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Background: Rhythm abnormalities are crucial for diverse diseases. However, their role in disease progression
induced by Helicobacter pylori (H. pylori) remains elusive.
Methods: H. pylori infection was used in in vivo and in vitro experiments to examine its effect on rhythmic genes.
The GEO databasewas used to screenH. pylori affecting rhythm genes, and the effect of rhythm genes on inflam-
matory factors. Chromatin immunoprecipitation and dual luciferase assays were used to further find out the reg-
ulation between molecules. Animal models were used to confirm the relationship between rhythm genes and
H. pylori-induced inflammation.
Findings: BMAL1 disorders aggravate inflammation induced by H. pylori. Specifically, H. pylori induce BMAL1
expression in vitro and in vivo through transcriptional activation of LIN28A, breaking the circadian rhythm.Mech-
anistically, LIN28A binds to the promoter region of BMAL1 and directly activates its transcription under H. pylori
infection. BMAL1 in turn functions as a transcription factor and enhances the expression of proinflammatory cy-
tokine TNF-α, thereby promoting inflammation. Of note, BMAL1 dysfunction in the rhythm disorder animal
model aggravates inflammatory response induced by H. pylori infection in vivo.
Interpretation: These findings in this study imply the pathogenic relationship between BMAL1 and H. pylori.
BMAL1 may serve as a potential diagnostic marker and therapeutic target for the early diagnosis and treatment
of diseases related to H. pylori infection.
Fund: National Natural Science Foundation of China.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Circadian rhythm controls behavior, physiology, and mood, making
them adapt to 24 h day-night periodicity. The external daily stimuli reg-
ulate the circadian synchronization. Circadian rhythm is determined by
the expression of the circadian clock geneswhich control approximately
10% of all genes [1]. Circadian clock genes consist of 3 basic helix-loop-
helix/PAS domain containingproteins: histone acetyltransferase CLOCK,
transcription factors BMAL1 and NPAS2. These proteins can be assem-
bled as transcriptional complex in heterodimer form, CLOCK/BMAL1
or NPAS2/BMAL1. The complex binds to the E-box elements of targeting
gene promoters, activating transcription of the period genes (PER1,
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PER2 and PER3), cryptochrome genes (CRY1 and CRY2), and other
core clock genes [2]. Dysfunction of circadian clock genes leads to a va-
riety of disorders, such as metabolic syndrome, obesity, diabetes, auto-
immunity, and even cancer [3].

Gastric cancer (GC) is the fourth most common cancer worldwide
with a high mortality rate [4]. Most gastric adenocarcinomas start
from chronic superficial gastritis, and finally evolve to dysplasia or ade-
nocarcinoma [5]. Gastritis paves the way for malignant transformation
of gastricmucosa. There is a bacterial communitywith hundreds of phy-
lotypes in the stomach [6,7]. However the pH is less than four in the
stomach cavity, making it difficult for microbiota to grow excessively
under such condition [8]. Helicobacter pylori (H. pylori) infection leads
to decreased acid secretion, which may favor different gastric bacteria
to grow [9]. In the infected stomach, H. pylori accounts for 93% to 97%
of the microbiota, and microbial diversity is significantly reduced [7].
This implies that H. pylori infection triggers a series of abnormal reac-
tions, and contributesmost to the gastric diseases. In addition, the global
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Circadian rhythm controls behavior, physiology, and mood, and
makes them adapt to 24 h day-night periodicity. Dysfunction of
circadian clock genes leads to a variety of disorders, such as met-
abolic syndrome, obesity, diabetes, autoimmunity, and even
cancer.
Gastric cancer (GC) is the fourth most common cancer worldwide
and has a high mortality rate. Most gastric adenocarcinomas start
from chronic superficial gastritis, and finally evolve to dysplasia
and adenocarcinoma. Gastritis paves theway for malignant trans-
formation of gastric mucosa. Helicobacter pylori (H. pylori) was
recognized as a type I carcinogen. Several studies uncovered the
connection between circadian rhythm, H. pylori, and inflamma-
tory diseases. However, the role of circadian rhythm in disease
progression induced by H. pylori remains elusive.

Added value of this study

Through in vivo and in vitro experiments, we for the first time
found the pathogenic relationship between H. pylori infection
and circadian rhythm gene BMAL1. And we explored one of the
specific pathways by which circadian rhythm genes mediated in-
flammatory responses induced by H. pylori.

Implications of all the available evidence

Therefore, the rhythmic gene BMAL1 may serve as a potential di-
agnostic marker and therapeutic target for the early diagnosis and
treatment of diseases related to H. pylori infection.
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epidemiological distribution of chronic gastritis overlaps that ofH. pylori
infection despite different causes of the diseases [10–12]. H. pylori has
been recognized as a type I carcinogen since 1994, and epidemiological
studies have shown its role to increase the risk of GC. Therefore, we
focus on the pathogenic effects of H. pylori in this study. Two indepen-
dent groups showed that individual gastrointestinal cells transcribed
and translated circadian clock molecules with circadian periodicity in
a cell-autonomous manner, out of phase with the SCN [13], indicating
the influence of local factors on circadian rhythm. Interestingly,
H. pylori showed effects on circadian gastric acidity which implied the
potential relationship between circadian rhythm and H. pylori induced
disorders [14]. Several other studies uncovered the connection between
circadian rhythm and inflammatory diseases [15–21]. Therefore, we as-
sumed that circadian rhythmmay be crucial for the development of in-
flammatory disease induced by H. pylori.

H. pylori-induced gastric diseases can be activated by inflammatory
cytokines, such as IL-1, TNF-α, IL-6, and IL-8 [22,23]. TNF-α, IL-6, and
IL-8 are the well-known inflammatory factors among the cytokines se-
creted by gastric epithelial cells, and they can be induced by H. pylori
[24,25]. In addition, dysfunction of CRY1 and CRY2 accelerated the pro-
gression of arthritis by promoting the secretion of TNF-α [26]. There-
fore, circadian rhythm change, especially the expression of core
circadian clock genes may determine the pathogenic effect of H. pylori
by regulating the levels of pro-inflammatory cytokines. It is of signifi-
cance to illustrate the underlying mechanisms.

