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Abstract 

Background: Krüppel-like factor 7 (klf7), a transcription factor in the nervous system to regulate cell proliferation and 
differentiation, has been recently identified as a causal gene for autism spectrum disorder (ASD), but the mechanism 
behind remains unknown.

Result: To uncover this mechanism, in this study we characterized the involvement of klf7 in circadian rhythm by 
knocking down klf7 in N2A cells and examining the rhythmic expression of circadian genes, especially Clock gene. 
We constructed  klf7−/− mice and then investigated into klf7 regulation on the expression of rhythm genes in vivo as 
well as the use of melatonin to rescue the autism behavior. Our results illustrated that circadian rhythm was disrupted 
in klf7 knockdown cells and that  klf7−/− mice showed autism-like behavior. Also, we found that Clock gene was 
downregulated in the brain of these  klf7−/− mice and that the downstream rhythm genes of Clock were disturbed. 
Melatonin, as a circadian regulation drug, could regulate the expression level and amplitude of rhythm genes in klf7 
knockout cells and further rescue the autistic behavior of  klf7−/− mice.

Conclusion: Klf7 deficiency causes ASD by disrupting circadian rhythm related genes to trigger rhythm oscillations. 
To treat ASD, maintaining circadian homeostasis is promising with the use of melatonin.
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Introduction
Krüppel-like factor 7 (klf7) is a transcription factor in 
the nervous system to regulates cell proliferation and dif-
ferentiation [1]. Klf7 has been proposed as a candidate 
gene for autism spectrum disorder (ASD) with the results 
that patients with deletion in 2q33.3q34, where klf7 is 
located, show autistic traits [2–6]. More recently, Powis 
et  al., reported 4 unrelated individuals with de novo 

mutations in klf7 shared similar clinical traits, includ-
ing developmental delay/intellectual disability, hypoto-
nia, feeding/swallowing issues, psychiatric features, and 
neuromuscular symptoms [7]. In addition, rare de novo 
non-coding variants in this gene have been observed in 
ASD probands [8, 9]. These studies suggest a possible 
link between klf7 mutation and ASD. In our recent study, 
klf7 was confirmed to be an autism-related gene by con-
structing Nestin-Cre conditional knockout mouse model, 
though the mechanism behind remains unknown [10].

Klf7 was identified as a regulator related to suprachi-
asmatic nucleus function and could enrich rhythm genes 
in mouse suprachiasmatic nucleus [11, 12]. In this regard, 
we also discovered that target genes of both human klf7 
and mouse klf7 were significantly enriched in circadian 
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rhythms [10], indicating that klf7 is involved in circadian 
rhythm. More evidences have been recently collected to 
support the strong link between dysregulated circadian 
rhythm and ASD. Researches in cognitive and develop-
mental psychology have discovered the important role 
of rhythm in the early development of social interaction 
[13] and impaired circadian clock network causes sus-
ceptibility to ASD [14, 15]. Circadian rhythm is regulated 
by clock-controlled genes (CCGs), variations in CCGs 
were considered to affect physiological functions, which 
may lead to disease susceptibility [16]. Investigations of 
circadian rhythm related genes showed that Clock, Per1, 
Per2, Per3, Npas2, Bmal1, Cry1, Cry2 and Dbp mutated 
frequently in ASD individuals [17, 18]. Also, researches 
suggested that abnormal CCGs had a significant impact 
on the development of ASD, especially for sleep–wake 
rhythm and communication disorders [19–23]; and 
that circadian clock genes played a significant role in 
ASD [24], suggesting the link between circadian rhythm 
and ASD. Based on the above discussion, in this study 
we hypothesized that klf7 could contribute to ASD via 

disrupting circadian rhythm, and tested by investigat-
ing into the klf7 regulation on the expression of rhythm 
genes in vivo. Furthermore, we demonstrated that the use 
of melatonin could rescue the autism behavior.

Results
Klf7 is involved in regulating the circadian rhythm‑related 
genes
We analyzed the expression of klf7 in N2A cells and 
obtain the diurnal rhythm (Fig.  1A), which peaked at 
CT16 and nadired at CT0 (CT0 is the onset at the light-
ing period). In our previous study [10], we found that the 
target genes of klf7 were significantly enriched in circa-
dian rhythms. In order to confirm the effects of klf7 on 
circadian rhythm genes, we knocked down klf7 level in 
N2A cells with a lentiviral short hairpin RNA (shRNA). 
Meanwhile, we also transiently transfected klf7 gene into 
N2A cells. qRT-PCR results confirmed that klf7 could 
regulate the expression of some circadian rhythm genes 
(including Clock, Nr1d1, Nr1d2, Nfil3 and Cry1) (Fig. 1B, 
C). Organoids can simulate early brain development 

