathogenesis and relationship with environmental and
lifestyle elements such as smoking, alcohol consumption,
high-protein diets, and obesity, which have all been linked
to the development of hyperuricemia [6].

The ATP-binding cassette subfamily G member 2
(ABCG2) gene has emerged as a critical player in uric acid
transport. Identified through multiple genome-wide
association studies (GWAS) as a gene significantly
associated with wuric acid levels, ABCG2 is primarily
expressed on the apical membrane of proximal tubule cells
in the Kkidneys, facilitating wuric acid excretion [7].
Dysfunction or reduced expression of ABCG2 has been
linked to the decrease of uric acid clearance, leading to high
serum uric acid levels and the subsequent development of
hyperuricemia and gout [8]. Therefore, understanding the
regulation of ABCG2 expression and function is vital for
developing therapeutic strategies for hyperuricemia.

A crucial role in regulating gene expression is played by
DNA methylation without altering the fundamental DNA
sequence [9]. This modification consists of increasing a
methyl group to the cytosine base within CpG
dinucleotides, which often results in transcriptional
repression [10]. Methylation predominantly occurs in CpG
islands, which are regions rich in CG dinucleotides located
near gene promoters. Approximately 60% of human genes
have CpG islands in their promoters, and methylation in
these regions can significantly influence gene expression
[11]. In the context of disease, aberrant DNA methylation
patterns have been identified as crucial factors in the
pathogenic mechanism of various conditions, including
cancers, diabetes, and hypertension [12]. Given the critical
role of DNA methylation in gene regulation, we selected
specific CpG sites within the ABCG2 promoter region for
analysis. These sites were chosen because they are located
near known transcription factor binding sites, and earlier
studies have indicated that the methylation status of these
sites is closely associated with the regulation of ABCG2
gene expression [13]. According to these specific sites,
we aim to uncover how changes in methylation affect
ABCG2 expression and function, particularly in the
pathophysiology of hyperuricemia. Recently, advancements
in CRISPR/Cas9 technology have made precise epigenetic
modifications possible, offering a novel approach to
studying disease mechanisms and developing therapeutic
strategies [14].

This study aims to explore the methylation levels of the
ABCG?2 promoter in adolescents with hyperuricemia and to
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illustrate the relationship between ABCG2 promoter
methylation and uric acid levels. We hypothesize that
hypermethylation of the ABCG2 promoter in adolescents
with hyperuricemia leads to reduced expression of the
ABCG?2 transporter, resulting in impaired excretion of uric
acid and an elevated level of serum uric acid. This research
will utilize reduced representation bisulfite sequencing
(RRBS) to assess methylation at specific CpG sites within the
ABCG2 promoter and correlate these methylation patterns
with clinical data. To test this hypothesis, we will collect
whole blood samples from adolescents with hyperuricemia.
The CRISPR/dCas9 system, specifically the dead Cas9
(dCas9) variant fused with TET1, a ten-eleven translocation
methylcytosine dioxygenase, was used to target and modify
methylation at specific sites within the ABCG2 promoter.
This approach will enable us to assess the functional
consequences of altered methylation on ABCG2 expression
and uric acid levels in cell models of hyperuricemia. The
expression levels of ABCG2 following methylation
modification will be analyzed using quantitative real-time
PCR (RT-qPCR), and uric acid levels will be measured using
specific assay kits. Bioinformatics tools will predict potential
interactions involving ABCG2, thereby exploring the broader
impact of ABCG2 methylation on cellular function.

Via investigating the epigenetic regulation of ABCG2 in
adolescents with hyperuricemia, this study aims to provide
new insights into the mechanisms driving this condition
and to determine potential biomarkers for early diagnosis
and targets for therapeutic intervention. Our findings could
pave the way for novel strategies to prevent and treat
hyperuricemia in the pediatric population, ultimately
improving health outcomes and quality of life for affected
individuals.

