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Abstract

Background and aims: Ulcerative colitis (UC) is a heterogeneous disorder with complex pathogenesis. Therefore, in
the present study, we aimed to assess genome-wide DNA methylation changes associated explicitly with the patho-
genesis of UC.

Methods: DNA methylation changes were identified by comparing UC tissues with healthy controls (HCs) from
the GEO databases. The candidate genes were obtained and verified in clinical samples. Moreover, the underlying
molecular mechanism related to Zbtb7b in the pathogenesis of UC was explored using the dextran sodium sulfate
(DSS)-induced colitis model.

Results: Bioinformatic analysis from GEO databases confirmed that Zbtb7b, known as Th-inducing POZ-Kruppel
factor (ThPOK), was demethylated in UC tissues. Then, we demonstrated that Zbtb7b was in a hypo-methylation pat-
tern through the DSS-induced colitis model (P=0.0357), whereas the expression of Zbtb7b at the mRNA and protein
levels was significantly up-regulated in the inflamed colonic tissues of UC patients (QRT-PCR, WB, IHC: P<0.0001,
P=0.0079, P<0.0001) and DSS-induced colitis model (qRT-PCR, WB, IHC: P<0.0001, P=0.0045, P=0.0004). Moreover,
the expression of Zbtb7b was positively associated with the degree of UC activity. Mechanically, over-expression of
Zbtb7b might activate the maturation of CD4™T cells (FCM, IF: P=0.0240, P=0.0003) and repress the differentia-

tion of double-positive CD4TCD8*T (DP CD41CD8™T) cells (FCM, IF: P=0.0247, P=0.0118), contributing to the
production of inflammatory cytokines, such as TNF-a (P=0.0005, P=0.0005), IL-17 (P=0.0014, P=0.0381), and IFN-y
(P=0.0016, P=0.0042), in the serum and colonic tissue of DSS-induced colitis model.
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Conclusions: Epigenetic DNA hypo-methylation of Zbtb7b activated the maturation of CD4™T cells and repressed
the differentiation of DP CD41CD8™ T cells, resulting in the production of inflammatory cytokines and colonic inflam-
mation in UC. Therefore, Zbtb7b might be a diagnostic and therapeutic biomarker for UC, and hypo-methylation

might affect the biological function of Zbtb7b.
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Introduction

As an idiopathic inflammatory disorder, ulcerative colitis
(UCQ) is one of the primary inflammatory bowel diseases
(IBDs) [1]. UC extends contiguously from the proximal
colon and is mainly involved in the colonic mucosa and
submucosa, contributing to ulceration, bleeding, fulmi-
nant colitis, and colorectal cancer [2]. Epidemiological
evidence suggests that the incidence of UC has steadily
increased worldwide, with up 286 per 100,000 people in
the USA [3]. Although the incidence of UC is lower in
China compared with Western countries, the number of
UC patients is still continuously increasing [4].

Although it has been reported that genetic susceptibil-
ity, host immune system, and environmental factors, as
well as intestinal microbiota, may play vital roles in the
pathogenesis of UC, the current knowledge on the patho-
physiology of UC is still poorly understood [5, 6]. Epige-
netic mechanisms, such as DNA modification, histone
protein modification, and chromatin modification, play
an essential role in the pathogenesis of UC [7, 8]. Mean-
while, an increasing number of studies have reported
that DNA methylation pattern plays a regulatory role
in gene transcription, which may initiate and maintain
intestinal mucosal inflammation by mediating the inter-
play between these predisposing genes and external and
internal factors in UC [7, 9-12]. Furthermore, it has
been demonstrated that the DNA methylation change in
mucosal biopsies and peripheral blood is detected in both
adults and children with UC [13, 14]. Of note, investigat-
ing the landscape of DNA methylation may contribute to
a comprehensive understanding of UC pathogenesis.

Therefore, we first explored the DNA methylation
changes in the present study by comparing UC samples
with healthy control (HC) samples via Gene Expression
Omnibus (GEO). We found that the hypo-methylation
of Zbtb7b was detected in UC mucosal biopsies, which
also prompted us to focus on Zbtb7b. Subsequently, we
found that the expression of Zbtb7b was significantly up-
regulated in UC samples, and it was associated with the
degree of UC activity. Previous studies have shown that
the expressions of CD4 and CD8 on T cells are usually
mutually exclusive and tightly regulated by Zbtb7b, and
double-positive (DP) CD4TCD8™ T cells have been iden-
tified in intestinal tissue [15—17]. Furthermore, we vali-
dated that Zbtb7b activated CD4™T cells and repressed

CD4" CDS8'T cells in the inflamed colonic tissues of UC,
which contributed to the colonic inflammation in the
dextran sodium sulfate (DSS)-induced colitis model. Col-
lectively, our current findings provided a new perspective
on potential diagnostic biomarkers and therapeutic tar-
gets for UC.