Fig. 1 Regulation of circadian rhythm genes by klf7. A qPCR analysis of diurnal rhythm expression of klf7 in N2A cells. Peak presents at CT16 and 
nadir presents at CT0 (n = 4 independent experiments). B qPCR analysis of the expression of circadian rhythm genes induced by klf7 knockdown 
in N2A cells. Shown is fold change induced by klf7 knockdown (n = 4 independent experiments). C qPCR analysis of the expression of circadian 
rhythm genes induced by klf7 overexpression in N2A cells. Shown is fold change induced by klf7 (n = 4 independent experiments). D RNA-seq 
analysis of the expression of circadian rhythm genes in klf7 knockdown human brain organoid model compared with control group. Shown is 
log2(fold change) induced by klf7 knockdown (n = 2 independent experiments). The data are presented as the mean ± SEM. Statistical analysis 
(P* < 0.05, P** < 0.01 and P*** < 0.001) between control group and klf7 knockdown group in (B) were performed by unpaired t test. Statistical analysis 
(P* < 0.05, P** < 0.01, P*** < 0.001, P**** < 0.0001 and ns: no significance) between control group and klf7 group in (C) were performed by unpaired t 
test
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in vitro, which is necessary for the investigation of neu-
rodevelopmental disorders at many developmental stages 
[25–27]. We knocked down klf7 with shklf7 in human 
brain organoid model, which was derived from hiPSCs 
(cell name: DYR0100, serial no.: SCSP-1301, National 
Collection of Authenticated Cell Cultures), and found 
that the expression level of rhythm genes was also dis-
rupted, further supporting that klf7 was involved in the 
regulation of rhythm genes (Fig. 1D). These data suggest 
that klf7 may play an important role in the regulation of 
circadian rhythm genes.

Klf7 binds to Clock gene and forms a feedback loop 
with Clock gene
To verify the transcriptional regulation of klf7 on cir-
cadian rhythm genes, we performed ChIP-seq assays in 
N2A cells with the results showing that klf7 binded to 
Clock, Nr1d1, Nr1d2, Nfil3 and Tef (Fig. 2A). Clock gene 
is a core transcription factor in the circadian rhythm sys-
tem, which forms a transcription-translation auto-regu-
latory feedback loop with Bmal1 and its target genes Per, 
Cry and Nr1d1. Target genes accumulate rhythmically 
and form a suppressor complex that interacts with Clock 
and Bmal1 to inhibit transcription [28]. Considering the 
significant influence of klf7 on Clock gene expression 
level and the core role of Clock in circadian system, we 
selected Clock gene to examine the relationship between 
circadian gene and ASD. The results from the Luciferase 
reporter gene assay confirmed that klf7 positively regu-
lated the transcription of Clock gene in a dose dependent 
manner (Fig. 2B). The promoter of Clock gene was trun-
cated into a 300 bp sequence and a 280 bp sequence, with 
the results demonstrating that specific 300 bp sequence 
could be positively bound by klf7 (Fig. 2C). PCR primers 
could amplify the 300  bp sequence of Clock gene pro-
moter in IP group (Fig.  2D). These results suggest that 
klf7 can regulate Clock gene transcription.

The circadian rhythm system consists of transcrip-
tional activators and transcriptional repressors, which 

can be assembled into feedback loops [29]. To deter-
mine whether there is such a transcriptional feedback 
loop between klf7 and Clock gene, we transiently trans-
fected Clock gene in N2A cells by a dose dependent man-
ner and found that Clock could inhibit klf7 expression, 
forming a negative regulatory loop (Fig. 2E). In order to 
verify the effect of increased Clock level on downstream 
rhythm genes, we selected 250 ng Clock plasmid for tran-
sient transfection of normal cells and klf7 knockout cells; 
qPCR was used to examine the expression efficiency after 
48  h. Our results showed that high expression of Clock 
gene was observed in both normal cells and klf7 knock-
out cells (Fig.  2F). However, the expression level of klf7 
was significantly decreased in both normal cells and klf7 
knocked out cells after clock overexpression (Fig.  2G), 
and the changes in protein level were consistent with 
mRNA result (Fig. 2H). Also, we found that the levels of 
Per2, Per3 and Rorb were significantly downregulated 
in klf7 knockout cells. Increasing Clock level did not 
improve these genes expression levels, but caused them 
significantly decreased (Fig. 2I). We speculated that this 
was caused by Clock inhabiting klf7 expression, being 
associated with the regulation of klf7 on rhythm genes.

Klf7 knockdown cells demonstrate dysregulated circadian 
phenotypes
To obtain insight into the possible role of klf7 on 
Clock and other circadian genes of mammalian cells, 
we examined the expression changes of rhythm genes 
in klf7 knockdown cells. We knocked down klf7 with 
a lentiviral short hairpin RNA (shRNA) in N2A, and 
then found that Clock gene mRNA level and protein 
level were reduced (Fig. 3A, B). Due to the expression 
of Clock were decreased significantly in klf7 knock-
down cells, we examined to see weather klf7 deficiency 
led to the abnormal circadian phenotypes. We syn-
chronized these N2A cells and checked mRNA levels 
of circadian rhythm genes every four hours during the 
diurnal circadian cycle. We observed that Clock gene 