Materials and Methods

Sample collection and DNA extraction

We obtained whole blood samples from two groups: 35
healthy adolescents and 35 adolescents diagnosed with
hyperuricemia. The subjects were selected depending on
strict inclusion and exclusion criteria to ensure homogeneity
within the groups. All participants were aged between 10 to
18 years, consistent with the World Health Organization’s
definition of adolescence. The research was performed in
line with ethical guidelines and approved by the Ethics
Committee of Yantian District People’s Hospital with
approval number 2023-135. All participants or their
guardians gave their informed consent. Genomic DNA was
extracted from whole blood samples using the QIAamp
DNA Blood Mini Kit (Qiagen, 51106, Hilden, Germany)
according to the manufacturer’s instructions. The
concentration and purity of the extracted DNA were
assessed using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, ND-2000, Waltham, MA, USA). We
stored DNA samples at —80°C until further analysis.

Clinical data analysis

Clinical data including serum wuric acid levels, alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
creatinine (Cr), fasting plasma glucose (FPG), total
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cholesterol (TC), triglycerides (T'G), and dietary habits were
collected. High-protein diet was defined as consuming dairy
products on a daily basis, more than two servings of beans
or eggs per week, and a daily intake of meat, fish, or
poultry. Statistical analysis of these data was performed to
contrast the differences between the adolescents with
hyperuricemia group and the healthy control group.

Reduced representation bisulfite sequencing (RRBS)

Reduced Representation Bisulfite Sequencing (RRBS) was
utilized to analyze methylation patterns at CpG-rich regions,
particularly targeting CpG islands within the ABCG2
promoter. This technique enables high-resolution mapping
of DNA methylation at single-nucleotide levels. Genomic
DNA was digested with the Mspl restriction enzyme (New
England Biolabs, R0106S, Ipswich, MA, USA), which
recognizes the CCGG sequence and cleaves at sites rich in
CpG dinucleotides. Digested DNA fragments were then
end-repaired, adenylated at the 3’ ends, and ligated to
methylated sequencing adapters. Bisulfite treatment was
employed by using the EZ DNA Methylation-Gold Kit
(Zymo Research, D5006, Irvine, CA, USA) to convert
unmethylated cytosines to uracils while leaving 5-
methylcytosines unaffected. The treated DNA was then
expanded using PCR to enrich for CpG-containing regions.
The bisulfite-converted DNA libraries were quantified using
a Qubit 4 Fluorometer (Thermo Scientific, Q33226,
Waltham, MA, USA) and assessed for quality using an
Agilent 2100 Bioanalyzer (Agilent Technologies, G2939BA,
Santa Clara, CA, USA). Methylation levels at individual
CpG sites within the ABCG2 promoter were quantified and
compared between the adolescents with hyperuricemia and
healthy control groups. Statistical analysis was utilized to
identify differentially methylated regions. The correlation
between ABCG2 promoter methylation and clinical/
environmental factors was also analyzed.

CRISPR/dCas9 system for DNA methylation editing

The CRISPR/dCas9 system was utilized to target and modify
the methylation status of the ABCG2 promoter. We
employed a dead Cas9 (dCas9) variant fused with the TET1
enzyme to achieve targeted demethylation [15]. Guide RNA
(gRNA) sequences targeting the methylated sites within the
ABCG2 promoter were designed using the CRISPR-ERA
web tool [16]. Three gRNA sequences (gRNAI: TGCA
GTGGCACGGTCTTGGG, gRNA2: CCCAAAGTGCTGGG
ATTACA, gRNA3: CCAGGCTGGTCTTGAACTCC) were
synthesized and tested for their efficiency in guiding the
dCas9-TET1 complex to the target sites. The dCas9-TET1
fusion construct was cloned into a plasmid vector under the
regulation of a Cytomegalovirus (CMV) promoter for high
expression level (Addgene plasmid #84472). The gRNAs
were promoted by the U6 promoter.