Methods

DNA methylation profile from GEO datasets

The GSE27899 of methylation profiling was obtained
from GEO databases, which compared 10 active UC sam-
ples with 10 HCs using the GPL8490 platform. In addi-
tion, the GSE1123, GSE38713, GSE48959, GSE59071,
GSE87461, and GSE87466 of expression profiling were
obtained from GEO databases. The raw data were
normalized and analyzed by R software 4.1.0 (limma
package). Differentially expressed genes (DEGs) were
screened by classical t-test with the cutoff criteria of
p-value<0.05 and |fold change (FC)|>1.0. In addition,
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) were conducted by the R cluster
Profiler package. The immune cell infiltration, including
B cells, natural killer (NK) cells, CD4" T cell, CD8" T
cell, monocytes, and neutrophils, was compared between
colonic tissue samples from UC patients and HCs. More-
over, R software 4.1.0 (limma package) was adopted to
conduct cluster heatmap, correlation heatmap, and dif-
ferential analysis.

Patients and samples

Colonic biopsies were obtained from 15 active UC
patients and 15 HCs in Shenzhen People’s Hospital
between April 2021 and July 2021. The tissue specimens
were stored in liquid nitrogen for quantitative real-time
PCR (qRT-PCR) and Western blotting (WB) analysis,
while paraffin-embedded tissue specimens were used for
immunohistochemistry (IHC) assay. Written informed
consent was obtained from all participants. This study
was approved by the Ethics Committee of Shenzhen Peo-
ple’s Hospital (no. LL-KY-2021183), and experimental
procedures complied with the Helsinki Declaration.

Animals
A total of 15 male C57BL/6 mice were purchased
from Guangdong Medical Laboratory Animal Center
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(GDMLAG; certificate number SYXK 2013-0002, Foshan,
China). The mice were housed in a climate-controlled
animal facility at 22 °C under a 12-h light/dark photoper-
iod and given free access to water and a standard rodent
diet. The mice weighing 20-25 g (8—10 weeks old) were
used in the experimental procedure. The experimental
protocol was approved by the Animal Care Committee of
Shenzhen People’s Hospital (no. LL-KY-2021183).

DSS-induced colitis model

DSS was used to induce colitis as previously described
[18]. Briefly, colitis was induced by 3% DSS in drink-
ing water for 7 days. The status of the mice, such as
body weight, stool consistency, and rectal bleeding, was
recorded daily. In addition, the disease activity index
(DAI) was assessed daily through the extent of body
weight loss, stool hemoccult positivity or gross bleeding,
and stool consistency as previously described [19]. After
7 days of the administration, blood was obtained through
the retro-orbital vein, and serum was collected via cen-
trifugation at 5000xg for 15 min and stored in liquid
nitrogen for further analysis. Subsequently, the mice were
sacrificed, the colons were dissected, and their length was
determined. The colons were cut lengthwise along the
mesentery and cleaned with normal saline, distal colons
were fixed in 10% neutral buffered formalin overnight,
some stored in liquid nitrogen for further use (QRT-PCR,
WB, and ELISA), and some fresh tissues were directly
used for flow cytometry (FCM).

Hematoxylin-eosin (H&E) staining

The H&E staining was performed as previously described
[20]. Briefly, the tissue sections were evaluated his-
topathologically by two independent evaluators in a
blinded manner based on (a) the degrees of inflammation
(0: no inflammatory infiltrate; 1: infiltrates in the lamina
propria; 2: infiltrates in the submucosa; and 3: transmural
infiltration), (b) ulceration (0: no ulceration; 1: one or two
ulcers; 2: three or four ulcers; 3: more than four ulcers),
(c) mucosal hyperplasia (0: normal; 1: slightly thickened
mucosa with minimal fibrosis; 2: mucosal thickening with
fibrous hyperplasia; 3: extensive mucosal thickening and
fibrous hyperplasia or granulation), and (d) edema (0:
none; 1: 0-30%; 2: 30-70%; 3:>70%) (Microscope: Nikon
E100/ Nikon DS-U3, Tokyo, Japan).

Methylation-specific PCR (MSP)

Genomic DNA was extracted from colon samples
using the HiPure Tissue DNA Mini Kit (Cat.: D3121-
02, MAGEN, Guangzhou, China). The quantity of DNA
was measured using NanoDrop 2000 (Thermo Sci-
entific, Massachusetts, USA). Subsequently, sodium
sulfite was added to the DNA samples, followed by
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purification using the reaction column with the EpiTect
Bisulfite Kit (Cat.: 59104, QIAGEN, Duesseldorf, Ger-
many). Finally, the acquired DNA samples were used for
MSP. The primer sequences of Zbtb7b were as follows:
165 bp: 5-GGGTTGGATTTAGGTTAGTGGTAC-3'
(M primer-F) and 5-AACGAAAAAAACAAAAAA
ATCGTC-3' (M primer-R); 166 bp: 5-GGGTTGGAT
TTAGGTTAGTGGTAT-3' (U primer-F) and 5-AAA
CAAAAAAAACAAAAAAATCATC-3" (U primer-R)
(Sangon Biotech, Shanghai, China). PCR was carried
out using PCR Master Mix (Cat.: DRR0O71A, TAKARA,
Kyoto, Japan). Briefly, after an initial denaturation step
at 95 °C for 5 min, amplifications were carried out with
40 cycles at a melting temperature of 94 °C for 15 s, an
annealing temperature of 65 °C for 20 s, and an exten-
sion temperature of 72 °C for 30 s. The acquired PCR
products were subjected to electrophoresis on 1% aga-
rose gel and visualized under UV light [21]. The inten-
sity of MSP was analyzed, the gray values of all bands
were calculated through Image] software, and then
the relative methylation percentage of the target gene
(Zbtb7b) was determined using the equation as follows:
[gray value of methylated (M) band/gray value of meth-
ylated (M) band + gray value of unmethylated (U) band]
[22].