Fig. 2 Klf7 binds to Clock gene and forms a feedback loop with Clock gene. A Binding peaks for circadian rhythm genes, which were identified 
in two biological replicates by Chip-seq. B Luciferase reporter assay of Clock promoter in the presence of klf7. Klf7 positively regulates Clock gene 
transcription in a concentration dependent manner (n = 4 independent experiments). C Transcriptional analysis of Clock truncated promoter 
quantified by luciferase reporter assay. Specific 300 bp sequence of Clock promoter can be positively targeted by klf7 (n = 4 independent 
experiments). D PCR primers that can amplify the specific 300 bp sequence of Clock gene promoter in IP group (n = 4 independent experiments). 
E Clock gene inhibits klf7 expression in turn (n = 4). F Clock mRNA levels measured by qPCR in NC group, shklf7 group, NC and Clock group, shklf7 
and Clock group (n = 4). G klf7 mRNA levels measured by qPCR in NC group, shklf7 group, NC and Clock group, shklf7 and Clock group (n = 4). H 
Protein levels of klf7 measured by western blot. I mRNA levels of Per2, Per3 and Rorb measured by qPCR in NC group, shklf7 group, NC and Clock 
group, shklf7 and Clock group (n = 4). The data are presented as the mean ± SEM. Statistical analysis (P*** < 0.001 and P**** < 0.0001) among empty 
vector group, klf7 (500 ng) group and klf7 (1000 ng) group in (B) were performed by one-way ANOVA test. Statistical analysis (P**** < 0.0001) among 
empty vector group, 280 bp group and 300 bp group in (C) were performed by one-way ANOVA test. Statistical analysis (P*** < 0.001, P**** < 0.0001 
and ns: no significance) among NC group, 250 ng/μL group, 1000 ng/μL group, 2000 ng/μL group, and 4000 ng/μL group in (E) were performed by 
one-way ANOVA test. Statistical analysis (P* < 0.05, P** < 0.01, P*** < 0.001 and ns: no significance) among NC group, shklf7 group, NC + clock group 
and shklf7 + clock group in (F, G) and (I) were performed by one-way ANOVA test

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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Fig. 3 Klf7 influences rhythmic expression of core clock genes. A Klf7 and Clock mRNA levels measured by qPCR in klf7 knockdown cells. The Clock 
mRNA level was decreased significantly compared with control group (n = 4). B Clock protein levels measured by western blot in klf7 knockdown 
cells. Clock protein levels consist with mRNA level (n = 5). C Rhythmic expression of core clock genes in control normal cells and klf7 knockdown 
cells (n = 4). Rhythmic expression of Clock was disrupted and the amplitude increased (n = 4). CT0 is the onset at hour 0 of subjective light period. 
The data are presented as the mean ± SEM. Statistical analysis (P** < 0.01 and P*** < 0.001) between control group and knockdown group in (A, B) 
were performed by unpaired t test. Statistical analysis (P* < 0.05, P** < 0.01, P*** < 0.001 and P**** < 0.0001) between control group and klf7 knockdown 
group in (C) were performed by one-way ANOVA test
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exhibited a rhythmic expression in normal cells and 
that this rhythmic expression was disrupted and even 
exhibited an inversion rhythm at some time points 
in klf7 knockdown cells. Moreover, the amplitude of 
Clock gene between the peak and nadir increased in a 
cycle (Fig. 3C), which is of an important factor in diur-
nal biology. Notably, abnormal rhythmic expression of 
Clock, as a core transcriptional regulatory protein in 
the circadian rhythm system, may lead to oscillations 
of downstream rhythm genes. To uncover this, we also 
assayed some other rhythm genes and found that the 
amplitudes of Nr1d1, Per2, Per3, Cry2 and Dbp gene 
were changed in a cycle and that the rhythm of Nr1d1 
and Per2 were disturbed (Fig.  3C). These results sug-
gested that klf7 deficiency made Clock exhibits an 
abnormal rhythmic expression and further triggered 
the oscillations of downstream rhythm genes. It has 
been shown that SNP in circadian rhythm genes is 
associated with ASD and attention deficit hyperactivity 
disorder [18, 30, 31]. The expression level of Clock gene 
was decreased in ASD individuals [32] and rs3762836 
(p.H542R) located at Clock gene was found in Japanese 
ASD individuals [17]. In addition, 4q12 copy number 
variation including Clock gene have been associated 
with ASD [33, 34]. Interestingly, mutations in Clock 
direct transcription target Per1 and dimerization part-
ner Npas2 are also associated with ASD [18, 35]. The 
preponderance of Clock involvement indicates that this 
transcription factor plays a variety of roles in regulating 
processes relevant to human health; some are linked to 
circadian rhythm and the others may be associated with 
ASD. This further supports our hypothesis that there is 
a link between circadian rhythm and klf7 and that klf7 
can cause ASD by targeting Clock gene.

klf7 deficiency mice show core autistic behavior
To examine if the circadian rhythm disruption can cause 
ASD in vivo, we constructed Nestin-Cre klf7 conditional 
knockout mice, in which exon 2 of klf7 is deleted under 
the control of loxp-Cre system. To examine whether 
klf7 deficient mice could reproduce autistic behavior as 
shown in klf7 mutations patients, we performed behav-
ioral test on male WT mice and male  klf7−/− mice aged 
2–3 months.

Three-chamber social interaction tests were performed 
to examine whether klf7 deficient mice had a core symp-
tom of ASD—social deficit. WT mice and  klf7−/− mice 
didn’t show obvious preference for the left and right 
chambers during the adaptation phase (Fig.  4A). When 
the first strange mouse was introduced to a chamber, 
WT mice stayed in the mouse chamber significantly 
longer than that in the empty chamber. There was no sig-
nificant difference in the time that  klf7−/− mice stayed 
in the mouse chamber and empty chamber, and  klf7−/− 
mice stayed in the mouse chamber significantly shorter 
than WT mice stayed in the mouse chamber (Fig. 4B, F). 
WT mice also spent significantly more time interacting 
with the mouse than that with the empty cage. How-
ever,  klf7−/− mice did not interact with the mouse com-
pared with WT mice, the interaction time with mouse 
was significantly lower than that of WT mice (Fig.  4C). 
Upon introducing the second mouse to another chamber, 
WT mice preferred to stay in the second-mouse cham-
ber rather than first-mouse chamber.  Klf7−/− mice did 
not show preference, and  klf7−/− mice stayed in the sec-
ond mouse chamber or strange mouse chamber signifi-
cantly shorter than WT mice (Fig. 4D, F). In terms of the 
interaction time, WT mice preferred to interact with the 
second or strange mouse rather than the first or famil-
iar one. In contrast, the interaction time of  klf7−/− mice 

