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Abstract

COL4A2 is the encoding gene of the α2 chains of type IV collagen, and missense mutations of COL4A2 is correlated with multiple

diseases. However, the association of COL4A2 mutations with epilepsy remains elusive. Here, we aimed to explore the function of

COL4A2 mutations in the development of epilepsy. We performed a full spectrum of family-enhanced whole-exome sequencing

on a family lineage and examined the genetic change on COL4A2 gene. The kainic acid (KA)-induced in vivo model and

lipopolysaccharide (LPS)-induced in vitro model were established. The production and secretion of inflammation cytokines were

measured by qPCR, western blotting, and ELISA assay. Neuron damages and astrocyte activation were checked by Nissle and

GFAP immunofluorescence staining. One heterozygous variant was detected in the COL4A2 gene: c.1148C>T(p.Pro383Leu).

COL4A2 mutation significant induced the exacerbation of seizures and impaired the learning and memory phenotype of the KA

rats. COL4A2 mutation promoted the hippocampal astrocyte activation, enhanced hippocampal neuronal injury in the rats.

The levels of iNOS, COX-2, IL-1β, IL-6, and TNF-α elevated in KA-treated rats and LPS-treated astrocytes were further induced

by COL4A2 mutation. Mechanically, COL4A2 mutation stimulated JAK/STAT signaling. JAK2 and STAT3 phosphorylation

was promoted by COL4A2 mutation and JAK/STAT signaling inhibitor WP1066 could blocked the effect in primary astrocytes

and CTX-TNA cells. These data indicated that a new identified COL4A2 mutation contributed to astrocyte activation by

activating JAK/STAT signaling in epilepsy. Our findings provided a novel mechanism and treatment target of COL4A2 related

epilepsy.
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Abstract

COL4A2 is the encoding gene of the α2 chains of type IV collagen, and missense mutations of COL4A2 is
correlated with multiple diseases. However, the association of COL4A2 mutations with epilepsy remains
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elusive. Here, we aimed to explore the function of COL4A2 mutations in the development of epilepsy. We
performed a full spectrum of family-enhanced whole-exome sequencing on a family lineage and examined
the genetic change on COL4A2 gene. The kainic acid (KA)-induced in vivo model and lipopolysaccharide
(LPS)-induced in vitro model were established. The production and secretion of inflammation cytokines
were measured by qPCR, western blotting, and ELISA assay. Neuron damages and astrocyte activation
were checked by Nissle and GFAP immunofluorescence staining. One heterozygous variant was detected in
the COL4A2 gene: c.1148C>T(p.Pro383Leu). COL4A2 mutation significant induced the exacerbation of
seizures and impaired the learning and memory phenotype of the KA rats. COL4A2 mutation promoted the
hippocampal astrocyte activation, enhanced hippocampal neuronal injury in the rats. The levels of iNOS,
COX-2, IL-1β, IL-6, and TNF-α elevated in KA-treated rats and LPS-treated astrocytes were further induced
by COL4A2 mutation. Mechanically, COL4A2 mutation stimulated JAK/STAT signaling. JAK2 and STAT3
phosphorylation was promoted by COL4A2 mutation and JAK/STAT signaling inhibitor WP1066 could
blocked the effect in primary astrocytes and CTX-TNA cells. These data indicated that a new identified
COL4A2 mutation contributed to astrocyte activation by activating JAK/STAT signaling in epilepsy. Our
findings provided a novel mechanism and treatment target of COL4A2 related epilepsy.

Keywords:Epilepsy; Astrocyte; COL4A2; Mutation; JAK/STAT signaling.