RNA extraction and gRT-PCR

The RNA extraction and qRT-PCR were carried out as
previously described [23]. The primers were listed as fol-
lows: Zbtb7b (human): 5-CCTGTCTGCCACAAGATC
ATCC-3' (forward) and 5-GCATGTGGATCTTCAGCT
TGTCG-3' (reverse) (Sangon Biotech, China); GAPDH
(human): 5'-CAAGAGCACAAGAGGAAGAGAG-3’
(forward) and, 5'-CTACATGGCAACTGTGAGGAG-
3" (reverse) (Sangon Biotech, China); Zbtb7b (mouse):
5-CACACTGGTGAGAAGCCCTTTG-3' (forward) and
5-GTTCTCCTGTGTGCTTCCGCAT-3' (reverse) (San-
gon Biotech, China); GAPDH (mouse): 5-TGCGACTTC
AACAGCAACTC-3' (forward) and, 5-ATGTAGGCA
ATGAGGTCCAC-3' (reverse) (Sangon Biotech, Shanghai,
China). GAPDH was adopted as a housekeeping gene.

WB analysis and IHC assay

WB analysis and IHC assay were carried out as previ-
ously described [24, 25]. Antibodies against ZBTB7B
were purchased from Proteintech (Cat.:11341-1-AP,
Wuhan, China). Antibodies against GAPDH were
obtained from Affinity Biosciences (Cat.. AF7021,
Jiangsu, China). In addition, goat anti-rabbit IgG and
mouse/human ads-HRP were provided by Southern Bio-
tech (Cat.: 4050-05A, Labama, USA). Antibody dilutions
of ZBTB7B were 1:1000 for WB analysis and 1:100 for
IHC assay. The relative gray value of WB was analyzed
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through Image] software, and then the relative gray value
(relative expression) was calculated as follows: the gray
value of the target protein (ZBTB7B)/the gray value of
housekeeping protein (GAPDH). Two evaluators inde-
pendently evaluated the sections in a blinded manner.
Protein expression was assessed according to the exten-
sion and intensity of staining and scored as the extension
of 0: 0-5%; 1: 5-25%; 2: 26—50%; 3: 51-75%; 4: 76—100%
of cells stained positively and the staining intensity of
0: no staining; 1: weak staining; 2: moderate staining; 3:
strong staining (Microscope: Nikon E100/Nikon DS-U3,
Tokyo, Japan; 3D HISTECH Pannoramic MIDI, Buda-
pest, Hungary).

Enzyme-linked immunosorbent assay (ELISA)

The levels of TNF-a (Cat.: SEA133Mu), IL-17 (Cat.:
SEA063Mu), and IFN-y (Cat.: SEA049Mu) in the serum
and colonic tissue were quantified using commercial
ELISA Kkits according to the manufacturer’s instructions
(Cloud-Clone, Wuhan, China).

FCM

Sample processing: (a) The intestinal tissue was cut into
small pieces with a scalpel or scissors to ensure no resist-
ance when blowing by a 2-mL pipette; (b) the tissue was
put on the shaking table and shaken at 80 rpm for 1 h;
(c) during digestion, the cells were resuspended for sev-
eral times; (d) the cell suspension was filtered using a
300-mesh screen, transferred to a new 15-mL centrifuge
tube, washed with PBS, and then centrifuged at 400xg
for 5 min; (e) the supernatant was discarded, and the pel-
let was washed twice with PBS and then centrifuged at
400x g for 5 min; (f) the supernatant was discarded again,
and the pellet was resuspended in 1 mL flow buffer and
transferred to the flow tube at 4 °C.