LIN28 is an RNA binding protein which activates cell transformation
by inhibiting let-7 to promote inflammatory responses [27]. LIN28
inhibited the biosynthesis of let-7, and interestingly it was a target of
let-7 itself. There was a bidirectional negative feedback regulation
loop between them [28]. H. pylori inhibited the expression of most
molecules of let-7 family, and some let-7 family molecules may be of
value as potential biomarkers for the diagnosis of GC or its precancerous
diseases [29–31]. Furthermore, let-7 regulated circadian rhythm and it
was controlled by circadian rhythm genes as well [32,33]. The above
findings suggested the potential critical role of LIN28/let-7 axis for the
circadian rhythm and its involvement in the pathogenic process of
H. pylori.

In this study, we demonstrated that H. pylori up-regulated the ex-
pression of BMAL1 and disrupted its rhythm through activation of
LIN28a. BMAL1 enhanced the transcription of TNF-α, thereby aggravat-
ing the inflammatory response caused by H. pylori. Thus, we for the first
time found the pathogenic relationship between H. pylori infection and
circadian rhythm gene BMAL1. And we explored one of the specific
pathways bywhich circadian rhythm genes mediated inflammatory re-
sponses induced by H. pylori. Therefore, the rhythmic gene BMAL1 may
be a potential diagnostic marker and therapeutic target for H. pylori in-
duced inflammatory diseases.

2. Methods and materials

2.1. IHC staining

Formalin-fixed, paraffin-embedded (FFPE) sections from mouse or
patient samples were subjected to deparaffination and dehydration.
After epitope retrieval with citrate buffer and H2O2 treatment, the sam-
ples were blockedwith goat serum for 30min, and then incubated with
different primary antibodies overnight at 4 °C. And then the sections
were incubated with secondary anti-mouse or -rabbit antibodies and
the signals were detected by a DAB staining kit (Vector Laboratories,
USA). The IHC scores were counted with Imagepro Plus. Primary anti-
bodies used were BMAL1: AB4140 (Millipore), and LIN28A: ab155542
(Abcam).

2.2. RNA extraction, RT-PCR, and qRT-PCR

Total RNA were extracted with Trizol Reagent, and themRNAs were
reverse transcribed with RT reagent Kit gDNA Eraser (TaKaRa) to get
cDNAs as the templates for the subsequent qRT-PCR. SYBR-Green
(TaKaRa) and the corresponding qRT-PCR protocol were used to detect
cDNA expression levels. β-actin was used as internal reference. Primers
were shown as follows: hACTIN, Forward (F):5′-AGTTGCGTTACACCCT
TTCTTG-3′, Reverse (R):5′-CACCTTCACCGTTCCAGTTTT-3′; mActin,
F:5′-GTGACGTTGACATCCGTAAAGA-3′, R:5′-GCCGGACTCATCGTACTCC-
3′; hBMAL1, F:5′-ATGTGACCGAGGGAAGATAC-3′, R:5′-GTGCTCCAGAA
CATAATCGA-3′; mBmal1, F:5′-ACAGTCAGATTGAAAAGAGGCG-3′, R:5′-
GCCATCCTTAGCACGGTGAG-3′; hLIN28A, F:5′-CAGGTGCTACAACTGT
GGAGGT-3′, R:5′-AGGGCTGTGGATTTCTTCTTCT-3′; hIL-1α, F:5′-TGGT
AGTAGCAACCAACGGGA-3′, R:5′-ACTTTGATTGAGGGCGTCATTC-3′;
hIL-1β, F:5′-ATGATGGCTTATTACAGTGGCAA-3′, R:5′-GTCGGAGATTC
GTAGCTGGA-3′; hTNF-α, F:5′-CTGGGCAGGTCTACTTTGGG-3′, R:5′-
CTGGAGGCCCCAGTTTGAAT-3′; hIL-6, F:5′-TCAATATTAGAGTCTCAAC
CCCCA-3′, R:5′-GCTCCTGGAGGGGAGATAGA-3′; hCXCL8, F:5′-TTTTGC
CAAGGAGTGCTAAAGA-3′, R:5′-AACCCTCTGCACCCAGTTTTC-3′; hIL-10,
F:5′-GACTTTAAGGGTTACCTGGGTTG-3′, R:5′-TCACATGCGCCTTGATGTC
TG-3′; mTnf, F:5′-CAGGCGGTGCCTATGTCTC-3′, R:5′-CGATCACCCCG
AAGTTCAGTAG-3′; hCLOCK, F:5′- CTCTTCTCGGAGTTCAAGAAAATCA-
3′, R:5′- CATGCCTTGTGGAATTGGTA-3′; hCRY1, F:5′- TCCGATTTGGT
TGTTTGTCA-3′, R:5′- GGATTATTTGTTGCTGCTGTAT-3′; hCRY2, F:5′-
AACCACGACGAGACCTACGG-3′, R:5′- GGAGGGAGTTGGCGTTCATT-3′;
hDBP, F:5′- CTGATCTTGCCCTATCAAGCATT-3′, R:5′- CGATGTCTTCG
AGGGTCAAAG-3′; hPER1, F:5′- GCCAACCAGGAATACTACCAGC-3′, R:5′-
GTGTGTACTCAGACGTGATGTG-3′; hPER2, F:5′- TCATTGGGAGGCACAA
AGTC-3′, R:5′- AGGAGGTCTGGCTCATAAGGT-3′; hPER3, F:5′- CTGTGA
GGATTTGAGGAACG-3′, R:5′- CTGATTTAGGTATGGCTGGG-3′; hREV-
ERBα, F:5′- GGGAGGTGGTAGAGTTTGCC-3′, R:5′- TGTCTGGTCCTTCA
CGTTGA-3′; hRORα, F:5′- CACGACGACCTCAGTAACTACA-3′, R:5′-
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TGGTGAACGAACAGTAGGGAA-3′; hTIMELESS, F:5′- TCTGATCCGCTATT
TGAGGCA-3′, R:5′- GGCAGAAGGTCGCTCTGTAG-3′.