INTRODUCTION

Epilepsy is one of the most prevalent neurological conditions with an incidence of more than 0.5% worldwide
(Steriade et al., 2020). Approximately 70 million people were affected by this disease (Thijs et al., 2019).
And elder people and infants tend to have higher risk than other people (Perucca et al., 2018). The epilepsy
is commonly due to neurological malfunction-caused synchronized excess firings in the certain region of
brain, and characterized by recurrent disturbances of consciousness and muscle spasms and convulsions
(Falco-Walter et al., 2020). The etiology of epilepsy is classified as infectious, immune, structural, metabolic,
genetic and unknown factors. Recent studies reported that neuroinflammation is the pathological signature
of central nervous system diseases including epilepsy (Galan, 2021; Devinsky et al., 2013; Vezzani et al.,
2013). Proinflammatory cytokines such as tumor necrosis factor alpha, interleukin 1-beta (IL-1β), and IL-6
were increased in the Gabrg2+/Q390X knockin mice, providing the first link of neuroinflammation between
genetic epilepsy associated with an ion channel gene mutation and acquired epilepsy (Shen et al., 2020).
Astrocytes are characteristic glial cells responsible for nutrition support, blood-brain barrier formation,
extracellular ion equilibrium, and synaptic plasticity (Karve et al., 2016; Araki et al., 2021). Stimulation
with sustained inflammation, damage-associated molecular pattern, and reactive oxidative species cause
astrocytes activation, which exhibits upregulation of glial fibrillary acidic protein (GFAP) protein, could
promote glutamate excitatory toxicity and mitochondrial dysfunction (Terrone et al., 2017; Xian et al., 2019).
JAK/STAT signaling has been implicated as important regulator of epilepsy. GFAP-positive astrocytes were
increased by JAK/STAT activation (Wang et al., 2020; Hixson et al., 2019; Feng et al., 2019). LncRNA H19
could modulate astrocytes activation for prevention of epilepsy through the JAK/STAT signaling (Han et
al., 2018).

COL4A1 and COL4A2 are the encoding gene of the α1 and α2 chains of type IV collagen, respectively, which
is the structural components of basement membrane (Chung et al., 2021; Meuwissen et al., 2015; Liu et al.,
2020). Studies have suggested that missense mutations of COL4A1 and COL4A2 are correlated with multiple
diseases (Zagaglia et al., 2018; Boyce et al., 2021). For example, COL4A1 and COL4A2 gene mutation was
spotted on patients with ischemic cerebral lesions (Maurice et al., 2021). A novel COL4A2 mutation was
recently identified to be correlated with cortical development malformations (Neri et al., 2021). Besides,
COL4A1 mutation has been revealed to induce perinatal cerebral hemorrhage and porencephaly (Yaramis et
al., 2020). It has been recognized that epilepsy is a clinical feature of porencephaly, however, the correlation
between COL4A1 and COL4A2 and epilepsy has not been specified.

In this research, we performed family-enhanced whole-exome sequencing to determine COL4A2 mutation in
clinical peripheral blood samples, and established an epilepsy rat model to evaluate the effects of COL4A2
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mutation on epilepsy progression. Our findings may provide novel therapeutic strategies for epilepsy.

2 MATERIALS AND METHODS

2.1 Materials

The project ethics were approved by the Ethic Committees of Children’s Hospital of Fudan University
(No. 503). All experiments involving human subjects were in accordance with the ethical standards of
the institutional and/or national research committee and with the Declaration of Helsinki. Kainic acid
and lipopolysaccharide (LPS) were brought from Sigma (MO, USA). JAK/STAT inhibitor (WP1066) was
brought from Selleck (CA, USA). The Adenovirus (AdV) vectors vectors that contain wild type (COL4A2
WT) and mutated (COL4A2 MUT) COL4A2 were synthesized by Gene Pharma (Shanghai, China). Primary
antibodies against GFAP (ab7260; Abcam, USA), IL-1β (ab254360; Abcam, USA), IL-6 (ab233706; Abcam,
USA), TNF-α (ab183218; Abcam, USA), c-Myc (ab32072; Abcam, USA), JAK2 (ab108596; Abcam, USA),
STAT3 (ab68153; Abcam, USA), p-JAK2 (ab32101; Abcam, USA), p-STAT3 (ab76315; Abcam, USA), iNOS
(ab178945; Abcam, USA), and COX-2 (ab179800; Abcam, USA) were provided by Abcam (CA, USA).

2.2 Rat model

Sprague–Dawley (SD) rats that weighted 200 to 220 g were brought from Vital River Laboratoryand housed
with a 12/12-hour light/dark cycle. Rats were then randomly divided into experimental groups with 5 in
each group. To establish the status epilepticus (SE) rat model, KA (1 μg/μl, 1 μl) was stereotaxically injected
into the amygdala section of rats at a speed of 0.2 μl/min using a microsyringe. Rats in sham group were
injected with saline as control. For treatment, the AdV vectors that contain COL4A2 WT or COL4A2
MUT (2.0 × 1012 PFU) were injected into the right dorsal hippocampus using a microsyringe 2 weeks before
the establishment of SE model. The rats were sacrificed 10 days after the establishment of KA model and
the brain tissues were collected for further experiments. All animal experiments were performed under the
authorization and followed the guideline of Ethic Committee of Children’s Hospital of Fudan University.