Fig. 4 Klf7−/− mice show autistic behavior. A–F Three chamber experiment. A WT mice (n = 10) and  klf7−/− mice (n = 8) showed no obvious 
preference for left and right chambers. B While WT mice (n = 10) spent more time in the chamber with a mouse,  klf7−/− mice (n = 8) didn’t show 
obvious preference for the chambers with and without a mouse. C Total interaction time spent on the chamber with a mouse and the empty 
chamber by  klf7−/− mice (n = 8) is equal, while the interaction time spent on the chamber with a mouse by  klf7−/− mice (n = 8) is significantly 
lower than that spent by WT mice (n = 10). D WT mice (n = 10) spent more time in the strange-mouse chamber, while  klf7−/− mice (n = 8) didn’t 
show preference for the strange-mouse chamber and familiar-mouse chamber. E  Klf7−/− mice (n = 8) spent significantly-less time interacting with 
a strange mouse as compared to WT mice (n = 10). F Representative movement tracks in three-chamber experiment. G, H  Klf7−/− mice (n = 8) 
showed obvious repetitive behaviors. G  Klf7−/− mice (n = 8) spent significantly-more time in self-grooming. H  Klf7−/− mice (n = 8) preferred the 
original target arm rather than exploring the novel target arm in the Y maze spontaneous selection experiment, as indicated by the ratio of entry 
into the original target arm in 10 trials. I–L Open field tests. I  Klf7−/− mice (n = 8) traveled significantly longer distances than WT mice (n = 10). J 
 Klf7−/− mice (n = 8) traveled significantly-faster than WT mice (n = 10). K  Klf7−/− mice (n = 8) spent significantly-shorter time on resting than WT 
mice (n = 10) did. L Representative tracks in the open field test. M–P Morris water maze test. M Spatial learning ability assessed by the latency to 
locate platform.  Klf7−/− mice (n = 8) spent more time on locating platform on the 5 training days, indicating impaired spatial learning ability. N In 
contrast to WT mice (n = 10) spending more time in the target region in the probe test,  klf7−/− mice (n = 8) didn’t explore the target region. T, target 
region; R, region to the right of the target right; L, region to the left of the target region; O, region opposite the target region. O WT mice (n = 10) 
crossed the platform more frequently than  klf7−/− mice (n = 8). P Representative tracks in the Morris water maze. The data are presented as the 
mean ± SEM. Statistical analysis (P* < 0.05, P** < 0.01, P*** < 0.001 and ns: no significance) in (A–E) and (N) were performed by two-way ANOVA test. 
Statistical analysis (P* < 0.05 and P** < 0.01) in (G–H, I–K) and (O) were performed by unpaired t test. Statistical analysis (P** < 0.01 and P*** < 0.001) in 
(M) were performed by one-way ANOVA test

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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with the strange mouse and familiar mouse were equal, 
and the interaction time of  klf7−/− mice with the strange 
mouse was significantly lower than that of WT mice with 
the strange one (Fig.  4E). These results suggested that 
klf7 deficient mice had abnormal social behavior.

The self-grooming test and the Y-maze spontaneous 
selection test were performed to assess whether the klf7 
deficient mice exhibit repetitive behaviors, which is also 
a core behavior of ASD. Our results showed that  Klf7−/− 
mice spent significantly more time on grooming than 
WT mice (Fig.  4G). In the Y maze spontaneous selec-
tion experiment,  klf7−/− mice preferred the first target 
arm and did not like to make a change, while WT mice 
preferred to explore the new arm (Fig. 4H). These results 
indicated that klf7 deletion mice had obvious repetitive 
behaviors.

In addition to the core behaviors of ASD, we also 
examined other symptoms associated with ASD. In 
the open field experiment, our results showed that the 
total distance that  klf7−/− mice had moved was signifi-
cantly higher than that of the WT mice (Fig. 4I, L), and 
that their movement speeds were significantly increased 
(Fig. 4J) while their rest durations were also significantly 
reduced (Fig. 4K). In the Morris water maze test,  klf7−/− 
mice showed an obvious decreased learning ability dur-
ing the five training days (Fig.  4M). During the testing 
period, WT mice spent more time in the target region 
while  klf7−/− mice didn’t explore the target region at all 
(Fig. 4N). Moreover, WT mice crossed the platform loca-
tion more frequently while  klf7−/− mice swam freely 
(Fig. 4O, P). These data suggested that  klf7−/− mice had 
greater motor capacity, but were severely impaired spa-
tial learning and memory function.