2.3. Cell culture and H. pylori infection

BGC-823 cells were cultured in RPMI-1640 containing 10% fetal bo-
vine serum (FBS), and AGS cells were cultured in F12 containing 12%
FBS. All cells were supported in a humidified incubator with 37 °C, 5%
CO2. H. pylori strains 11,637 and 26,695 were used to challenge gastric
epithelial cells with different concentration, and the cells were collected
at different time points as shown in the figures.Without special illustra-
tion, the gastric epithelial cells were challenged by H. pylori with MOI
1:100, and collected after 8 h.

2.4. Western blot

Total proteinswere extractedwith RIPA lysis buffer (Beyotime)with
phosphatase and protease inhibitors, and the protein concentrations
were detected with BCA Protein Assay Kit (Thermo Fisher Scientific).
SDS-PAGE was used to separate lysates, and then the proteins were
transferred to PVDF membranes. The membranes were blocked with
5% non-fat milk for 2 h at room temperature, and incubated with
primary antibody overnight at 4 °C. After being incubated with second-
ary antibody, the signals were detected with millipore ECL regents.
Antibodies used were: β-ACTIN (A1978, Sigma-Aldrich, RRID: AB_
476692), BMAL1 (D2L7G,CST, RRID: AB_2728705), CagA (Abcam,
RRID:AB_2049729), LIN28A (ab155542, Abcam).

2.5. Resetting of circadian time in gastric epithelial cells

After stimulating the cells with 50% horse serum, the medium was
replaced by 2 ml F12 or RPMI-1640 supplemented with 10% or 12%
FBS respectively in 6-well plate [34], and then challenged the cells
with H. pylori. The cells were collected at 0, 4, 8, 12, 16, 20 h time points
after the serum shock.

2.6. Mouse model

80 C57BL/6 mice were separated into two groups randomly: one
group was under a 12 h of light-12 h of dark (LD) cycle (N = 40), and
another group was under constant darkness (DD, N = 40). They were
raised for one week with normal feed to adapt to the environment.
Then each group was divided into two subgroups respectively, sub-
jected by intragastric administration (IG) with PBS or H. pylori strain
SSI at 12 pm for onemonth (N=20).Mice in each groupwere sacrificed
at four time point: 6 am, 12 pm, 6 pm and 12 am (N= 5, for each time
point). The method to extract gastric epithelial cells from mice was re-
ported in this study [35]. All animal experiments were approved by
Shandong University Research Ethics Committee.

2.7. H. Pylori staining with May-Grunwald-Giemsa

May-Grunwald-Giemsa kit (G1930, Solarbio) was used to stain
H. pylori. FFPE sections subjected to deparaffination and dehydration.
Stained the sections with May-Grunwald working aliquots for 10 min,
and thenwithGiemsaworking aliquots for 20min.Washed the remain-
ing liquid quickly with anhydrous ethanol, and roasted sections slightly.

2.8. Inflammation score rules

A single pathologist, blind to the treatment, scored the inflammation
of the samples. Inflammationwas scored according to special inflamma-
tory cells appearing in different parts of stomach, leading to a total score
of 12, as previously described [36].
2.9. Patient samples

Patient samples were from Jinan Central Hospital, Shandong, P. R.
China. H. pylori infection in patients was detected by 13C urea breath
test. The using of patient sampleswas approvedby ShandongUniversity
Research Ethics Committee.

2.10. Transfection of plasmids and siRNAs

Lipofectamine 2000 (Invitrogen) was used to transfect BMAL1 and
LIN28A siRNAs (Ribobio), the corresponding control siRNAs (Ribobio),
mimics and inhibitor of let-7a-3p (Ribobio), and the corresponding
negative controls (Ribobio) into gastric epithelial cells according to the
protocol provided. For transfection of BMAL1 and LIN28A expression
plasmids (Addgene), Roche transfection reagent was used according
to the instruction book. Specific experimental steps were from manu-
facturer's protocols. BMAL1 expression plasmid was kindly donated by
Dr. Steven Reppert (Massachusetts General Hospital, Boston, USA).

2.11. Chromatin immunoprecipitation assay (ChIP)

SimpleChIP® Plus Sonication Chromatin IP Kit (#56383, CST) was
used to detect the binding of the corresponding proteins to DNA. All ex-
perimental procedures were performed according to the instructions.
Antibodies used were: LIN28A (Abcam), BMAL1 (CST).

2.12. Dual luciferase reporter gene assay

Human BMAL1 wt-1 and wt-2 promoters and TNF-α promoter
fragments were synthesized by company SYE.Biotech. KOD-Plus-
Mutagenesis Kit (TOYOBO) was used to mutate or knock out the
corresponding sites. Luciferase Assay System (Promega) was used to
measure luciferase reporter activity.

2.13. Enzyme linked immunosorbent assay (ELISA)

Human TNF-alpha ELISA Kit (KE00068, proteintech) was used to
detect protein secretion of TNF-α. All experimental procedures were
performed according to the instructions.

2.14. Statistical analysis

Data of all experimental groups were described as themean (±) SD.
Analysis was evaluated by two-tailed Student's t-tests or Mann-
Whitney U test. Statistical analyses were offered by GraphPad PRISM
7. P values b.05 were considered statistically significant.