2.3 Racine grading

Seizure behavior was observed and graded according to Racine scale (Racine, 1972) (Wu et al., 2020) by
two independent observers: stage 1: freezing; stage 2: head nodding; stage 3: forelimb clonus or transient
myoclonic jerk; stage 4: sustained forelimb clonus, rearing with lordotic standing posture and mouth foaming;
stage 5: rearing and falling over. The duration and times of seizures were observed and recorded with in 3
hours after KA injection. Seizure duration was calculated from rats exhibited seizure stage 4 to the time
point when rats moved around the cage freely. Rats that scored stage 4 and stage 5 were included in KA
group and used for subsequent experiments.

2.4 Morris water maze test

To check the behaviors of epilepsy rats, we performed a Morris water maze test. A platform was set in the
middle of a water pool. Rats were trained to find the hidden platform within 120s every day for 7 consecutive
days. 24 hours after the last training, the rats were placed a random site and released to find the platform.
The time to reach the platform (escape latency) and the times to cross the platform were recorded.

2.5 Nissl staining

The ipsilateral hippocampus tissues were sectioned and dehydrated in xylene and a serial of ethanol, washed
with PBS, stained in 1% toluidine blue (G3668; SolarBio, Beijing, China) for 40 minutes. Then the sections
were rehydrated and observed under a microscope (Leica, Germany).

2.6 Immunofluorescence (IF) staining

The ipsilateral hippocampus tissues sections were coated by OCT and dehydrated. For IF staining, the
tissues were incubated with anti-GFAP primary antibodies (ab7260; Abcam, USA) at 4 for one night. Next
day, the tissues were probed with Alexa Fluor 488 and Alexa Fluor 633 (ab150083; Abcam, USA) at room
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temperature for 40 minutes. The nuclei were stained with DAPI. Fluorescence was captured by microscope
(Leica, Germany).

2.7 Cell lines and in vitro model

The rat astrocytes CTX-TNA were brought from SAIBAIKANG, and maintained in DMEM medium
(Thermo, USA) that contains 10% FBS (Hyclone, USA) and 1% penicillin-streptomycin (SolarBio, China).
For isolation of primary astrocytes, new-born SD rats were purchased form Vital River Laboratory and
proceeded following a published study (Sun et al., 2015). Cells were stimulated with 100 ng/mL LPS for 24
hours to induce neuroinflammation.

2.8 Cell proliferation and apoptosis

The proliferation of astrocytes was measured by CCK-8 (C0083; Beyotime, China). In brief, cells were
seeded in 96-well plate after transfection and indicated treatment and incubated for the indicated time.
Then, CCK-8 reagent was added into each well and incubated for 2 hours. The absorbance values were
measured by a microplate reader (Thermo, USA). To determine cell apoptosis, cells were collected after
indicated treatment for 48 hours, suspended in binding buffer that contains Annexin V and PI reagent
(C1062S; Beyotime, China) for 30 minutes in dark. The samples were then analyzed by a flow cytometer
(BD Biosciences, USA).

2.9 Quantitative real time PCR (qPCR) assay

Total RNA was extracted using Trizol lysis buffer. A total of 1μg RNA was transcribed to cDNA using
PrimeScript RT reagent Kit (Takara, Japan), following the manufacturer’s protocol. The qPCR was per-
formed using SYBR Green PCR Kit (Takara, Japan). Relative RNA expression to β-actin as endogenous
reference gene was measured following the 2-ΔΔ῝τ method.

2.10 Western blotting

The proteins were extracted from astrocytes and tissues using RIPA buffer (Beyotime, China). The equal
amounts of proteins were loaded and divided by SDS-PAGE gel, shifted to NC membranes, blocked by 5%
nonfat milk, and hatched with corresponding primary antibodies against iNOS (ab178945; Abcam, USA),
COX-2 (ab179800; Abcam, USA), IL-1β (ab254360; Abcam, USA), IL-6 (ab233706; Abcam, USA), TNF-
α (ab183218; Abcam, USA), JAK2 (ab108596; Abcam, USA), p-JAK2 (ab32101; Abcam, USA), STAT3
(ab68153; Abcam, USA), p-STAT3 (ab76315; Abcam, USA) and GAPDH (ab8245; Abcam, USA) at 4
overnight. Then, the protein bands were incubated with HRP-conjugated secondary anti-rabbit (ab6721;
Abcam, USA) and anti-mouse (ab6728; Abcam, USA) antibodies. After reaction with ECL solution
(WBKLS0500; Millipore, USA), the bands were visualized using a gel image system.