For FCM, the following fluorophore-labeled mono-
clonal antibodies (mAbs) were used: CD45-Alexa
Fluor 532 (AF532), CD3-fluorescein isothiocyanate
(FITC), CD4-peridinin-chlorophyll-protein (PerCP),
and CD8a-Brilliant Violet 510 (BV510) (eBioscience,
California, USA; Biolegend, California, USA). FCM
was performed using the Cytek Aurora Full Spectrum
Profiling Flow Cytometry (Cytek, California, USA), and
SpectroFlo software was used for analysis (Cytek, Cali-
fornia, USA). The antibodies of appropriately diluted
concentrations were added to 100 pL heparin-pro-
cessed tissue samples, followed by incubation at 4 °C
for 30 min. Subsequently, the lymphocytes were gated
as forward-scattered light and side-scattered light. Sub-
sequent analysis was performed on these cell popula-
tions [26].
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Immunofluorescence (IF)

IF was performed as previously reported [25, 27]. Par-
affin-embedded colonic sections (from five mice in
each group) were dewaxed with dimethyl-benzene and
hydrated through a graded series of ethanol. The sec-
tions were blocked with 3% BSA and then incubated
with the first type of primary antibody (anti-CD4 rab-
bit pAb, Cat.: GB13064-2, Servicebio, Wuhan, China)
at 4 °C overnight. After the sections were washed with
TBST three times, they were incubated with the sec-
ondary antibody (HRP-conjugated goat anti-rabbit
IgG, Cat.: GB23303, Servicebio, Wuhan, China) at
room temperature for 50 min. After washing the sec-
tions with TBST three times, the sections were incu-
bated with CY3-TSA (Cat.: G1223, Servicebio, Wuhan,
China) at room temperature for 10 min in the dark.
The sections were washed with TBST three times. Sec-
tions were placed in a repair box filled with citric acid
antigen repair buffer (pH 6.0) and heated in a micro-
wave. Sections were then incubated with the second
type of primary antibody (anti-CD8 rabbit mAb, Cat.:
GB13429, Servicebio, Wuhan, China) at 4 °C overnight.
After washing the sections three times with TBST,
sections were incubated with the secondary antibody
(HRP-conjugated goat anti-rabbit IgG, Cat.: GB23303,
Servicebio, Wuhan, China) at room temperature for
50 min. After washing the sections with TBST three
times, sections were incubated with FITC-TSA (Cat.:
G1222, Servicebio, Wuhan, China) at room tempera-
ture for 10 min in the dark. Sections were washed three
times as above-mentioned, and nuclei were stained
with DAPI for 10 min at room temperature. Finally, the
sections were sealed with anti-fluorescence quenching
sealant. Confocal microscopy (Nikon Eclipse C1/Nikon
DS-U3, Tokyo, Japan) was used to examine the sec-
tions (DAPI emits blue light with an excitation wave-
length of 330-380 nm and an emission wavelength
of 420 nm; FITC emits green light with an excitation
wavelength of 465—-495 nm and an emission wavelength
of 515-555 nm; CY3 emits red light with an excitation
wavelength of 510-560 nm and an emission wavelength
of 590 nm). The mean density was analyzed by Image]
software.

Statistical analysis

Continuous variables were summarized as mean =+ stand-
ard deviation (SD)/standard error of the mean (SEM),
and statistical analysis was performed using the SPSS
23.0 software package (SPSS Company, Chicago, USA).
Differences between the two groups were analyzed
using the Student’s t-test, while a two-way analysis of
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variance (ANOVA) was used to conduct multi-group
comparisons. P-value<0.05 was considered statistically
significant.

Results

DNA methylation analysis

The DNA methylation profiles of GSE27899 were
acquired from GEO databases, which included 10 UC
samples and 10 HCs. There were 48 differential DNA
methylations, including 10 differential DNA hypermeth-
ylation and 38 differential DNA hypo-methylation in the
UC samples (Table 1; Fig. 1A). Figure 1A shows the meth-
ylation degree of Zbtb7b in HCs was more significant
compared with the other genes, while it was significantly
decreased in UC patients, suggesting that the hypo-meth-
ylation degree of Zbtb7b was related to the occurrence
and development of UC. GO functional enrichment
analysis showed that the differentially methylated genes
were mainly enriched in neutrophil-mediated immunity,
neutrophil activation, and T cell activation (Fig. 1B). The
KEGG pathway analysis revealed that the differentially
methylated genes were mainly enriched in the PI3K-Akt
signaling pathway, human papillomavirus infection, and
cytokine-cytokine receptor interaction (Fig. 1C). The
landscape of immune cell infiltration was investigated by
comparing UC patients with HCs, showing that immune
cell infiltration played a vital role in the pathogenesis of

Table 1 The differential DNA methylation based on GSE27899

Gene
Hyper- SULTT1A3  PCDH9 RFP NXF1  FSTL5
methylation  100/f70  UNQ9438  PEMT ELAVL2 CPTIA
Hypo-meth- THIL SPINK2 EFNA2 NFIB COL8AT
ylation PGBD4 KRTAP13-2 MGC4677 FKBPOL Clorf135
TREM1 NEFL C9orf16  LPPR4  LGALSI
ACPL2 UHRF1 MTMR2 ~ GJA5  BCARI
PAM PDE9A FLI25067 GPR132 OAS2
FLJ23447  AIF1 FLJ20032 SPG7  (C200rf75
HSD17B6  BBOX1 KRT23 RNASE2  APOBEC3A

MGC26963 GRAP ZBTB78B
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UC. Figure 1D, F illustrate that the proportion of CD4"
T cells was dramatically higher in UC samples compared
with HC samples. Moreover, the abundance of CD4" T
cells was positively associated with NK cells (Fig. 1E).