Cell culture and transfection

AML12 (mouse liver cells) and HK-2 (human kidney cells)
cells were cultured in DMEM/F12 (Gibco, 11320033, Grand
Island, NY, USA) and DMEM medium (Gibco, 11995065,
Grand Island, NY, USA), respectively, added with 10% fetal
bovine serum (FBS, Gibco, 10099141, Grand Island, NY,
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USA), 1% penicillin-streptomycin (Thermo Fisher Scientific,
15140122, Waltham, MA, USA), and sustained at 37°C in a
5% CO, incubator. Mycoplasma contamination was
routinely monitored using a MycoAlert Mycoplasma
Detection Kit (Lonza, LT07-318, Rockland, ME, USA) to
ensure that the cells remained free of contamination
throughout the experiments. Cells were co-transfected with
dCas9-TET1 and gRNA plasmids using Lipofectamine 2000
(Thermo Scientific, 11668019, Waltham, MA, USA)
according to the manufacturer’s instructions. Cells were
obtained after transfection and genomic DNA was derived.
The efficiency of methylation editing was assessed by
bisulfite PCR.

Hyperuricemia cell model

AML12 and HK-2 cells were dealt with 1 mM adenosine
(Sigma-Aldrich, A4036, St. Louis, MO, USA) and 1 mM
xanthine (Sigma-Aldrich, X7375, St. Louis, MO, USA) for
24 h [17]. Control cells were treated with vehicle only. The
treatment induced intracellular uric acid accumulation,
mimicking hyperuricemia. Intracellular uric acid levels were
evaluated by a Uric Acid Assay Kit (Abcam, ab65344,
Cambridge, UK). Cell lysates were prepared, and uric acid
concentrations were determined colorimetrically following
the protocol of the manufacturer. Absorbance was measured
at 570 nm using a Synergy H1 Microplate Reader (BioTek,
Winooski, VT, USA).

RT-qPCR

Total RNA was extracted from treated cells using the TRIzol
reagent (Invitrogen, 15596026, Carlsbad, CA, USA). RNA
concentration and purity were measured via a NanoDrop
2000 spectrophotometer (Thermo Scientific, ND-2000,
Waltham, MA, USA). cDNA was manufactured from 1 pg
of total RNA using the iScript cDNA Synthesis Kit (Bio-
Rad, 1708891, Hercules, CA, USA). RT-qPCR was carried
out using the PowerUp SYBR Green PCR Master Mix
(Applied Biosystems, A25742, Foster City, CA, USA) on a
StepOnePlus Real-Time PCR System (Applied Biosystems,
4376600, Foster City, CA, USA). Primers for ABCG2 and
housekeeping genes (GAPDH and (-actin) were designed
using Primer3 software (version 4.1.0). The sequences for
ABCG2 were: forward primer 5-TTTCCAAGCATCCAGG
TGTATC-3" and reverse primer 5-GGATTGCTTCACTGG
AACAGC-3'. For GAPDH, the sequences were: forward
primer 5-GAAGGTGAAGGTCGGAGTC-3" and reverse
primer 5-GAAGATGGTGATGGGATTTC-3". For p-actin,
the sequences were: forward primer 5- AGAGCTACGAG
CTGCCTGAC-3" and reverse primer 5-AGC ACTGTG
TTGGCGTACAG-3". These primers, all of which are
derived from the human species, were used to quantify and
detect the expression of the ABCG2 gene and the
housekeeping genes GAPDH and p-actin. Relative gene
expression levels were calculated using the 27" method.

Detection of uric acid

Uric acid levels in cell culture supernatants were measured
using the Uric Acid Assay Kit (Abcam, ab65344,
Cambridge, UK). The assay involved enzymatic conversion
of uric acid to allantoin and hydrogen peroxide, with the
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latter reacting with a probe to produce a colorimetric signal.
Absorbance was read at 570 nm. Uric acid concentrations
were normalized to cell number, and comparisons were
made between treated and control groups.