2.11 Enzyme-linked immuno sorbent assay (ELISA)

The blood samples were obtained from the rat tails and serum samples were collected after centrifugation.
The IL-1β, IL-6 and TNF-α levels in serum and cell culture medium were measured by ELISA assay kits
(Thermo, USA) following manufacturer’s instruction.

2.12 Statistical analysis

Data were presented as means ± SD of three replicates. SPSS (ver. 19.0) software was used for statistical
analysis. Comparisons between two or more groups were analyzed by using Student’s t -test and on-way
ANOVA analysis. Statistical significance was set as p < 0.05.

3. RESULTS

3.1 Identification of COL4A2 mutation

The proband was a 6 months boy first-born from a full term pregnancy and natural birth. The pregnancy
history, delivery history and family history of this boy were unremarkable. The boy could not raise his head
and sit at present. He started to have epileptic spasms at 3 months old. Nodding episodes and flexion of
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both upper limbs occurred with no apparent cause, which occurred 6 to 8 times a day. He had isolated or
clusters of epileptic spasms. The seizures are mainly after waking up from sleep. But his parents didn’t take
it seriously until 6 months. When she was 6 months, she was sent to our hospital. She had no morphological
facial and other congenital abnormalities. Gesell developmental scale scores showed severe developmental
retardation. Video EEG showed hypsarrhythmia during wake and sleep at 6 months (Fig S1A and B).
Routine laboratory tests and brain MRI were normal(Fig S1C). Whole-exome sequencing of a family lineage
identified a COL4A2 mutation(Fig S1D). We performed a full spectrum of family-enhanced whole-exome
sequencing on the submitted peripheral blood samples, and analyzed clinically relevant point mutations,
small insertional deletions and copy number variants. One heterozygous variant was detected in the COL4A2
gene: c.1148C>T(p.Pro383Leu), and this sequence change resulted in the replacement of nucleotide 1148 with
T(c.Pro383Leu) in the COL4A2 gene. C was replaced with T (c.1148C>T), resulting in a change in amino
acid 383 from proline to leucine (p.Pro383Leu). This mutation is a de novo missense mutation, which has
not been reported before. The guidelines of the American College of Medical Genetics and Genomics and
various predictions (SIFT:D, Polyphen2 HDI:V:P) suggest that this variant is a likely pathogenic mutation
and indicated a high probability of deleterious effects of the mutation on gene/white matter structure or
function. Then she was given oral prednison and became seizure-free 4 weeks later. The prednison was
gradually stopped after 6 months. At last follow up, he remained seizure-free at 1year and 6 months.

3.2 COL4A2 mutation induces the exacerbation of the seizures and contributes to learning
and memory impairments in epilepsy rats

Next, to further evaluate the function of COL4A2 mutation in epilepsy, we established a KA-induced epilepsy
rat model and treated rats with AdV vectors that contain COL4A2 WT or COL4A2 MUT. The treatment
with mutated COL4A2 significantly induced the times of stage 4 and 5 severe seizures (p < 0.05; Fig. 1A) and
the duration (p < 0.01; Fig. 1B) compared with KA group within 3 h after the injection of KA. Then Morris
water maze assay was conducted to evaluate the learning and memory of epilepsy rats. We observed that the
overexpression of WT and MUT COL4A2 did not affect the escape latency and swimming speed of rats in
sham group (p > 0.05; Fig. 1C and D). In the KA rats, MUT COL4A2 notably elevated the escape latency
(p < 0.01, Fig. C) without change the speed of rats (p > 0.05; Fig. 1D), whereas the WT COL4A2 had no
such effects. Consistently, the swimming distance of rats in KA group was notably decreased comparing with
that in the sham group, and administration of MUT COL4A2 further enhanced this phenotype (p < 0.01;
Fig. 1E and F). Moreover, epileptic rats that treated with MUT COL4A2, but not the WT COL4A2, took
less time in the target area and pass cross the platform fewer times than that of KA rats (p < 0.01; Fig.
1G and H). These results demonstrated that mutated COL4A2 exacerbated the impaired seizures, learning
ability and memory of epilepsy rats. Meanwhile, the protein and RNA levels of iNOS, COX-2, IL-1β, IL-6,
and TNF-α elevated in KA-treated rats were remarkably induced by COL4A2 mutation in the model (p <
0.05; Fig. 1I-K).