Disrupting of Clock function in  klf7−/− mice
To determine whether klf7 deficiency can affect circadian 
rhythms in  vivo, we performed the RNA-seq on 7-day-
old male WT mice and  klf7−/− mice. KEGG enrichment 
analysis was performed on the differentially expressed 
genes (DEGs), and the results showed that DEGs were 
significantly enriched in circadian rhythms (Fig.  5A). 
Regarding the effect of klf7 on Clock gene, our quan-
titative PCR results showed the reduced Clock level 
(Fig.  5B). Clock protein level was also reduced, being 
consistent with the RNA level (Fig.  5C). To examine 
whether the decrease of Clock protein could cause the 
downstream rhythm genes abnormal, we detected the 
expression levels of other important rhythm genes in the 
brain of  klf7−/− mice, and found that the expression lev-
els of other rhythm genes were also disturbed (Fig. 5D). 
In our previous study [10],  klf7± mice showed the mild 
autistic behavior, which could be improved if klf7 is 
expressed in the brain by the adeno-associated virus. So 

we also performed the RNA-seq on  klf7± mice treated 
with adeno-associated virus, and analyzed the expression 
level of rhythm genes in the brain of  klf7± mice before 
and after treatment. Our results showed that increased 
klf7 level could reverse the expression level of rhythm 
genes (Fig.  5E) and rescue the autistic behavior [10]. 
These results suggest that klf7 is an important member 
involved in the regulation of rhythmic circadian genes 
in vivo and links circadian rhythms to ASD (Fig. 5F).

Melatonin regulates the expression of rhythm genes 
and restores the core autistic behavior
Based on the above-discovered relationship among 
the ASD, circadian rhythms and klf7, we further exam-
ined whether restoring circadian rhythms could be used 
to treat ASD. Melatonin is an endogenous neurohor-
mone synthesized by the pineal gland, and its main role 
includes regulating circadian rhythm [36, 37]. Previous 
in vivo studies have shown that melatonin is involved in 
regulating the expression of several clock genes in central 
and peripheral system, such as Clock, Per1, Per2, Bmal1, 
Rev-ERba and Cry1 [38, 39]. As discussed above, klf7 
deficiency disrupted the rhythmic expression of Clock 
and other rhythmic genes. In this study we subsequently 
examined whether melatonin could restore the circadian 
rhythm disorder induced by klf7 deletion and rescue the 
autistic behavior of  klf7−/− mice. For this, we first exam-
ined its regulatory effect on rhythm disorders in N2A 
cells. Upon 24 h of subculture, N2A cells were added with 
shklf7 or control shRNA lentivirus infection for 48  h, 
then 20  μm/L melatonin were added into medium and 
incubated for 24  h. Samples were taken every 6  h, and 
then the effect of melatonin on the expression level of 
rhythm genes was analyzed (Fig. 6A). Clock gene showed 
obvious rhythmic expression in the normal cells and this 
rhythm was disturbed in the shklf7 group. Once mela-
tonin was introduced and incubated, Clock gene was still 
rhythmically expressed in the normal cells, but with the 
reduced amplitude. Also, Clock gene was rhythmically 
expressed in shklf7 group with melatonin but the ampli-
tude was lower than that of the normal cells (Fig. 6B). The 
regulation of Clock gene expression level and rhythmic 
oscillation caused by melatonin brought our attention to 
Cry and Per, both of which are downstream target genes 
of Clock. Our results in this regard showed that mela-
tonin could restore the rhythmic expression of Cry2 gene 
(Fig.  6C) and regulate the oscillation amplitude of Per3 
(Fig. 6D). Our data demonstrate that melatonin can regu-
late the expression and oscillation of rhythm genes and 
maintain the normal rhythm system.

Also, we were interested in whether it could restore 
abnormal behavior in mice. Mice were intraperitoneally 
injected with melatonin at 10 mg/kg for 15 days, followed 
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Fig. 5 Disruption of clock function in  klf7−/− mice. A Functional enrichment analysis of differentially expressed genes (DEGs) in 7-day-old male 
 klf7−/− mice. These DEGs were mainly enriched in the processes related to circadian rhythms. B Clock mRNA levels measured by qPCR in  klf7−/− 
mice. C Clock protein levels measured by western blot in  klf7−/− mice. D Validation of the mRNA level of rhythm-related genes by qRT-PCR. E Graph 
showing the levels of rhythm-related genes, which were restored by administering adeno-associated virus (AAV) mediated overexpression of klf7 
in  klf7± mice. F Proposed model of klf7’s activity on regulating circadian rhythm genes in ASD development. Under the basal condition, klf7 can 
target Clock gene and indirectly regulate downstream rhythmic genes, thus forming a feedback loop with Clock gene to maintain the stability of 
circadian rhythm system. When klf7 is deficient, dysregulation of circadian rhythm gene disrupts the circadian system and leads to ASD. The data are 
presented as the mean ± SEM. Statistical analysis (P* < 0.05 and P** < 0.01) in (B) and (D) were performed by unpaired t test
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by behavioral analysis. The tested mice were acclimated 
in the equipment for 10 min, and then a male mouse of 
the same age, who had not been reared with tested mice 
in the same cage, was randomly introduced into the 
left and right chambers. In the PBS injection group, the 
time of WT mice staying in the interactive mouse cham-
ber was significantly higher than that in the empty cage 
chamber, while the time of  klf7−/− mice staying in the 
interactive mouse chamber was significantly lower than 
that in the empty cage chamber, which is also signifi-
cantly lower than that of WT mice staying in the inter-
active mouse chamber. In the melatonin injection group, 
the time of WT mice staying in the interactive mouse 
chamber was significantly higher than that in the empty 
cage chamber. The time of melatonin treated  klf7−/− mice 
staying in the interactive mouse chamber was signifi-
cantly higher than that in empty cage chamber, although 
it was significantly lower than that of melatonin treated 
WT mice staying in the interactive mouse chamber, but 
significantly higher than PBS treated  klf7−/− mice staying 
in the interactive mouse chamber (Fig. 6E). The interac-
tion time of PBS-treated WT mice with interactive mice 
was significantly higher than that in the empty cage, 
while the interaction time of PBS-treated  klf7−/− mice 
with interactive mice was significantly higher than that in 
empty cage, but significantly lower than that of WT mice 
with the interactive mice. After melatonin treatment, the 
interaction time between WT mice and the interactive 
mice was significantly higher than that in the empty cage. 
Melatonin-treated  klf7−/− mice had significantly longer 
interaction time with the interactive mice than in the 
empty cage, which wasn’t significantly different from the 
wild-type mice (Fig. 6F).