Bioinformatics and protein interaction analysis
Bioinformatics tools such as STRING (Search Tool for the
Retrieval of Interacting Genes/Proteins, https://string-db.
org) (accessed on 01 October 2024) [18] and BioGRID
(Biological General Repository for Interaction Datasets,
https://thebiogrid.org) (accessed on 01 October 2024) [19]
were used to predict potential protein interactions with
ABCG2. Genes and proteins with high interaction scores
were selected for further study. ELISA kits (R&D Systems,
DNMT3A: DY5219, ACTB: DY2100, ABCG2: DY995, E2F1:
DY4124, Minneapolis, MN, USA) were used to levels of the
protein levels of DNMT3A, ACTB, ABCG2, and E2F1 in
HK-2 cell lysates. We lysed the cells and measured the
protein concentrations depending on the protocols of the
manufacturer. We read absorbance at 450 nm and
normalized protein levels to total protein content.

Statistical analyses

All experimental data from three independent experiments
were presented as mean + standard deviation (SD). All
statistical data were analyzed via SPSS 22.0 software (SPSS
Inc., Chicago, IL, USA). To analyze data we used an
independent samples t-test. A two-tailed value of p < 0.05
was regarded as statistically meaningful.

Results

Clinical data analysis

A total of 35 healthy adolescents and 35 adolescents with
hyperuricemia were recruited for this study. Analysis of
clinical data between the two groups revealed significant
differences in uric acid levels, with the hyperuricemia group
displaying notably higher levels by comparison with the
healthy control group (Table 1, p < 0.05). Other parameters
such as ALT, AST, Cr, FPG, TC, and TG showed no
significant disparities between the groups. Notably, the
proportion of participants adhering to a high-protein diet
was significantly higher in the hyperuricemia group,
suggesting a potential link between high-protein diets and
the methylation of the ABCG2 promoter (Table 2, p < 0.05).

Methylation analysis of ABCG2 promoter

The reduced representation bisulfite sequencing (RRBS)
method was utilized to evaluate the methylation status of
the ABCG2 promoter in both healthy adolescents and
adolescents with hyperuricemia. The analysis identified four
methylation sites on the ABCG2 promoter. Among these,
the methylation level of Site 1 was conspicuously elevated in
the hyperuricemia group by comparison with the healthy
group (p < 0.05), while no meaningful differences were
observed for Sites 2, 3, and 4 (Fig. 1A-D). The overall
methylation level of the ABCG2 promoter was also
conspicuously higher in the hyperuricemia group (p < 0.05),
indicating a potential role of hypermethylation in the
pathogenesis of adolescent hyperuricemia (Fig. 1E).
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TABLE 1

Clinical data of healthy adolescents and adolescents with
hyperuricemia

Healthy Adolescents with p value

adolescents hyperuricemia

(n = 35) (n =35)
ALT (U/L) 25.50 + 6.43 37.87 + 36.12 0.212
AST (U/L) 24.60 = 6.63 23.49 £ 9.32 0.816
Cr (umol/L) 76.76 £ 10.76 8530 + 17.84 0.153
FPG (mmol/L) 4.67 £ 0.77 495 + 1.16 0.673
TC (mmol/L) 4.32 £ 0.85 411 £1.25 0.078
TG (mmol/L) 1.11 = 0.86 1.24 £ 0.95 0.243
UA (umol/L) 306.00 + 75.43 488.82 + 60.93 0.013%
High protein diet 23.50% 18.70% 0.366

Note: The data was presented as mean = SD. Experiments were
performed at least three times. *p < 0.05.

TABLE 2

The association between ABCG2 promoter hypermethylation and
environmental factors and the risk of hyperuricemia in
adolescents

Healthy Adolescents  OR p
adolescents with (95% CI) value
hyperuricemia
High protein 47.8% 65.6% 2.04 (1.10- 0.029*
diet 3.82)
BMI > 25/ 47.2% 54.3% 1.05 (0.49- 0.645
(kg/m?) 1.62)
Smoking 2.4% 2.7% 1.02 (0.75- 0.715
1.52)

Note: *p < 0.05.