3.3 COL4A2 mutation induces hippocampal astrocyte activation and neuronal injury in
epilepsy rats

We next examined tissues damage by Nissl staining of hippocampus. As shown in Figure 2A, the pyramidal
cells in sham group were darked-stained and the cytoplasm was abundant of Nissl bodies. In the hippocampus
from KA rats, we observed disordered neurons and reduced cytoplasmic Nissl body, and the treatment with
MUT COL4A2 exacerbated this effect (Fig. 2A). Meanwhile, we observed the elevated expression of GFAP,
indicating the hippocampal astrocyte activation in KA-treated rats, and COL4A2 mutation enhanced this
activation (Fig. 2B and C). Noteworthy, we found that the expression and phosphorylation of JAK2 and
STAT3 were notably elevated in KA rats compared with the sham group, and COL4A2 mutation further
induced the activation of JAK2/STAT3 (Fig. 2D). These data indicated that COL4A2 mutation induced
inflammation and neuronal injury in epilepsy rats possibly via modulation the JAK2/STAT3 signaling.

3.4 COL4A2 mutation promotes inflammation and astrocyte activation in vitro

Next, we further assessed the function of COL4A2 mutation in LPS-treated primary astrocytes and CTX-
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TNA cells. Interestingly, we failed to observe the effect of COL4A2 and COL4A2 mutation on the viability
and induced apoptosis in primary astrocytes (Fig. 3A and B) and CTX-TNA cells (Fig S2A). COL4A2
mutation enhanced astrocyte activation in primary astrocytes (Fig. 3C) and CTX-TNA cells (Fig S2B). In
addition, expression of COX-2 and iNOS was induced by COL4A2 mutation in primary astrocytes (Fig. 3D
and E) and CTX-TNA cells (Fig S2C and D). Consistently, the intracellular levels and secretion of IL-1β,
IL-6, and TNF-α were induced by COL4A2 mutation (Fig. 3F-L and Fig. S2E-K). The activation of JAK2
and STAT3 were also observed in primary astrocytes (Fig. 3M) and CTX-TNA cells (Fig S2L).

3.5 COL4A2 mutation promotes hippocampus injury and inflammation by stimulating
JAK/STAT signaling in vivo

To elucidate the role of JAK2/STAT3 signaling in mutated COL4A2-stimulated epilepsy, we used JAK/STAT
signaling inhibitor WP1066 for further study. We observed that administration of WP1066 suppressed the
times (p < 0.01; Fig. 4A) and duration (p < 0.05; Fig. 4B) of seizures compared with the COL4A2
mutation group. WP1066 decreased the COL4A2 mutation-induced escape latency (p < 0.01; Fig. 4C)
and increased swimming speed (p < 0.01; Fig. 4D) of KA rats. The swimming distance (p < 0.001; Fig.
4E and F), number of times pass through platform (p < 0.01; Fig. 4G), duration of stay at the target (p
< 0.001; Fig. 4H) were all significantly increased upon WP1066 treatment, comparing with the COL4A2
mutation group. Besides, the inhibition of JAK/STAT signaling suppressed the COL4A2 mutation-induced
production of inflammatory cytokines (Fig. 4I and J). The results from Nissl staining demonstrated that
WP1066 treatment alleviated the COL4A2 mutation-induced neuron injury in KA rats (Fig. 5A). Results
from immunofluorescence staining and western blotting showed suppressed GFAP level in COL4A2 mutation
group after inhibition of JAK/STAT signaling (Fig. 5B and C). The suppressed activation of JAK2 and
STAT3 under WP1066 treatment was validated (Fig. 5D).

3.6 COL4A2 mutation promotes inflammation and astrocyte activation by stimulating
JAK/STAT signaling in vitro

Then, we observed that the astrocyte activation was induced by COL4A2 mutation but WP1066 treatment
reversed the effect in primary astrocytes (Fig. 6A) and CTX-TNA cells (Fig. S3A). The COL4A2 mutation
increased iNOS, COX2, IL-1β, IL-6, and TNF-α levels in primary astrocytes (Fig. 6B-G) and CTX-TNA
cells (Fig. S3B-G), in which WP1066 was able to attenuate the effect in the model. The inhibited JAK2 and
STAT3 by WP1066 were also observed in primary astrocytes (Fig. 6H) and CTX-TNA cells (Fig. S3H).