3. Results

3.1. H. Pylori induced BMAL1 expression and disrupted its circadian rhythm

H. pylori infection is a risk factor for gastric diseases [37]. It influ-
enced gastric circadian events, such as gastric acidity, simultaneously
[14]. To explore the relationship between H. pylori infection and circa-
dian clock genes in gastric epithelial cells, we analyzed the relative ex-
pression of traditional circadian genes in public microarray data from
GEO database (GSE10262). In the mouse gastric epithelial progenitor-
derived cell line (mGEP), three repeated infection experiments were
performed with two H. pylori strains: chronic atrophic gastritis
(ChAG)-associated Kx1 and gastric cancer-associated Kx2. Bmal1 ex-
pression was significantly increased compared with other genes
(Fig. 1a). The analysis of BMAL1 from other public microarray data
(Fig. S1a-c) also showed its up-regulation during H. pylori infection. To
further verify this, we used diseased 37 patient tissues from superficial
gastritis (SG), atrophic gastritis (AG) to Intestinal metaplasia (IM)
with or without H. pylori infection. The lamina propria cell composition

nif-antibody:AB_476692
nif-antibody:AB_476692
nif-antibody:AB_2728705
nif-antibody:AB_2049729
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is complex, and gastric epithelial cells are the frontier cells encountered
byH. pylori so that they are closely related to the initiation of gastritis in-
duced by the bacteria. Therefore, we focused on the effect ofH. pylori on
gastric epithelial cells in this study (Fig. 1b). There is a close relationship
between H. pylori infection and the severity of precancerous lesions
[38]. CagA-positive H. pylori showed a lower infection density in pa-
tients with milder lesions and the density of H. pylori increasesd with
Fig. 1. H. pylori induced BMAL1 expression and disrupted its circadian rhythm. a, relative ex
(mGEP) infected with clinically isolated H. pylori strains Kx1 and Kx2, compared with uninfec
numbers 1, 2, and 3. The data were obtained from the GEO database(GSE10262). b and c, IH
Intestinal metaplasia(IM) patients respectively with or without H. pylori infection, and the rel
of BMAL1 in 41 cases of gastritis patients with or without H. pylori infection. e and f, qRT-PC
strain 26,695. The concentration of H. pylori and the cell collection time points were shown. g,
H. pylori strain 26,695. BMAL1 mRNA level was detected at 0, 4, 8, 12, 16, 20 h after the serum
the onset of gastritis [39]. There was no obvious elevation of BMAL1 in
patients with H. pylori infection in SG patients, which may result from
the low density of H. pylori infection. However in AG and IM patients,
the expression of BMAL1 in H. pylori infected patients was significantly
higher than that in uninfected patients. Therefore H. pylori infection
gradually elevated BMAL1 expression with increasing severity of
the gastric diseases (Fig. 1c). Correspondingly, in another cohort of
pression of circadian clock genes in mouse gastric epithelial progenitor-derived cell line
ted group. The infection experiments were repeated three times, and represented by the
C staining for BMAL1 in 37 cases of superficial gastritis(SG), atrophic gastritis(AG) and
ative values of IHC optical density. Scale bars, 100 μm (insets 50 μm). d, qRT-PCR analysis
R and Western blot analysis of BMAL1 in AGS and BGC-823 cells infected with H. pylori
AGS and BGC-823 cells were reset circadian time. Subsequently, they were infected with
shock.

ncbi-geo:GSE10262
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specimens, BMAL1 mRNA level was also higher in H. pylori-positive pa-
tients than that inH. pylori-negative samples (Fig. 1d).H. pylori infection
is continuous and changeable in vivo, and the timing of individual cell
infection is in randomphase of the circadian curve. To investigate the ef-
fect ofH. pylori on BMAL1 in randomphase in vitro, desynchronized gas-
tric cell lines AGS and BGC-823, which showed nearly constant BMAL1
levels [34], were incubated with two H. pylori strains (11,637 and
26,695). BMAL1 expression was increased both at mRNA and protein
levels in cells with H. pylori infection, and the up-regulation was time
and concentration dependent (Fig. 1e and f, Fig. S1d and e).

We had confirmed that H. pylori infection up-regulated BMAL1 ex-
pression in gastric epithelial cells. Since BMAL1 has stable period and
amplitude as a circadian clock gene, it is necessary to identify whether
H. pylori infection disturbed BMAL1 circadian rhythm or not. The syn-
chronization model showed the eliciting of circadian gene expression
by a serum shock. We reset circadian time of gastric epithelial cells
with 50% horse serum before adding H. pylori, to demonstrate circadian
oscillators existence in cell lines [34]. The amplitude of BMAL1
expanded dramatically afterH. pylori infection. Besides, BMAL1peak ex-
pression and the horizontal baseline were all raised in most phases
(Fig. 1g). Therefore, H. pylori infection disrupted the circadian rhythm
of BMAL1. In addition,we also examined the effect ofH. pylori on the ex-
pression of other clock genes in desynchronized and synchronized gas-
tric epithelial cells. H. pylori up-regulated the expression of REV-ERBα
andRORα, while showed different effects on other genes.H. pylori infec-
tion significantly disturbed the rhythm of CRY1, DBP and REV-ERBα
(Fig. S1f and g). This suggested the overall circadian rhythm disorders
caused by H. pylori.

3.2. LIN28A directly activated the transcription of BMAL1, independent of
let-7a

Studies have shown the role of LIN28/let-7 axis in circadian rhythm.
Furthermore, BMAL1 contains a binding site of let-7a-3p in the 3′UTR
region (Fig. 2a). LIN28 family consists of two molecules, LIN28A and
LIN28B. To evaluate the relationship between these two molecules
and H. pylori, we analyzed their expression in the GEO database
(GSE10262) and speculated the activation of Lin28a by H. pylori
(Fig. S2a). As a validation of previous experiments, we demonstrated a
negative feedback loop formed by mutual regulation between LIN28A
and let-7a-3p (Fig. S2b and c). H. pylori infection down-regulated the
expression of let-7a-3p (Fig. S2d). To explore the relationship between
let-7a-3p and BMAL1, let-7a-3p mimics and inhibitor were used. We
found the inhibition of LIN28A and BMAL1 both at mRNA and protein
levels by let-7a-3p (Fig. 2b and c). However, the results of the dual lucif-
erase assay showed the inability of let-7a-3p to activate the transcrip-
tion of BMAL1 through the binding site of its 3′UTR, which was
unexpected (Fig. 2d).