CRISPR/dCas9-TET1 mediated demethylation

To explore the functional effects of ABCG2 promoter
methylation, we designed three gRNA sequences targeting
methylation site 1 of the ABCG2 promoter. A non-targeting
gRNA was employed as a negative control for ensuring that
the observed effects were specific to the targeting of the
ABCG2 promoter (Fig. 2). Among these, gRNA2 and
gRNA3 effectively guided the dCas9-TET1 complex to the
ABCG2 promoter, resulting in significant demethylation
(Fig. 3A). gRNA2 showed the most pronounced effect and
was selected for further studies. In the AML12 cell model,
demethylation of the ABCG2 promoter via the gRNA2/
dCas9-TET1 system led to a remarkable increase in ABCG2
expression and a concomitant decrease in uric acid levels
(p < 0.05) (Fig. 3B,C). Similar outcomes were witnessed in
the HK-2 cell model, where demethylation also resulted in
elevated ABCG2 expression and reduced uric acid levels
(p < 0.05) (Fig. 3D,E).

Interaction network analysis
Bioinformatics analysis using STRING and BioGRID
databases predicted several genes and proteins interacting
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FIGURE 1. ABCG2 promoter methylation levels were measured in control and hyperuricemia groups. This diagram illustrates the DNA
methylation levels at four specific positions (posl, pos2, pos3, and pos4) within the ATP-Binding Cassette Subfamily G Member 2
(ABCG2) promoter, as well as the overall methylation levels, in both control and hyperuricemia groups. (A) shows the methylation at
Position 1, (B) shows the methylation at Position 2, (C) shows the methylation at Position 3, (D) shows the methylation at Position 4, and
(E) shows the overall methylation levels. ns indicates non-significant differences between the compared groups. All data are indicated as mean

+ Standard Deviation (SD) (*p < 0.05).
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FIGURE 2. The promoter sequence of the ABCG2 gene and the specific sites targeted in this study. The highlighted areas indicate CpG sites,
and arrows mark the binding sites for gRNA1, gRNA2, and gRNA3. These sites were selected for their proximity to known transcription factor
binding sites and their potential role in regulating ABCG2 expression through methylation.

with ABCG2. Based on the scoring and relevant literature, we
selected DNMT3A, ACTB, and E2F1 for further investigation.
ELISA assays demonstrated that in the high-uric acid HK-2
cell model, ABCG2 expression was significantly reduced
while DNMT3A, ACTB, and E2F1 levels were markedly
increased (p < 0.05). Following the demethylation of the
ABCG2 promoter, expression levels of ABCG2, DNMT3A,
ACTB, and E2F1 all significantly increased (p < 0.05)
(Fig. 4A,B). Previous studies have identified DNMT3A as a
crucial factor in gene promoter methylation and E2F1 as an
activating transcription factor promotes the expression of
DNMT3A via binding with the promoter of DNMT3A

expression [20]. Lots of studies demonstrated that
DNMT3A promotes hypermethylation in various diseases
[21]. Our results suggest that E2F1 may enhance DNMT3A
expression by binding to its promoter, thereby contributing
to the hypermethylation of the ABCG2 promoter in
adolescents with hyperuricemia.