DNA methylation and expression of Zbtb7b at the mRNA
level in UC patients using bioinformatic analysis

Figure 1A shows that hypo-methylation of Zbtb7b was
significantly observed in UC samples compared with HC
samples. Zbtb7b, also known as Th-inducing POZ-Krup-
pel factor (ThPOK)), is primarily identified as a transcrip-
tion regulator in CD4*T cells. It has been reported that
the ZBTB7B promotes the generation of CD4™T cells,
which represses the differentiation of CD8'T cells [28—
30]. We found that the proportion of CD4"T cells was
dramatically higher in UC samples compared with HC
samples (Fig. 1D, F).

Therefore, the expression of Zbtb7b in UC was detected.
The gene expression profile of GSE11223, GSE38713,
GSE48959, GSE59071, GSE87465, and GSE87466 was
acquired regarding UC from GEO databases. In dataset
GSE11223, which contained 26 UC inflamed colon sam-
ples, 66 UC uninflamed colon samples, and 73 HC sam-
ples, we found that Zbtb7b was significantly up-regulated
in UC inflamed colon samples compared with UC unin-
flamed colon samples and HC samples. In contrast, there
was no significant difference in the expression of Zbtb7b
between UC uninflamed colon samples and HC samples
(Fig. 2A). In dataset GSE38713, which contained 15 UC
inflamed colon samples, eight UC in remission colon
samples, and 13 HC samples, we found that Zbtb7b was
significantly up-regulated in UC inflamed colon samples
compared with UC in remission colon samples and HC
samples. At the same time, there was no significant dif-
ference between UC in remission colon samples and HC
samples (Fig. 2B). Consistently, in dataset GSE48959,
which contained seven UC inflamed colon samples, six
UC in remission colon samples, and eight HC samples,
we found that Zbtb7b was significantly over-expressed in
UC inflamed colon samples compared with UC in remis-
sion colon samples and HC samples (Fig. 2C). Similarly,
in dataset GSE59071, which contained 74 UC inflamed

(See figure on next page.)

CD4™ T cell, CD8T CD8™ T cells, Mono monocyte, Neutro neutrocyte

Fig. 1 DNA methylation, enrichment analysis, and correlation analysis reveal the significant function related to Zbtb7b in UC patients and HCs.

A Cluster heatmap of 48 differential DNA methylation acquired from GSE27899 (included 10 UC samples and 10 HCs), and 10 differential DNA
hypermethylation and 38 differential DNA hypo-methylation in the UC samples. B Bubble chart of GO functional enrichment analysis showed the
differentially methylated genes and enriched terms, which were mainly enriched in neutrophil-mediated immunity, neutrophil activation, and T

cell activation. C Bubble chart of KEGG pathway analysis revealed differentially methylated genes and enriched pathways, which were enriched in
the PI3K-Akt signaling pathway, human papillomavirus infection, and cytokine-cytokine receptor interaction. D, E Heat map and correlation heat
map of immune cells in UC pathogenesis based on GSE27899, showing that immune cell infiltration played a vital role in UC. F Violin diagram of the
proportion of six types of immune cells showed the difference in infiltration between HCs and UCs, illustrating that the proportion of CD4* T cells
was dramatically higher in UC samples compared with HC samples. HC healthy control, UC ulcerative colitis, B B cells, NK natural killer cells, CD4T
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colon samples, 23 UC in remission colon samples, and 11
HC samples, we found that Zbtb7b was significantly ele-
vated in UC inflamed colon samples compared with UC
in remission colon samples and HC samples (Fig. 2D). In
dataset GSE87465, which contained 13 severe UC colon

samples and six moderate UC colon samples, we found
that the expression of Zbtb7b was significantly greater
in severe UC colon samples compared with moderate
UC colon samples (Fig. 2E). In dataset GSE87466, which
contained 29 severe UC colon samples, 60 moderate UC
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Fig. 2 The expression of Zbtb7b in UC patients and HCs based on GEO databases. A-F Differential expression of Zbtb7b in GSE11223, GSE38713,
GSE48959, GSE59071, GSE87465, and GSE87466. Six datasets contained 126 UC samples and 327 HC samples: inflamed colon UC samples,
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colon samples and HC samples. UC ulcerative colitis

colon samples, and 21 HC samples, we found that Zbtb7b
was significantly up-regulated in severe UC colon sam-
ples compared with moderate UC colon samples and HC
samples. Meanwhile, a higher expression of Zbtb7b was
detected in the moderate UC colon samples compared
with HC samples (Fig. 2F).