Based on the above results, we hypothesized the regulation of
BMAL1 by let-7a-3p through LIN28A. After overexpression or depletion
of LIN28A, BMAL1 showed corresponding up- or down-regulation at
mRNA and protein levels (Fig. 2e and f). Although LIN28A is an RNA
binding protein, it can directly bind to DNA, promoting transcription
of the downstream target genes [40]. By analyzing the sequence of the
BMAL1 promoter region, we found two potential LIN28A binding sites
(Fig. 2g). Chromatin immunoprecipitation assay (ChIP) showed the di-
rect binding of LIN28A to BMAL1's promoter, whereas after LIN28A sup-
pression, the binding was accordingly weakened (Fig. 2h). To further
confirm the transcriptional regulation of BMAL1 by LIN28A, we synthe-
sized thewild type plasmid that contained the two binding sites, aswell
as the plasmids that the two sites were separately mutated. The subse-
quent dual luciferase assay was used to examine the effect of LIN28A on
the transcriptional activation of BMAL1 (Fig. 2g). After overexpression
or depletion of LIN28A, the transcriptional activity of the BMAL1 pro-
moter regions was up- or down-regulated accordingly. However,
these changes disappeared with the mutations of the binding sites
(Fig. 2i). In summary, these results suggested the direct transcriptional
regulation of BMAL1 by LIN28A by binding to the two DNA sites, inde-
pendent of let-7a.

3.3. LIN28A enhanced H. pylori induced BMAL1 expression

To explore whether LIN28A mediated the expression of BMAL1
caused by H. pylori, we detected the effect of H.pylori on LIN28A. Indeed
H. pylori promoted LIN28A expression at both mRNA and protein levels
in a time and concentration dependent way (Fig. 3a and b). Of note,
comparing “LIN28A si+Hp26695”with “NC+ Hp26695” group, the in-
duction of BMAL1 by H. pylori was alleviated upon LIN28A suppression
(Fig. 3c and d). In addition, the expression of LIN28A was higher in
H. pylori-positive patients than that in H. pylori-negative patients, and
the differences were reflected by the relative values of IHC optical den-
sity (Fig. 3e and f). The expression of LIN28A in specimenwas very sim-
ilar to the expression of BMAL1 in the same tissues. Therefore, LIN28A
may enhance BMAL1 expression induced by H. pylori both in vitro and
in vivo.

3.4. Effect of H. pylori-induced rhythm gene change on inflammatory
factors

Circadian rhythm is involved in the development of inflammation,
which prompted us to study the potential relationship between circa-
dian rhythm and inflammatory factors upregulated by H. pylori. Based
on previous results, we selected several inflammatory factors closely re-
lated to the pathogenesis ofH. pylori. We found possible binding sites of
BMAL1 (E-box region) in the promoter regions of all the selected mole-
cules (Fig. S3a). H. pylori significantly activated Tnf expression upon
analysis of the GEO database (GSE10262) (Fig. 4a). And decline of
TNF-αwas found to be themost pronounced among the selected factors
by BMAL1 depletion (Fig. 4b). Therefore TNF-α may be a potential tar-
get of BMAL1. Comparing “BMAL1 si + Hp26695” with “NC +
Hp26695” group, induction of TNF-α RNA expression by H. pylori was
relived upon BMAL1 inhibition (Fig. 4c). Accordingly, overexpression
of BMAL1 showed the opposite effect (Fig. 4d). The change of TNF-α se-
cretion was align with that of its RNA (Fig. 4e and f). Here IL-6 and IL-8
were found to be up-regulated by H. pylori infection, however their ex-
pression was not mainly regulated by BMAL1 (Fig. S3b).

Since BMAL1 functions as circadian rhythmgene, TNF-α is supposed
to be rhythmic as its target. Similar to BMAL1, the rhythm of TNF-α in
rhythm-synchronized cells was destroyed by infection of H. pylori.
Specifically, its amplitude raised and the expression in most phases
increased (Fig. S3c). Correspondingly, when BMAL1 was inhibited, the
rhythm change of TNF-α caused by H. pylori was restored at RNA and
protein levels (Fig. 4g and h). These results indicated that BMAL1 was
involved in the regulation of inflammatory response through targeting
TNF-α after H. pylori infection.

3.5. BMAL1 directly promoted TNF-α transcriptional expression

Based on the distribution of E-box elements in the TNF-α promoter
region, we knocked them out separately and used double luciferase
assay to detect the transcriptional activation of BMAL1 on wild-type
plasmid and the five different knockout plasmids. It was found that
when the E-box elements of the KO5 group were removed, the tran-
scriptional activation of TNF-α by BMAL1was not changed even though
BMAL1 was inhibited. However, in the other four KO groups, transcrip-
tional activation of TNF-α by BMAL1was changed in linewith the alter-
ations of BMAL1, indicating the dispensableness of the these regions for
TNF-α promoter activity regulated by BMAL1 (Fig. 5a). Since there are
two E-box elements in the KO5 group, these two sites were mutated
and tested separately in order to further determine the exact transcrip-
tional regulation of TNF-α by BMAL1 (Fig. 5b). Both sites were found
critical for BMAL1 activation since no alteration of promoter activity of



Fig. 2. LIN28A directly regulated the transcription level of BMAL1, independent of let-7a. a, binding site of let-7a-3p on the 3′UTR region of BMAL1. b, qRT-PCR analysis of let-7a-3p and
BMAL1 in AGS and BGC-823 cells transfected with mimics or inhibitor of let-7a-3p. c, Western blot analysis of BMAL1 and LIN28A in AGS and BGC-823 cells transfected with mimics or
inhibitor of let-7a-3p. d, the dual luciferase assay detected the transcriptional regulation of let-7a-3p on the 3′UTR region of BMAL1. e and f, qRT-PCR and Western blot analysis of
BMAL1 in AGS and BGC-823 cells transfected with LIN28A siRNA or overexpression plasmid. g, the binding sites of LIN28A in the BMAL1 promoter region, and the corresponding base
mutation. h, ChIP was used to detect the binding between LIN28A and the two sites of the BMAL1 promoter region with and without LIN28A depletion. i, the transcriptional activation
of the BMAL1 promoter region by LIN28A was detected by using a dual luciferase assay in case of binding sites mutation.
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TNF-α was observed upon BMAL1 suppression (Fig. 5c). Furthermore
we confirmed the direct binding of BMAL1 to the above two sites in
TNF-α promoter by ChIP with or without BMAL1 depletion (Fig. 5d).
In summary, BMAL1 directly promoted TNF-α transcriptional
expression.