Discussion
The ABCG2 transporter, situated on the apical membrane of

the human proximal tubule [22], appears to be essential for
urate excretion in this region. Research has demonstrated
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FIGURE 3. Relative ABCG2 and uric acid levels expression was detected utilizing CRISPR/dCas9-TET1. (A) DNA methylation of ABCG2 was
tested using CRISPR/dCas9-TET1, with a non-targeting gRNA (nc) used as a negative control. Relative ABCG2 expression was presented in
AMLI12 (B) and HK-2 cells (D). Relative uric acid levels were shown in AMLI2 (C) and HK-2 cells (E). ns indicates non-significant differences
between the compared groups. All data are expressed as mean + SD (*p < 0.05, **p < 0.01).

that single nucleotide polymorphisms (SNPs) like p.Q141K
are connected to conditions such as hyperuricemia and/or
gout [23]. This particular mutation leads to a reduction in
transport efficiency [24]. Although there has been
substantial research on hyperuricemia in adults, studies
focusing on this condition in young people are still lacking
[25]. Therefore, our aim was to explore the prevalence of
hyperuricemia among youth in China and to identify the
related risk factors. Unlike SNP, DNA methylation plays a
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FIGURE 4. Expression of DNMT3A, ACTB, ABCG2, and E2F1 in
Control and Hyperuricemia Groups Measured by ELISA. (A) The
expression of DNMT3A, ACTB, ABCG2 and E2F1 was detected in
HK-2 with hyperuricemia. (B) The expression of DNMT3A, ACTB,
ABCG2 and E2F1 was tested in HK-2 transfected with gRNA2/
dCas9-TET1. NC represents the negative control group, which
refers to samples that did not receive specific treatment, serving as
a baseline reference. All data are shown as mean + SD (**p < 0.01).

essential role in the regulation of gene expression without
altering the underlying DNA sequence [26]. The studies
about the relation between DNA methylation and
hyperuricemia are still few [27]. The present study explores
the relationship between the methylation levels of the
ABCG2 promoter and uric acid levels in adolescents with
hyperuricemia. Our results illuminate the potential
epigenetic mechanisms underlying the regulation of uric
acid transport and the development of hyperuricemia in this
population. Our analysis of clinical data revealed that
adolescents with hyperuricemia exhibited significantly
higher uric acid levels compared to healthy controls, while
other clinical parameters, such as ALT, AST, Cr, FPG, TC,
and TG, showed no statistical differences. Notably, the
proportion of a high-protein diet was significantly higher in
the hyperuricemia group, suggesting that dietary habits
might influence ABCG2 methylation and subsequent uric
acid levels by increasing purine intake and wuric acid
production. This aligns with previous studies highlighting
the role of environmental factors, such as diet, in
modulating ~ gene  expression  through  epigenetic
modifications [28]. The RRBS method identified four
methylation sites within the ABCG2 promoter. Among
these, Site 1 showed significantly higher methylation levels
in the hyperuricemia group compared to controls, while
Sites 2, 3, and 4 did not exhibit notable differences. The
overall methylation level of the ABCG2 promoter was
significantly elevated in adolescents with hyperuricemia.
This increased methylation likely contributes to the
suppression of ABCG2 expression, impairing uric acid
excretion and leading to elevated blood uric acid levels. Our
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results are consistent with previous findings that DNA
methylation often inhibits gene expression, thereby affecting.

The use of the CRISPR/dCas9-TET1 system to target and
demethylate the ABCG2 promoter demonstrated that gRNA2
was the most effective in reducing methylation at Site 1. This
reduction in methylation corresponded with a significant
increase in ABCG2 expression and a concomitant decrease
in uric acid levels in both AML12 and HK-2 cell models.
This indicates that the methylation status of the ABCG2
promoter directly affects its expression and function. These
findings highlight the specific biological significance of the
chosen CRISPR-Cas9 target sites within the ABCG2
promoter. By targeting these key CpG sites (gRNA1: TGCA
GTGGCACGGTCTTGGG, gRNA2: CCCAAAGTGCTGGG
ATTACA, gRNA3: CCAGGCTGGTCTTGAACTCC), we
were able to effectively modulate the expression of the
ABCG2 gene. The methylation status at these sites likely
influences the binding of transcription factors, thereby
altering gene expression levels. This aligns with findings
from other studies utilizing CRISPR-Cas9 technology for
targeted epigenetic modifications, demonstrating the
potential of this technology for precise gene regulation and
correction of aberrant epigenetic marks [14,28]. Moreover,
such targeted demethylation strategies may offer novel
therapeutic avenues for managing hyperuricemia by
restoring the function of key uric acid transporters.