Protein and mRNA expression of Zbtb7b in UC patients
The expression of Zbtb7b at the protein and mRNA lev-
els was determined through WB, IHC, and qRT-PCR

in 15 active UC colon samples and 15 HC samples
(Patients’ information is listed in Additional file 3:
Table S1). Five pairs of colonic biopsy tissues were
used for WB (Fig. 3A, B) and qRT-PCR (Fig. 3C), while
10 pairs of paraffin-embedded colonic tissues were
used for IHC analysis (Fig. 3D, E). It was shown that
the expression of Zbtb7b at the mRNA level was sig-
nificantly up-regulated in UC (P<0.0001). In addition,
WB and ITHC showed that the expression of ZBTB7B
at the protein level was significantly increased in UC
(P=0.0079, P<0.0001).
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Establishment of DSS-induced colitis model

To further explore the underlying molecular mecha-
nism related to Zbtb7b in the pathogenesis of UC, we
established a DSS-induced colitis model in C57BL/6
mice by administering 3% DSS for 7 days in the drink-
ing water, and the dynamic process of colitis was
monitored. A total of 15 mice were randomly divided
into two groups: the normal control group (NC group,
n=>5) and the DSS-induced colitis group (DSS group,
n=10). Moreover, three mice in the DSS group died
from severe diarrhea and bloody stool caused by
experimental colitis before the end of the experi-
ment. Figure 4A-C show that compared with the NC
group, the DAI score was significantly increased in a
fluctuating manner in colitis mice (DSS group), while
the body weight and weight loss were decreased con-
siderably from the 3rd day of DSS administration (all
P<0.05). Besides, the colon lengths (Fig. 4D, E) in
the DSS group were significantly shorter compared
with the NC group (P<0.0001). Similarly, analysis of
colonic tissues (P<0.0001) revealed that the control

mice displayed clear colon mucosal structure, inte-
grated epithelium, and ordered glands with enriched
goblet cells but without conspicuous inflammatory
infiltrates in the lamina propria. In contrast, the mice
in the DSS group exhibited severely damaged epithe-
lium with a few epithelial cells, incomplete glands,
and wide spreading of inflammatory infiltrates, which
were the hallmarks of inflammatory colonic injury
(Fig. 4F, G).

Expression and hypo-methylation of Zbtb7b in mice

with DSS-induced colitis

Colonic tissues from five control mice and seven coli-
tis mice were used for WB (Fig. 5A, B) and qRT-PCR
(Fig. 5C), while five pairs of paraffin-embedded colonic
tissues were used for IHC analysis (Fig. 5D, E). It was
shown that the expression of Zbtb7b at the mRNA
level was significantly up-regulated in DSS-induced
colitis (P<0.0001). In addition, WB and IHC showed
that the expression of ZBTB7B at the protein level was
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significantly increased in DSS-induced colitis (P =0.0045,
P=0.0004). Moreover, we found that the methylation
level of Zbtb7b was significantly decreased (P=0.0357)
compared with the control mice (Fig. 5F, G). The com-
plete WB results of all mice are shown in Additional
file 1: Fig. S1.

Zbtb7b represses the differentiation of CD4TCD8™T cells
and promotes colonic inflammation in murine colitis
Through FCM, we found that the population of
CD4"CD8'T cells (P=0.0247) was significantly
decreased, whereas the population of CD4'T cells
(P=0.0240) was increased dramatically in the DSS group
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mice. F, G Methylation of Zbtb7b in colonic tissue of mice detected by MSP. Data are representative electrophoretic bands or expressed as the
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compared with control mice (Fig. 6A—C). Specific steps
of detecting CD4"/CD8" T cells by FCM are shown in
Additional file 2: Fig. S2. Similarly, through IF, we found
that the population of CD4TCD8' T cells (P=0.0118)
was significantly decreased, whereas the population of
CD4" T cells (P=0.0003) was increased dramatically in
the DSS group compared with control mice (Fig. 6D—
F). A previous study [31] has shown that CD4% T cells
can significantly elevate the expressions of inflamma-
tory cytokines, such as TNF-a, IL-17A, and IFN-y in
UC patients. Therefore, we further detected these three
pro-inflammatory factors in the mouse model. ELISA
showed that the levels of TNF-a (P=0.0005, P=0.0005),
IL-17 (P=0.0014, P=0.0381), and IFN-y (P=0.0016,
P=0.0042) were prominently increased in the serum and

colonic tissue of the DSS group compared with the con-
trol mice (Fig. 7A-F).

Discussion

UC is characterized by chronic inflammation, a relapsing
and intermittent course, and a substantial risk of colo-
rectal cancer [2, 32, 33]. The pathogenesis of UC remains
unclear. However, accumulating evidence has suggested
that epigenetic mechanisms, such as DNA methylation,
are contributing factors in the pathogenesis of UC [34—
36]. Moreover, hyper-methylation or hypo-methylation
with corresponding down-regulation or up-regulation
of the associated genes has been observed in UC [7, 9,
37]. Wetzel et al. have reported that under inflamma-
tory and demethylating conditions, the upregulation of
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Epstein—Barr virus-induced gene 3 (EBI3) contributes to
the formation of anti-inflammatory IL-35, which may be
considered a therapeutic target in UC [38]. In the present
study, we analyzed the DNA methylation of GSE27899 in
the GEO database and found 48 differential genes with
significant changes in methylation. Among them, the
methylation level of Zbtb7b was significantly higher com-
pared with the other differential genes in the HC group.
Moreover, we found that the Zbtb7b was demethylated
and up-regulated in UC samples compared with HC sam-
ples. In addition, the expression of Zbtb7b was positively
associated with the degree of UC activity. Therefore,
ZBTB7B might be a diagnostic and therapeutic bio-
marker for UC.