3.6. Rhythm disorder aggravated inflammatory response caused by
H. pylori

We had confirmed the involvement of BMAL1 in the inflammatory
response by modulating TNF-α under condition of H. pylori infection
in vitro. However the relationship between H. pylori, gastric rhythm
and inflammation in vivo was unknown. Since BMAL1 is centrally lo-
cated in the regulatory loops of the rhythmic genes and its change
was evident in in vitro studies, we still exploited the change of BMAL1
to represent themagnitude of the overall rhythm disorder of gastric ep-
ithelial cells in vivo.

A mouse model was designed and generated as shown in Fig. 6a.
Briefly there are 4 groups of mice, of which 2 groups were subjected
to 12 h of light-12 h of dark (LD) cycle plus intragastric administration
(IG) with PBS or H. pylori strain SSI at 12 pm respectively. The other 2
groups were raised under constant darkness (DD) plus intragastric ad-
ministration (IG) with PBS or H. pylori strain SSI at 12 pm respectively.
Uninfected mice were analyzed in “LD + PBS” and “DD + PBS” group,
and only infected animals were analyzed in “LD + SSI” and “DD+ SSI”
group. Comparing “LD+ SSI”with “LD+ PBS” group,H. pylori infection
up-regulated Bmal1 by two times at both mRNA and protein levels
in vivo. Although this change was less than that in vitro, it still made
sense (Fig. 6b-d). In order to prove the inflammation caused by
H. pylori infection via rhythm change,we further aggravated the rhythm
disorder by changing the light input. Comparing “DD+ SSI”with “LD+
SSI” group, in the case of the same conditions of H. pylori infection, the
expression of Bmal1 in gastric epithelial cells increased more signifi-
cantly when the external light input was artificially changed, indicating
the aggravation of circadian rhythmdisorder (Fig. 6b-d). Sydney system
wasused to definemild colonizationwhich indicated less than one third
of the sample surface was covered by H. pylori [41]. According to this
standard, we found that although the degree of colonization of
H. pylori in eachmouse was basically the same, the number of mice col-
onized by H. pylori was significantly increased in the “DD + SSI” group
with more severe rhythm disorder (Fig. S4a and Fig. 6e). This suggested
the promoting role of circadian rhythm disorder on colonization of
H. pylori. In addition, the detection and correlation analysis of the IHC
scores of Bmal1 and Lin28a indicated the positive correlation between
the two molecules in vivo, which was in line with our in vitro data
(Fig. S4b-d).

H. pylori infection caused infiltration of a variety of inflammatory
cells in the stomachs of mice, and the stage of inflammation could be
judged according to this (Fig. S4e). Inflammation indexes were scored
according toH. pylori infection rate aswell as the cell type, depth and lo-
cation of inflammatory cell infiltration. Comparing with “LD + SSI”
group, “DD + SSI” mice showed more severe inflammation, indicating
the involvement of rhythm disorder in the process of inflammation in-
duced by H. pylori (Fig. 6f). Our in vitro data demonstrated that the lon-
ger of the H. pylori infection, the higher of the expression of BMAL1 and
the more severe of the rhythm disorder. This was further confirmed
in vivo. Increasing severity of circadian rhythm disorder aggravated
the inflammation caused by H. pylori. Besides, the “DD + SSI” group
had the most cases and the highest proportion of mice with inflamma-
tory cells infiltrating both themucosal layer and the submucosa accord-
ing to inflammatory response position (Fig. 6g and h). Similarly,
comparingwith “LD+ SSI” group, Tnf expression frommouse epithelial
cells stimulated byH. pyloriwasmore significantly increased in the “DD
+ SSI” group (Fig. 6i). The above results strongly suggested the aggrava-
tion of H. pylori induced inflammatory response by circadian rhythm
disorder.
4. Discussion

H. pylori infection was related to circadian gastric acidity, 24-h gas-
tric pH, and methods of administration to treat acid-related diseases
[14,42,43]. In addition, a variety of gastrointestinal diseasesmight result
fromunnatural circadian rhythms [44,45]. These studies highlighted the
role of rhythm of the stomach in H. pylori induced diseases. We found
that H. pylori promoted the expression of BMAL1 at the transcriptional
level and disrupted its rhythm through LIN28A. Since BMAL1 is in a cen-
tral regulatory position for the regulation of circadian rhythm genes,
this result is instrumental for the understanding of effects of H. pylori
on the overall rhythm.

Gastritis provides the microenvironment niche for malignant trans-
formation. Most gastric adenocarcinomas start from chronic superficial
gastritis, and then evolve to atrophic gastritis or intestinal metaplasia,
and finally to dysplasia or adenocarcinoma. To provide insights into
the interaction between circadian system and inflammation, we found
that BMAL1 could directly bind to the E-box elements in the promoter
of TNF-α, activating its transcription and increasing its synthesis and
subsequent secretion. The elevated TNF-α level further promoted the
development of inflammation. This finding is in line with the results
of previous studies [46]. BMAL1was found to regulate TNF-α expression
in the pathological state of intestinal epithelial cells [46]. However the
underlying mechanism remained elusive since then. In addition, TNF-
α regulated the circadian clock in astrocytes and rheumatoid synovial
cells, and it also enhanced the mRNA expression of BMAL1 and CRY1
[47,48]. And we found the transcriptional regulation of TNF-α by
BMAL1. Combining these results, it may suggest a feedback loop be-
tween TNF-α and BMAL through their mutual regulation, There may
be a cascade amplification of rhythm gene-mediated inflammatory
response upon H. pylori infection, providing a new small field for future
research. This also explains the fact that the expression of Lin28a is ele-
vated correspondingly with the increase of rhythm disorder in animal
experiments (Fig. S4b-c). Controversially, some studies showed a cer-
tain inhibitory effect of BMAL1 on inflammation in heart, lung, or mac-
rophages and bone marrow cells [49–55]. This could be explained by
different roles of circadian genes in different diseases. Or this may also
be explained by differences in rhythm gene expression caused by differ-
ent conditions. This is an open field and needsmorework to illustrate in
the future.