Our study demonstrates that increased methylation of
the ABCG2 promoter is associated with reduced gene
expression and elevated uric acid levels in adolescents with
hyperuricemia. This finding underscores the critical role of
DNA methylation in regulating ABCG2 expression.
However, the epigenetic regulation of ABCG2 is not limited
to DNA methylation but also involves other mechanisms
such as histone modifications and non-coding RNAs.
Studies have shown that histone acetylation and methylation
can alter chromatin structure, influencing the accessibility of
transcription factors to the ABCG2 promoter and thus
modulating  gene  transcription [29].  Additionally,
microRNAs and long non-coding RNAs play significant
roles in the regulation of ABCG2 expression by binding to
mRNA, affecting its stability and translation [30,31]. These
multi-layered epigenetic regulatory mechanisms collectively
control ABCG2 gene expression, highlighting the complexity
of its regulation. This complex regulatory network suggests
that future therapeutic approaches for hyperuricemia may
need to combine multiple epigenetic interventions to
effectively restore normal ABCG2 function and manage uric
acid levels.

Further analysis using ELISA revealed that in
hyperuricemic HK-2 cells, the expression levels of
DNMT3A, ACTB, and E2F1 were significantly increased,
while ABCG2 expression was markedly reduced. Following
the inhibition of ABCG2 promoter methylation, the
expression of DNMT3A, ACTB, and E2F1 significantly
increased, alongside an increase in ABCG2 expression.
Studies have illustrated that DNMT3A regulates the
expression of specific genes by methylating their promoter
regions, thereby affecting cell differentiation and
development [32]. Besides, the activating transcription
factor E2F1 promoted DNMT3A expression through

1811

combining with its promoter [33]. These results suggest a
regulatory feedback loop where DNMT3A-mediated
methylation of the ABCG2 promoter is influenced by
transcription factors such as E2F1. The elevated expression
of DNMT3A and E2F1 in hyperuricemic cells implies their
involvement in the epigenetic regulation of ABCG2.

Our study draws attention to the significance of
epigenetic modifications in the regulation of genes involved
in uric acid metabolism. The correlation between high-
protein diets and increased ABCG2 methylation suggests
that lifestyle and dietary interventions could play a crucial
role in managing hyperuricemia. Further research is
warranted to explore the broader epigenetic landscape
influencing uric acid levels and to identify additional
environmental factors that may impact these epigenetic
changes. The successful utilization of the CRISPR/dCas9-
TET1 system highlights the potential for epigenome editing
as a therapeutic strategy. Future studies should aim to refine
these techniques and assess their long-term efficacy and
safety in vivo. Additionally, exploring the interactions
between DNMT3A, E2F1, and other transcription factors
may provide deeper insights into the complex regulatory
networks governing gene expression in hyperuricemia.
While our study provides valuable insights, it has several
limitations. The sample size was relatively small, and larger
cohorts are needed to validate our findings. Additionally,
the study focused on specific methylation sites within the
ABCG2 promoter, and a more comprehensive analysis of
the entire promoter region and other regulatory elements
could reveal additional epigenetic modifications. Finally,
while in vitro models provide controlled environments for
studying gene expression, in vivo studies are necessary to
confirm the physiological relevance of our findings.

In conclusion, our study demonstrates that increased
methylation of the ABCG2 promoter is associated with
reduced gene expression and elevated uric acid levels in
adolescents with hyperuricemia. These findings emphasize
the critical role of epigenetic regulation in wuric acid
metabolism and suggest potential therapeutic targets for
managing hyperuricemia. Advanced study is needed to
broaden our horizons of the epigenetic mechanisms
involved and to develop effective strategies for early
diagnosis and treatment of hyperuricemia in adolescents.
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