Zbtb7b is a transcription factor of a zinc finger and
BTB domain-containing protein 7B, which is also called
T-helper-inducing POZ/Krueppel-like factor (ThPOK),
and it is primarily involved in the differentiation and
development of T cells and NK T cells [39, 40]. Dave et al.

have found that when spontaneous helper T cell dele-
tion (HD) occurs in mice, CD4" T cell differentiation
is impaired, and CD4" T cells in peripheral blood are
deleted [41]. Moreover, Zbtb7b is the gene of HD dele-
tion. The point mutation of the Zbtb7b gene in HD mice
leads to the change of zinc finger domain residues of
ZBTB7B protein binding to DNA, making ZBTB7B una-
ble to bind to target DNA and leading to an HD pheno-
type [42]. Wang et al. have found that Zbtb7b plays a vital
role in activating the maturation of peripheral CD4"T
cells, leading to repressed differentiation of peripheral
CDS8™T cells [28]. It has been discovered that Zbtb7b-
deficient mice lack CD4 T cells but harbor a population
of CD8™T cells in peripheral blood and spleen [43, 44].
Kennedy et al. have also reported that Zbtb7b-deficient
mice experience a defect in T cell maturation, contrib-
uting to dramatically decreased numbers of peripheral
CD4™'T cells and subsequently reduced production of
pro-inflammatory cytokines [45]. In recent years, the role



Xu et al. Journal of Translational Medicine  (2022) 20:289 Page 12 of 15
A TNF-o B IL-17 C IFN-y
1000+ s 1500 il 2000~ il
3 S n=7 S n=7
£ 800 g £ 1500
By S 1000 o0
& 600 o RS
~ ‘é’ = 1000
g 400 n=5 S s00- n=s 5 s
S 200 2 R 007
7] n
0- 0- 0-
NC DSS NC DSS NC DSS
D TNF-a E IL-17 F IFN-y
100 n=5 e 50 40~
o) 804 ,;\D 40 ?0
g £ .
e . Q[) - OD
on 60 30
& \% \% 20
40+ S 20+ g
£ < 2 1o
o 2041 10-
Q o @)
0- 0- 0-
NC DSS NC DSS NC DSS
Fig. 7 Serum and colonic inflammatory factor in mice. The serum samples of five control mice and seven colitis mice were used for analysis, while
colonic tissues of five pairs of mice were used for inflammatory factor detection. A-C Serum levels of TNF-q, IL-17, and IFN-y were detected by ELISA.
D-F Colonic levels of TNF-q, IL-17, and IFN-y were detected by ELISA. Data are represented as the mean & SEM of each group. *P < 0.05, **P <0.01,
***P <0,001. NC normal control group, DSS DSS-induced colitis group

of Zbtb7b in intestinal immune function has been gradu-
ally expanded. In the intestinal environment, Zbtb7b and
Runt-related transcription factor 3 (RUNX3) antagonize
each other. The former inhibits the cytotoxic function of
CD4" intraepithelial T lymphocytes (IELs) and maintains
the inflammatory function of CD4" IELs. When Zbtb7b
is absent, the activated CD4" IELs lose their inflamma-
tory function, resulting in the inability to induce colitis.
The expressions of Zbtb7b and RUNX3 restrict each
other, affect the response of CD4" T cells, and impair
intestinal inflammatory immunity and the probability
of exogenous bacterial infection [15-17]. In conclusion,
previous studies have shown that Zbtb7b is related to
the differentiation of CD4% T cells. Inhibition or dele-
tion of Zbtb7b will mediate the reduction of the intestinal
immune response, resulting in less colitis. In the present
study, we also found that Zbtb7b was significantly up-
regulated in colonic tissue samples from UC patients and
the DSS-induced colitis model.

Meanwhile, several CD4" T cells were harbored in the
peripheral blood and inflamed colonic tissues. Therefore,
we considered that the expression of Zbtb7b was associ-
ated with the disease severity of UC and might function as
a possible target for the management of UC via regulating
the differentiation of CD4" T cells. Yang et al. have shown

that the activation of CD4" T cells can significantly elevate
the expressions of inflammatory cytokines, such as TNF-a,
IL-17A, and IEN-y, in peripheral blood of UC patients [31].
Another study has reported that the activation of CD4" T
cells predominantly produces inflammatory cytokines of
TNEF-q, IL-17, and IFN-y in IBDs [46]. In the present study,
we found that the inflammatory cytokines of TNF-a, IL-17,
and IFN-y were up-regulated in the DSS-induced colitis
model. Therefore, we considered that the over-expression of
Zbtb7b promoted the differentiation of CD41T cells, sub-
sequently contributing to the production of inflammatory
cytokines in the DSS-induced colitis model.