In the animalmodel of this study,we chose to administer themice at
12 pm in order to investigate the effect of H. pylori infection on gastric
rhythm in vivo. In future experiments, we will administer normal or re-
lated rhythmgene knockoutmicewithH. pylori at different time points.
By observing the progress of gastric inflammation, immune cell aggre-
gation and inflammatory factor release, we will confirm the regulation
of epithelial circadian clock on inflammation induced by H. pylori. This
will also help usfindbetter treatment options and timepoints of admin-
istration in the future.

The in vitro data demonstrated that the longer of the H. pylori infec-
tion, the higher of the expression of BMAL1 and the more severe of the
rhythm disorder. In order to prove that rhythm disorders aggravate
inflammation induced by H. pylori in vivo, we can measure rhythm
and inflammation changes at different infection times. We can also
choose to change the external light input to aggravate the circadian
rhythm disorder under the same infection conditions and measure in-
flammation scores. With the prolongation of H. pylori infection, many
pathogenic factors of the bacteria may be aggravated. In order to ex-
clude other pathogenic factors from judging the experimental results,
we chose the latter experimental method. In Fig. 6, compared with
“LD + PBS”, the increase in inflammation score was not obvious in
“DD + PBS” group, indicating that only the change of external light
had little effect on inflammation. In the case of the same light change,
inflammation score of “DD+ SSI”was significantly increased compared
with “LD + SSI” group. It supports that the rhythm can aggravate
inflammation under the condition of H. pylori infection. Since this



Fig. 3. LIN28A enhanced BMAL1 expression induced by H. pylori. a and b, qRT-PCR andWestern blot analysis of BMAL1 in AGS and BGC-823 cells infected with H. pylori. c and d, qRT-PCR
andWestern blot analysis of BMAL1with LIN28A suppression on the basis ofH. pylori infection. e and f, IHC staining for LIN28A in37 cases of superficial gastritis(SG), atrophic gastritis(AG)
and Intestinal metaplasia(IM) patients respectively with or without H. pylori infection, and the relative values of IHC optical density. Scale bars, 100 μm (insets 50 μm).
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experiment aims to find causes that aggravate the inflammatory
response and gradually worsen the disease under the premise of
H. pylori infection. Therefore, we did not explore in this experiment
whether the circadian rhythm gene can cause the same degree of in-
flammation changes when the disorder is excessive under other condi-
tions. We may explore the more complex effects of circadian rhythm
disorders on inflammation in future studies.

Consistent with our results, studies have shown that inflammatory
cytokines such as TNF-α in the gastric mucosa may be involved in the
H. pylori induced gastric diseases [39,56]. In addition to BMAL1,
H. pylori can also induce TNF-α through direct activation of the tran-
scription factors NF-κB and AP-1 [57,58]. The genes encoding the NF-
κB signaling pathway-related proteins belong to the clock-controlling
gene family [59], and the activation of NF-κB is regulated by the rhythm
loop represented by the clock genes BMAL1/CLOCK [60]. For example, in
bone marrow cells, BMAL1 inhibits the activation of NF-κB [52]. CLOCK
and NF-κB form a CLOCK/NF-κB complex that promotes NF-κB-
mediated transcription and impedes the formation of the CLOCK/



Fig. 4. Effect of H. pylori-induced rhythm gene change on inflammatory factors. a, relative expression of inflammatory factors inmGEP. Three repeated experiments data were put in one
box. The data were obtained from the GEO database(GSE10262). b, qRT-PCR analysis of inflammatory factors in AGS and BGC-823 cells transfectedwith BMAL1 siRNA. c, qRT-PCR analysis
of BMAL1 and TNF-αwith BMAL1 depletion on the basis ofH. pylori infection. d, qRT-PCR analysis of BMAL1 and TNF-α in AGS and BGC-823 cells transfected with BMAL1 overexpression
plasmid. e, ELISA analysis of TNF-α, after BMAL1 inhibition on the basis of H. pylori infection. f, ELISA analysis of TNF-α in AGS and BGC-823 cells transfected with BMAL1 overexpression
plasmid. g, AGS and BGC-823 cells were reset circadian time, and BMAL1 was depleted on the basis ofH. pylori infection. BMAL1 and TNF-αmRNA levels were detected at 0, 4, 8, 12, 24 h
after the serum shock. h, AGS and BGC-823 cells were reset circadian time, and BMAL1 was inhibited on the basis of H. pylori infection. ELISA analysis of TNF-αwas detected at 0, 4, 8, 12,
24 h after the serum shock.
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Fig. 5. BMAL1 promoted TNF-α expression induced byH. pylori. a, a map for knockout of the E-box elements in the promoter region of TNF-α. Correspondingly, the effect of BMAL1 on the
transcriptional activity of TNF-α was examined using a dual luciferase assay. b, the binding sites of BMAL1 in the TNF-α promoter region, and the corresponding base mutation. c, the
transcriptional activation of the TNF-α promoter region by BMAL1 was detected by using a dual luciferase assay in case of binding sites mutation. d, ChIP was used to detect the
binding between BMAL1 and the sites of the TNF-α promoter region after BMAL1 suppression.
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BMAL1 complex [61]. The above studies demonstrate the existence of
mutual repulsion between NF-κB and BMAL1. Besides, in the presence
of CLOCK, the RelB subunit of NF-κB binds to BMAL1, inhibiting or mod-
ulating the rhythmic target genes downstream of BMAL1/CLOCK in a
more complex manner [62]. These results suggest that NF-κB and
BMAL1 may have mutual regulation or binding and affect the expres-
sion of downstream genes such as TNF-α. However, the specific under-
lying mechanism requires a more in-depth study of various types of
cells in different environments in vivo.