When the second strange mouse was introduced, PBS-
treated WT mice preferred to stay in this strange mouse 
chamber rather than familiar mouse chamber, while 
PBS-treated  klf7−/− mice spent significantly less time 

in the strange mouse chamber than that in the familiar 
mouse chamber. The time spent in the strange mouse 
chamber by PBS-treated  klf7−/− mice was also signifi-
cantly lower than the time that PBS-treated WT mice 
stayed in the strange mouse chamber. Melatonin-treated 
WT mice spent significantly more time in the strange 
mouse chamber than in the familiar mouse chamber. The 
time of melatonin-treated  klf7−/− mice in the strange 
mouse chamber was not different from that in the famil-
iar mouse chamber, which was significantly lower than 
that melatonin-treated WT mice spent in the strange 
mouse chamber, but significantly higher than that PBS-
treated  klf7−/− mice spent in the strange mouse chamber 
(Fig. 6G). The interaction time spent by PBS-treated WT 
mice with the strange mouse was significantly higher 
than that spent with the familiar mouse, while the inter-
action time spent by PBS-treated  klf7−/− mice with the 
strange mouse and familiar mouse was equal. The inter-
action time between PBS-treated  klf7−/− mice and the 
strange mouse was significantly lower than that between 
PBS-treated WT mice and the strange mouse. The mela-
tonin-treated WT mice still preferred to interact with the 
strange mouse, but melatonin-treated  klf7−/− mice still 
spent equal interaction time between the strange mouse 
and familiar mouse, and there is no significant difference 
between interaction time spent by melatonin-treated 
 klf7−/− mice and PBS-treated  klf7−/− mice (Fig.  6H). 
These data suggest that melatonin can provide some 
degree of improvement from social deficits.

In the Y maze spontaneous selection experiment, the 
proportion of PBS-treated  klf7−/− mice sticking to the 
original choice was significantly higher than that of WT 
mice, and the probability of melatonin-treated  klf7−/− 
mice was significantly lower than that after treatment, 
suggesting that melatonin can help to reduce the repeti-
tive stereotypical behavior of mice (Fig. 6I). These results 
suggest that circadian rhythm play a significant role in 

Fig. 6 Melatonin rescues social deficits and repetitive behavior in  klf7± mice. A Schematic diagram of detection of melatonin regulation effect on 
circadian rhythm in N2A cells. B qPCR analysis of Clock gene expression in N2A cells before and after melatonin incubation (n = 4). C qPCR analysis 
of Cry2 gene expression in N2A cells before and after melatonin incubation (n = 4). D qPCR analysis of Per3 gene expression in N2A cells before 
and after melatonin incubation (n = 4). E Histogram showing the amount of time spent in both the chamber with an interactive mouse and the 
empty cage by PBS-treated WT mice (n = 10), PBS-treated  klf7−/− mice (n = 10), melatonin-treated WT mice (n = 10) and melatonin-treated  klf7−/− 
mice (n = 10) in the three-chambers-social-preference experiment. Whereas PBS-treated  klf7−/− mice did not show an obvious social preference, 
melatonin-treated  klf7−/− mice showed improved social ability. F Histogram showing the amount of time spent with the interactive mouse or in 
the empty cage by PBS-treated WT mice (n = 10), PBS-treated  klf7−/− mice (n = 10), melatonin-treated WT mice (n = 10) and melatonin-treated 
 klf7−/− mice (n = 10) in the three-chambers-social-preference experiment. G Histogram showing the amount of time spent in the chambers with 
a strange mouse or a familiar mouse by PBS-treated WT mice (n = 10), PBS-treated  klf7−/− mice (n = 10), melatonin-treated WT mice (n = 10) and 
melatonin-treated  klf7−/− mice (n = 10) in the three-chamber-social-preference experiment. H Histogram showing the amount of time spent with 
a strange mouse or a familiar mouse by PBS-treated WT mice (n = 10), PBS-treated  klf7−/− mice (n = 10), melatonin-treated WT mice (n = 10) and 
melatonin-treated  klf7−/− mice (n = 10) in the three-chamber-social-preference experiment. I Histogram showing the proportion of PBS-treated 
WT mice (n = 10), PBS-treated  klf7−/− mice (n = 10), melatonin-treated WT mice (n = 10) and melatonin-treated  klf7−/− mice (n = 10) sticking 
to the original choice in 10 times Y maze spontaneous selection experiments. The data are presented as the mean ± SEM. Statistical analysis 
(P* < 0.05, P** < 0.01, P*** < 0.001, P**** < 0.0001 and ns: no significance) in (E–H) were performed by two-way ANOVA test. Statistical analysis (P** < 0.01, 
P**** < 0.0001 and ns: no significance) in (I) were performed by one-way ANOVA test

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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the development of ASD and likely, is a relevant target for 
the development of therapeutic strategy in ASD.