Barragan et al. have revealed that Lactobacillus reuters
provide indole-derivatives, such as indole-3-lactic acid, that
activate the aryl-hydrocarbon receptor (AhR) and contrib-
ute to the down-regulation of Zbtb7b in IELs, which repress
the differentiation of CD4" T and activate the differentia-
tion of CD8™ T cells, resulting in reprogramming of CD4"
T cells into DP CD4CD8* T cells [47]. Furthermore, DP
CD4*TCD8™ T cells can maintain a steady-state of the gut
mucosa and inhibit pro-inflammatory cytokine release
during pathogenic infection [47]. Das et al. have shown
that DP CD4"CD8™ T cells reside in the intestinal epithe-
lial layer and possess a regulatory function in inhibiting
type 1 helper T (Th1) cell-induced intestinal inflammation
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[48]. In the present study, we found that the proportion of
DP CD4+tCD8" T cells was significantly decreased in the
inflamed colonic tissues in the DSS-induced colitis model.
Therefore, over-expression of Zbtb7b might repress the dif-
ferentiation of DP CD4"CD8*' T cells and then increase
the production of inflammatory cytokines, such as TNF-q,
IL-17, and IFN-y, in the DSS-induced colitis model.

However, there were several limitations in our study.
First, due to the amount of tissue and detection tech-
nology, we failed to detect the methylation of Zbtb7b in
fresh intestinal mucosa from UC patients and HCs. In
addition, we initially explored the relationship between
demethylated Zbtb7b and T cell immunity in the DSS-
induced colitis model, while those findings were not
further verified in vitro. Finally, we found the hypo-
methylation of Zbtb7b through the GEO database and
preliminary verified it in the mouse model of colitis. The
hypo-methylated Zbtb7b might be related to the regu-
lation of Zbtb7b as the maturation of CD4" T cells and
the differentiation of DP CD4"CD8" T cells, resulting in
the production of inflammatory cytokines and colonic
inflammation. However, further research and more data
support are still necessary.
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In summary, we demonstrated that Zbtb7b was dem-
ethylated and up-regulated in the UC and DSS-induced
colitis model. Moreover, over-expression of Zbtb7b acti-
vated the maturation of CD4"T cells and repressed the
differentiation of DP CD4TCD8" T cells, which contrib-
uted to the production of inflammatory cytokines, such
as TNF-qa, IL-17, and IFN-y, in the DSS-induced colitis
model (Fig. 8). Therefore, Zbtb7b might be a diagnostic
and therapeutic biomarker for UC, and hypo-methyla-
tion might affect the biological function of Zbtb7b.

Conclusions

In the present study, we demonstrated that Zbtb7b was
related to the pathogenesis of UC by bioinformatics
analysis. We further verified that demethylated Zbtb7b
activated the maturation of CD4"T cells and repressed
the differentiation of DP CD4"CD8*' T cells, resulting
in the production of inflammatory cytokines and colonic
inflammation in the UC and DSS-induced colitis model.
Therefore, Zbtb7b might be a diagnostic and therapeutic
biomarker for UC, and hypo-methylation might affect
the biological function of Zbtb7b.
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demethylated Zbtb7b activated the maturation of CD4T cells and repressed the differentiation of DP CD4TCD8* T cells, resulting in the
production of inflammatory cytokines (TNF-q, IL-17, and IFN-y) and colonic inflammation in UC

Fig. 8 Proposed mechanism of demethylated Zbtb7b affecting the pathogenesis of UC by regulating intestinal immunity. Hypo-methylation plays
an important role in the pathogenesis of UC, and Zbtb7b was demethylated and up-regulated in the colonic tissues of UC patients. Furthermore,
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Additional file 1: Fig. S1. WB of ZBTB7B in colonic tissue of mice. WB
was used to detect ZBTB7B protein content in colonic tissue of mice.
NC: normal control group mouse, n=>5; DSS: DSS-induced colitis group
mouse, n=7.

Additional file 2: Fig. S2. Specific steps of detecting CD4/CD8T cells in
mouse colonic tissue by FCM. Step 1: Circling lymphocytes: circled the
lymphocyte population with FSC and SSC according to the cell size and
granularity; Step 2-4: Removing the adhesive: circled the single cells with-
out adhesions according to the fluorescence area and height of laterally
scattered light. Then, circled the single cells without adhesions according
to the fluorescent area and height of forward scattered light; Step 5:
Circling living cells: marked dead and living cells with Zombie Yellow.
Dead cells were marked and expressed as positive, while living cells could
not be marked and expressed as negative; Step 6: Circling white blood
cells: white blood cells were labeled with anti-CD45 antibody and obvi-
ously clustered; Step 7: Circling T cells: T cells were labeled with anti-CD3
antibody and obviously clustered; Step 8: Circle CD4*/CD8" T cells: CD4™/
CD8* T cells were labeled with anti-CD4 antibody/anti-CD8 antibody
respectively, and the cells in the quadrant with positive expression were
DP CD4 4 CD8+T cells.

Additional file 3: Table S1. The demographic and clinical characteristics
of 15 UC patients.
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