For the relationship between inflammatory response and circadian
rhythm, only the unilateral regulation mechanism of inflammatory fac-
tors by rhythmgeneswas explored in our study. AndH. pyloriwas found
to stimulate epithelial cells or immune cells and promote the secretion
of inflammatory factors through othermechanisms [22]. The inflamma-
tory factors, such as TNF-α, may promote the progression of the disease
by binding to receptors on the surface of epithelial cells and then acti-
vate the corresponding signaling pathways to influence the expression
of circadian genes. In future, it is significant to explore the relationship
between inflammation, circadian rhythm and disease progression in
this direction, and further elucidate the underlying mechanisms.

There is an interaction between circadian rhythm and gut microbi-
ota. Gutmicrobiota undergoes diurnal compositional and functional os-
cillations [63], while diurnal microbial behavior in turn drives host
circadian transcriptional, epigenetic and metabolite oscillations [64].



Fig. 6. Rhythm disorder aggravated inflammatory response caused byH. pylori. a, animal model were designed as described in the methods andmaterials b, qRT-PCT analysis of Bmal1 in
gastric epithelial cells extracted from eachmouse. c, IHC staining for Bmal1 in each group. Scale bars, 100 μm(insets 50 μm). d, IHC scores for Bmal1 in each group. e, quantification ofmice
with or without H. pylori infection in all the groups. Total number in each group was 20. H. pylori-positive mice number in “LD + SSI” group was 8, and in “DD + SSI” group was 16. f,
inflammation scores of each group. g, histogram of each group with different depth of inflammatory cells infiltration. Normal: no inflammatory cells infiltration; M: inflammatory cells
infiltrating only mucosal layer; M + SM: inflammatory cells infiltrating both mucosal layer and submucosa. h, specific data displayed in the G chart. i, qRT-PCT analysis of Tnf in gastric
epithelial cells extracted from each mouse.
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Fig. 7. Schematic model of the study.H. pylori up-regulated the expression of LIN28A, and
LIN28A directly bound to the BMAL1 promoter, activating the transcription of BMAL1 to
increase its expression. BMAL1 in turn promoted transcription of TNF-α by directly
binding to the E-box elements on its promoter to increase its secretion. Therefore, our
study revealed the mechanism through which disorder of circadian rhythm aggravated
the inflammatory response induced by H. pylori.
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The disruption of host circadian rhythm causes intestinal microbiota to
lose the gut diurnally oscillates [65]. Furthermore, the rhythmic de-
struction of homeostatic microbiome not only eliminates normal chro-
matin and transcriptional oscillations, but also causes genome-wide de
novo oscillations in both intestine and liver, thereby affecting the circa-
dian fluctuations of physiology and disease susceptibility [64]. In addi-
tion, microbial metabolites directly affect circadian gene expression in
the host [66]. Rhythmic genes, interfered by the disordered gutmicrobi-
ota, disrupt body health by regulating downstream target genes [67].
The above results suggest the maintenance of homeostasis by interac-
tion between rhythm genes and the gastrointestinal microbiota. In our
study, we proved the aggravation of H. pylori-induced gastritis by
rhythmdisorders. It would be interesting to explore the specific compo-
nents ormetabolites ofH. pylori to disrupt rhythm, the effects of rhythm
disorder on H. pylori, and the influences of their interactions on the gas-
tritis microenvironment. SinceH. pylori is themost important and initial
microbe to induce gastritis, the changes of other gut microbiota, and
their relationship with rhythm disorder and progression of gastric dis-
eases during the late stage of infection are worth to illustrating as well.

Circadian rhythm regulates physiological homeostasis of the gastro-
intestinal tract concerning gut motility, gastric acid secretion, mainte-
nance and restoration of the protective mucosal barrier, production of
digestive enzymes, and immunologic system of gastrointestinal tract.
Disruption of circadian physiology, due to sleep disturbance or shift
work, may result in various gastric diseases, such as gastroesophageal
reflux disease (GERD), gastric dyspepsia, peptic ulcer disease, metabolic
syndrome or cancer [68]. Circadian clock disruption results in similar
deleterious effects as the chronic inflammation induced by H. pylori
[69]. However, no relationship between GERD and H. pylori was found
[70]. H. pylori may be one of the causes of functional dyspepsia.
H. pylori infection significantly causes chronic mucosal inflammation
in the stomach and duodenum, which in turn leads to abnormalities
in gastroduodenal movement and sensitivity, affects various endocrine
functions of the stomach, and aggravates functional dyspepsia symp-
tom. This suggests the coordination of H. pylori infection and rhythm
disorders to promote functional dyspepsia [71]. The main causes of
peptic ulcer include H. pylori infection and long-term use of Nonsteroi-
dal Anti-inflammatory Drugs (NSAIDs). The former is amajor risk factor
for gastric cancer, while the latter shows some preventing effects for
gastric cancer. The presence of H. pylori infection and precancerous le-
sions affects the treatment and outcome of the ulcers associated with
rhythm disorders [72]. Circadian rhythm disorder adversely affects
food choices, hunger and appetite, and generates deleterious metabolic
consequences that lead to obesity [73]. There are increased odds ratios
or relative risks of several gastrointestinal complications of obesity: gas-
troesophageal reflux disease, erosive gastritis, and gastric cancer [74].
This suggests that rhythm disorder can promote the development of
gastritis through adverse metabolic reactions, and the transformation
of inflammation into cancer. Interestingly, a link between themolecular
clock machinery and carcinogenesis has been revealed [75]. In the fu-
ture, it would be a good point to study the relationship between
H. pylori, rhythm disorder and the transformation from inflammation
to cancer, and illustrate the underlying mechanisms through which
they are connected.

In summary, we found that H. pylori up-regulated the expression of
LIN28A, and LIN28A directly bound to the BMAL1 promoter, activating
the transcription of BMAL1 to increase its expression. BMAL1 in turn
promoted transcription of TNF-α by directly binding to the E-box ele-
ments on its promoter to increase its secretion. Therefore, our study re-
vealed the mechanism through which disorder of circadian rhythm
aggravated the inflammatory response induced by H. pylori (Fig. 7).
This research on circadian rhythmgenesmayprovide newpotential tar-
gets for the early diagnosis and treatment of diseases related toH. pylori
infection.
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