Discussion
In our study, we found that klf7 can target rhythmic gene 
and form a feedback loop with Clock gene. Klf7 defi-
ciency not only caused N2A cells to produce dysregu-
lated circadian phenotypes, but also led to the autistic 
behavior in mice. Klf7 deficiency leads to the develop-
ment of ASD and restore circadian rhythms can rescue 
the autistic behavior, indicating that circadian rhythm is 
an important cause for ASD. Our study tested and sup-
ported the hypotheses that there was a link among klf7, 
circadian rhythms, and ASD.

Klf7 is a rhythm transcription factor that can enrich 
rhythm genes in the suprachiasmatic nucleus (SCNs) and 
regulate the expression of rhythm genes with clock tran-
scription factors [11, 12]. Our previous study also found 
that klf7 target genes were also significantly enriched 
in the circadian rhythm pathway [10]. These evidences 
indicate that klf7 is involved in the regulation of circa-
dian rhythm and may play an important role in circadian 
activities. Circadian rhythm controls various biological 
processes in living organisms; impaired circadian clock 
networks or rhythm function can increase susceptibility 
to psychiatric disorders, such as ASD [15]. Recent stud-
ies on the cognitive and developmental psychology have 
shown the important role of rhythms in the development 
of early social interaction [40]. Meanwhile, other studies 
have also linked ASD to circadian disturbances [41, 42]. 
This suggests that there is an implication between circa-
dian rhythms and ASD etiology. Klf7 deficiency leads to 
the circadian dysregulation, implicating that klf7 may be 
one link between circadian rhythm and ASD.

Clock gene is a core clock transcription factor to drive 
the daily transcription patterns of some clock-controlled 
genes (CCGs) in some tissues. Studies have shown that 
Clock dysregulation can disrupt the gene co-expression 
network related to neurological diseases and play a role 
in controlling the transcriptional cascade in human brain 
evolution [43]. Clock gene mutation can cause a length-
ened rest-activity cycle [44]. Research has shown that 
polymorphism (rs1801260/rs3762836) of Clock gene is 
associated with attention deficit hyperactivity disorder 
(ADHA) and ASD [17, 30, 31, 45–47], being consist-
ent with the performance of  klf7−/− mice in open field 
experiment as observed in the present study. Moreover, 
decreased Clock level was coincided with the results 
reported from ASD individuals [48]. A more recent 
study has been in support of the proposed association 
between Clock gene and ASD [17]. In the present study, 
we tested and proved the relationship between Clock 
gene and ASD in vivo for the first time and demonstrated 

that the decreased Clock level also led to abnormali-
ties of its downstream rhythm genes. Abnormalities in 
rhythm genes have been associated with memory in mice 
and communication timing in fruit flies [20, 49]. All of 
evidences further support that circadian rhythm abnor-
mality is a cause of ASD. Clock gene, as a core transcrip-
tional regulator of rhythm genes, is a major factor in ASD 
development.

Circadian rhythm dysregulation is associated with 
many diseases, adjusting circadian rhythm is a promis-
ing method in the treatment of diseases [50, 51]. In the 
light of the demonstrated relationship between ASD 
and circadian rhythm, we also examined the treatment 
of ASD by adjusting circadian rhythms. Melatonin is a 
circadian synchronizer [52] and is involved in regulat-
ing circadian expression of Per1, Per2, Bmal1, Clock and 
Cry1 in central and peripheral tissues [38, 39]. Melatonin 
can synchronizes circadian oscillations by affecting circa-
dian expression of Per1 and Bmal1 in the cardiovascular 
system of rat heart [53], as well as the metabolism and 
hormonal function by regulating Per2, Clock and Rev-
ERba in adipose tissue [54, 55]. Taken together, these 
studies demonstrate the important role of melatonin in 
regulating the expression of rhythmic genes and synchro-
nization of central oscillators. In the present study, we 
illustrate that melatonin can regulate the expression level 
and amplitude of Clock gene and its downstream target 
rhythm genes induced by klf7 deficiency. Meanwhile, 
melatonin can be used to alleviate the core symptoms of 
ASD in  klf7−/− mice, further supporting the link of klf7 
to ASD through the regulation of the circadian genes. 
The role of melatonin in regulating circadian rhythms 
makes it a good candidate of drugs for ASD treatment.

The limitation of this study is that there are no detailed 
evidences to explain how the feedback loop between klf7 
and Clock is generated, which would be interesting for 
future research.

Conclusions
Klf7 has been recently identified as a causal gene for 
autism spectrum disorder, but leaving a lot to be discov-
ered. Our findings in the present study demonstrate that 
klf7 causes ASD by targeting Clock genes that trigger cir-
cadian genes dysregulated and circadian oscillation. In 
the light of a strong link between dysregulated circadian 
rhythm and ASD, our study also supports that circadian 
rhythm may be a relevant target for the development of 
therapeutic strategy in ASD.

Methods
Mice and drug treatment
Homozygous  klf7loxp/loxp mice were purchased from Cya-
gen Biosciences Inc. (Suzhou, China), with loxp sites 
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inserted into exon 2.  Klf7−/− mice were constructed by 
crossing homozygous  klf7loxp/loxp mice with mice express-
ing Cre. Littermates WT mice were used as control for 
 klf7−/− mice. All mice were placed in a temperature-
controlled environment under the cycle of 12 h light and 
12  h dark. All animal husbandry and laboratory proce-
dures were approved by Harbin Institute of Technology 
Laboratory Animal Welfare Ethics Committee (IACUC-
2020036). In our study, male mice of 2–3  months old 
were used for behavioral experiments (either with or 
without drug treatment). Melatonin treatment (10 mg/kg 
body weight) [56, 57] or PBS was injected via intraperi-
toneal injection, once a day over 15 days. Mice were ran-
domly grouped into the melatonin group or PBS group 
and the examination were blinded to genotypes. Once 
behavioral tests were completed, the mice were used in 
the subsequent experiments as described below.