4. DISCUSSION

Epilepsy is a prevalent neurological disorder worldwide and COL4A2 is the encoding gene of the α2 chains of
type IV collagen, and the missense mutations of COL4A2 is correlated with a wide spectrum of phenotypes.
It has been reported that COL4A2 mutations regulates secretion of COL4A1 and COL4A2 in hemorrhagic
stroke (Jeanne et al., 2012). A Novel COL4A2 mutation cause familial malformations of cortical development
(Neri et al., 2021). COL4A2 mutation is correlated with familial porencephaly and small-vessel disease (Ver-
beek et al., 2012). A mutation COL4A2 leads to autosomal dominant porencephaly with cataracts (Ha et al.,
2016). COL4A2 mutation affects adult onset recurrent intracerebral hemorrhage and leukoencephalopathy
(Gunda et al., 2014). At present, COL4A2 mutation related phenotypes include prenatal and neonatal in-
tracranial hemorrhage, cerebral perforating malformation, cerebral perforating malformation with cataract,
focal cortical dysplasia, cerebral fissure malformation, childhood and youth stroke, sporadic delayed hemor-
rhagic stroke (Meuwissen et al., 2015; Ha et al., 2016). COL4A1 and COL4A2 mutations share common and
variable phenotypes varying from mild to severe (Hausman-Kedem et al., 2021). COL4A2 mutations are
mainly missense mutations with incomplete penetrance, in which epilepsy with brain perforating malforma-
tion is an important clinical feature (Chung et al., 2021; Itai et al., 2021). Nevertheless, the effect of COL4A2
mutations on epilepsy is still obscure. In this study, we performed a full spectrum of family-enhanced whole-
exome sequencing on a family lineage, and one denovo heterozygous variant was detected in the COL4A2
gene. We discovered the novel function of a COL4A2 mutation in promoting epilepsy. This patient was
diagnosed with west syndrome. However, his brain MRI was normal. So we believe west syndrome without
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structural brain malformation is the new phenotype of COL4A2.

In patients with refractory epilepsy, single-cell transcriptomics and surface epitope detection in human brain
epileptic lesions identified pro-inflammatory mechanisms and revealed a pro-inflammatory microenvironment,
including extensive activation of microglia and infiltration of other pro-inflammatory immune cells. At the
same time, immunotranscriptome found the expression of some differential genes, including cytokine related
genes CCL2, CCL3, CCL4 and CCL7, chemokine related genes CXCR2, CXCR3, CXCR4 and CXCR6,
and collagen genes COL1A2, COL3A1, COL4A1, COL4A2, COL4A5, COL5A1, COL5A3 and COL9A2.
Among them, there is differential expression of COL4A2 involved in the formation of basement membrane in
neurovascular units (Meuwissen et al., 2015). Previous findings have shown that activated astrocytes played
an important role in driving epileptogenesis independently of neurons (Boison et al., 2018). In our study,
for the treatment, this patient received sound effect with prednisone, so we reasonably hypothesized that
astrocyte activation and neuroinflammation may be involved in the progression of COL4A2 related epilepsy.

To identify the function of COL4A2 mutation in epilepsy, experiments in vivo model indicated that COL4A2
mutation significant impaired the seizures, learning and memory phenotype of the rats. We showed that
COL4A2 mutation affects epilepsy and cognitive function. Further experiments with in vitro and in vivo
model both indicated elevated the secretion of inflammatory cytokines, including the iNOS, COX2, IL-
1β, IL-6, and TNF-α. We also showed the presence of pro-inflammatory microenvironments in the rats’
hippocampus associated with COL4A2 epilepsy. Because there was no increase of pro-inflammatory cytokines
in our patient’s peripheral blood, so we speculate that the increased pro-inflammatory cytokines are limited
to the patients’ brain region. As is well known, JAK2/STAT3 signaling is highly conservative in evolution
and considered to be the most important one in JAK/STAT signaling pathway (Jaskiewicz et al., 2020),
so we examined this signaling pathway. As expected, we found COL4A2 mutation remarkably induced
astrocyte activation and activation of JAK2/STAT3 signaling. We identified that astrocyte activation and
neuroinflammation are important pathological features in COL4A2 related epilepsy, in addition to neuronal
damage. Interestingly, we failed to observe the impact of COL4A2 or COL4A2 mutation on the viability
and apoptosis of primary astrocytes and CTX-TNA cells. It implies that COL4A2 mutation may mainly
affect neuroinflammation signaling.