ChIP‑seq analysis
ChIP-seq was performed as described previously [58]. 
Briefly, the cells were crosslinked with 1% formaldehyde 
for 10  min and neutralized with glycine (150  mM final 
solution). Chromatin was cleaved into about 300  bp 
fragments by ultrasonic treatment after cells were lysed. 
Chromatin fragments were incubated with antibody 
(Abcam, ab9110; Abcam, ab172730) overnight at 4  °C, 
followed by incubating with magnetic beads for 2  h at 
4  °C. The proteins were eluted and reversed crosslink-
ing overnight at 65  °C. DNA was extracted with Phe-
nol–chloroform for sequencing. The purified DNA were 
pair-end sequenced on an illumina platform (Illumina, 
CA, USA).

Clean reads were aligned to the mouse reference 
genome (Ensemble_GRCm38.94) using BWA mem (v 
0.7.12). IP enrichment regions were identified using 
MACS2 (version 2.1.0) peak calling software. A q-value 
threshold of 0.05 was used to identify significant peaks of 
klf7, which was defined as the overlapping peaks between 
two biological ChIP-seq replications.

Luciferase reporter assay
293 T cells were transfected with PIRM-control or PIRM-
klf7 vector and PGL4-Clock vector at a concentration 
of 1000  ng/per well. Cells were lysed with 100 μL cold 
1 × PLB lysis buffer (Promega), which were then shaken 
for 15  min at room temperature. The lysis was centri-
fuged at 12,000 rpm for 2 min and 20 μL supernatant was 
used for luciferase activity assay (Promega).

RNA‑seq analysis
RNA-seq was performed as described previously [58]. 
Total RNA was extracted from klf7 knockdown orga-
noids and control organoids, whole brains of 7-day-old 

male WT mice and 7-day-old male  klf7−/− mice, whole 
brains of  klf7± mice injected with AAV-NC virus and 
AAV-klf7 virus. The whole brains of 4 mice per genotype 
and 20 organoids per group were considered as one bio-
logical replication.

Hisat2 (v2.0.5) was used to align reads to the human 
genome (homo_sapiens_grch38_p12) and the mouse 
genome (mus_musculus_grcm38_p6). The feature-
Counts v1.5.0-p3 was used to count the reading numbers 
mapped to each gene; and FPKM of each gene was calcu-
lated based on the length of the gene and reading num-
ber mapped to this gene. The DESeq2 R package (1.20.0) 
was used to analyze differential expression gene, where 
padj < 0.01 and |log2(foldchange)|> 1 were used to detect 
significantly differential expression genes. ClusterProfiler 
R package (3.8.1) was used to test the statistical enrich-
ment of differential expression genes in KEGG pathways.

Klf7 knockdown
N2A cells were used to study klf7 knockdown, 20 μL 
(1.0 ×  105 infectious units of virus) of either validated 
shklf7 or negative control shRNA lentivirus were added 
to the cells. After 48 h, qRT-PCR and western blot were 
performed to examine the knockout efficiency.

Three‑chamber social experiment
The social experiment was performed as previously 
described [59] with minor modifications. Male mice of 
2–3 months old were used and placed in a testing room 
for 2 h prior to the behavioral test. After that, the mice 
to be tested were placed in an apparatus for 10 min for 
habituation. When a strange mouse was introduced to a 
wire cage in one side of chambers, the tested mice were 
allowed to explore all three-chambers for 10  min. Then 
another strange mouse was placed in the empty cage and 
the tested mice were allowed to explore all three-cham-
bers for 10 min again. The time duration that the tested 
mice spent in each chamber and the time duration spent 
on interacting with the first- and second-introduced mice 
were recorded for examination.

Self‑grooming
Self-grooming behaviors were tested as previous study 
[59] with minor modifications. The mice were first con-
ditioned in the testing device for 10 min and then exam-
ined in terms of the total self-grooming time over the 
next 10 min.

Y maze spontaneous selection experiment
The selection experiment was performed as previ-
ous study [60] with minor modification. The tested 
mice were placed in the middle arm, allowing to select 
between the left and right arms to enter. The tested 
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mice were left in the arms selected by themselves for 
10 min. Next, the number of mice entered in the orig-
inally-selected arm during 10 trials was recorded for 
examination.

Open field test
The open field test was performed as previous study [61]. 
The tested mice were allowed to explore apparatus for 
10 min and their activities were recorded by a camera for 
another period of 10 min.

Morris water maze test
Morris water maze test was performed as previously 
described in the study [59] with few modifications. Each 
mouse was allowed to perform 4 trials a day over 5 days. 
The time to locate the platform was recorded during the 
training period. In the testing trial, after removing the 
platform each tested mouse was allow to search for the 
platform in 60 s. The time spent in each quadrant and the 
number of crossing the platform location were recorded.

Statistical analysis
All data were presented as the mean ± SEM and analyzed 
by unpaired t test, one-way ANOVA test and two-way 
ANOVA test.
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