It is well-recognized that GFAP elevation is the first step of astrocyte hypertrophy in epilepsy (Savaş et
al., 2021; Li et al., 2021). And the activation of JAK2/STAT3 signaling has been indicated to induce the
formation of GFAP - positive glia (Lee et al., 2010). Moreover, the JAK and STAT3 signaling has been
indicated to mediate the LPS-induced inflammatory responses (Yu et al., 2014; Yu et al., 2009). Following the
phosphorylation of JAK2 and STAT3, the homo- or heterodimers of phosphorylated STATs translocate into
the nucleus and modulate the transcription of multiple pro-inflammatory cytokines, such as iNOS, COX2,
and IL6 (Zegeye et al., 2018; Yeung et al., 2018). Moreover, it has been reported that lncRNA H19 promotes
activation of hippocampal glial cells by JAK/STAT signaling in a rat model of temporal lobe epilepsy (Han
et al., 2018). MicroRNA-183 regulates hippocampal neuron injury in epilepsy rats by targeting JAK/STAT
signaling (Feng et al., 2019). LncRNA-UCA1 represses the activation of astrocyte by JAK/STAT signaling
in the temporal lobe epilepsy (Wang et al., 2020). In the present study, we identified COL4A2 mutation
stimulated JAK/STAT signaling. JAK2 and STAT3 phosphorylation was promoted by COL4A2 mutation
and JAK/STAT signaling inhibitor WP1066 could blocked the effect in epilepsy rats, primary astrocytes
and CTX-TNA cells. The astrocyte activation was induced by COL4A2 mutation but WP1066 treatment
reversed the effect. The COL4A2 mutation increased IL-1β, IL-6, and TNF-α levels in epilepsy rats, primary
astrocytes and CTX-TNA cells, in which WP1066 was able to attenuate the effect in the model. These data
suggested that the COL4A2 mutation may affect epilepsy by targeting JAK/STAT signaling, which also
indicated neuroinflammation as the new mechanism in the pathology of genetic epilepsy.

5. CONCLUSION

In conclusion, we discovered that a new identified COL4A2 mutation contributed to astrocyte activation
by activating JAK/STAT signaling in epilepsy. These findings help to better understand how astrocyte
activation contributes to the pathology of COL4A2 related epilepsy. In the future, astrocytes may be the
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alternative targets for more efficient anti-seizure medications.
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Figure Legends

FIGURE 1 COL4A2 mutation induces the exacerbation of the seizures and contributes to
learning and memory impairments in epilepsy rats.Rats were stimulated with KA and treated with
wild type (WT) or mutated (MUT) COL4A2. The behaviors were evaluated by Morris water maze test (n
= 5 in each group). The (A) times and (B) duration of seizures of rats. (C) The escape time of rats at the
5th day of training. (D) Swimming speed of rats in the space exploration test. (E and F) The (E) swimming
path and (F) swimming distance of the rats in the target quadrant of the platform. (G) The residence time
of rats in the platform. (H) Calculation of times the rats pass crossed the platform. (I and J) The (I) protein
and (J) RNA levels of iNOS, COX-2, IL-1β, IL-6, and TNF-α in hippocampus tissues. (K) ELISA analysis
of IL-1β, IL-6, and TNF-α. WT: wild type COL4A2; MUT: mutated COL4A2. * P < 0.05; **P < 0.01; ***
P < 0.001 vs sham; #P < 0.05; ## P < 0.01; ###P < 0.001 vs KA.

FIGURE 2 COL4A2 mutation induces hippocampal astrocyte activation and neuronal injury
in epilepsy rats. (A) Nissl staining analysis. (B) Immunofluorescence analysis of GFAP in hippocampus;
Green: GPAF; Blue: DAPI. (C) Western blotting analysis of GFAP in hippocampus. (D) Western blot
analysis of JAK2, p-JAK2, STAT3, p-STAT3 in hippocampus of the rats.

FIGURE 3 COL4A2 mutation promotes inflammation and astrocyte activation in primary
astrocytes.The primary astrocytes were stimulated with LPS and treated with wild type (WT) or mutated
(MUT) COL4A2. (A) Viability of primary astrocytes was measured by CCK-8. (B) Apoptosis of primary
astrocytes was measured by flow cytometry. (C) Western blotting analysis of GFAP in primary astrocytes.
(D-H) The RNA levels of COX-2, iNOS, IL-1β, IL-6, and TNF-α were measured by qPCR. (I-K) ELISA
analysis of secretion of IL-1β, IL-6, and TNF-α. (L and M) Western blot analysis of inflammatory cytokines
and JAK2, p-JAK2, STAT3, p-STAT3. *P < 0.05; ** P < 0.01; *** P< 0.001 vs control; # P < 0.05;
##P < 0.01 vs LPS.

FIGURE 4 COL4A2 mutation stimulates JAK/STAT signaling in vivo. Rats were stimulated
with KA and treated with wild type (WT) or mutated (MUT) COL4A2 or WP1066. The (A) times and
(B) duration of seizures of rats. The behaviors were evaluated by Morris water maze test (n = 5 in each
group). (C) The escape time of rats at the 5th day of training. (D) Swimming speed of rats in the space
exploration test. (E and F) The (E) swimming path and (F) swimming distance of the rats to find the target
quadrant of the platform. (G) The residence time of rats in the platform. (H) Calculation of times the rats
pass crossed the platform. (I and J) The (I) protein and (J) RNA levels of iNOS, COX-2, IL-1β, IL-6, and
TNF-α in hippocampus tissues. * P < 0.05; ** P < 0.01; *** P < 0.001.
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FIGURE 5 COL4A2 mutation stimulates JAK/STAT signaling in neurons in vivo. (A) Nissl
staining analysis. (B) Immunofluorescence analysis of GFAP in hippocampus; Green: GPAF; Blue: DAPI.
(C) Western blotting analysis of GFAP in hippocampus. (D) Western blot analysis of JAK2, p-JAK2,
STAT3, p-STAT3 in hippocampus of the rats.

FIGURE 6 COL4A2 mutation promotes inflammation and astrocyte activation by stimulating
JAK/STAT signaling in primary astrocytes. The primary astrocytes were stimulated with LPS and
treated with wild type (WT), mutated (MUT) COL4A2 or WP1066. (A) Western blotting analysis of GFAP
in primary astrocytes. (B-F) The RNA levels of COX-2, iNOS, IL-1β, IL-6, and TNF-α were measured by
qPCR. (I-K) ELISA analysis of secretion of IL-1β, IL-6, and TNF-α. (G and H) Western blot analysis of
inflammatory cytokines and JAK2, p-JAK2, STAT3, p-STAT3. * P< 0.05; ** P < 0.01; *** P < 0.001.

FIGURE S1 Identification of COL4A2 mutation. (A-B) Video EEG showed hypsarrhythmia during
sleep and clusters of epileptic spasms at 6 month. (C) T1 Brain MRI was normal at 6 months. (D) One de
novo heterozygous missense mutation was detected in the COL4A2 gene: c.1148C>T(p.Pro383Leu).

FIGURE S2 COL4A2 mutation promotes inflammation and astrocyte activation in CTX-TNA
cells. The CTX-TNA cells were stimulated with LPS and treated with wild type (WT) or mutated (MUT)
COL4A2. (A) Viability of CTX-TNA cells were measured by CCK-8. (B) Western blotting analysis of
GFAP in CTX-TNA cells. (C-G) The RNA levels of COX-2, iNOS, IL-1β, IL-6, and TNF-α were measured
by qPCR. (H-J) ELISA analysis of secretion of IL-1β, IL-6, and TNF-α. (K and L) Western blot analysis of
inflammatory cytokines and JAK2, p-JAK2, STAT3, p-STAT3. * P< 0.05; ** P < 0.01; *** P < 0.001 vs
control; # P < 0.05; ## P< 0.01 vs LPS.

FIGURE S3 COL4A2 mutation promotes inflammation and astrocyte activation by stimulating
JAK/STAT signaling in CTX-TNA cells. The CTX-TNA cells were stimulated with LPS and treated
with wild type (WT), mutated (MUT) COL4A2 or WP1066. (A) Western blotting analysis of GFAP in
CTX-TNA cells. (B-F) The RNA levels of COX-2, iNOS, IL-1β, IL-6, and TNF-α were measured by qPCR.
(G and H) Western blot analysis of inflammatory cytokines and JAK2, p-JAK2, STAT3, p-STAT3. * P<
0.05; *** P < 0.001.
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