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Multiomic analysis implicates nuclear hormone receptor
signalling in clustering epilepsy
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Clustering Epilepsy (CE) is an epileptic disorder with neurological comorbidities caused by heterozygous variants of the X
chromosome gene Protocadherin 19 (PCDH19). Recent studies have implicated dysregulation of the Nuclear Hormone Receptor
(NHR) pathway in CE pathogenesis. To obtain a comprehensive overview of the impact and mechanisms of loss of PCDH19 function
in CE pathogenesis, we have performed epigenomic, transcriptomic and proteomic analysis of CE relevant models. Our studies
identified differential regulation and expression of Androgen Receptor (AR) and its targets in CE patient skin fibroblasts.
Furthermore, our cell culture assays revealed the repression of PCDH19 expression mediated through ERα and the co-regulator
FOXA1. We also identified a protein-protein interaction between PCDH19 and AR, expanding upon the intrinsic link between
PCDH19 and the NHR pathway. Together, these results point to a novel mechanism of NHR signaling in the pathogenesis of CE that
can be explored for potential therapeutic options.
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INTRODUCTION
Protocadherin 19 (PCDH19) pathogenic variants cause the infantile
encephalopathy Clustering Epilepsy (CE, previously known as Girls
Clustering Epilepsy; GCE, Female-Limited Epilepsy; FE and Epilepsy
and Mental Retardation Limited to Females; EFMR: OMIM #300088)
[1]. Seizures of this disorder are often febrile, occur in clusters with
onset after mini-puberty (8–10months of age) and generally offset
by or during puberty [1–3]. Individuals with CE also present a
range of psychiatric comorbidities such as mild to severe
intellectual disability (ID), autism spectrum disorder (ASD),
hyperactive and/or attention-deficit disorder (ADHD) and late-
onset schizophrenia [4]. Variants in the X chromosome gene
PCDH19 cause CE in females and males with heterozygous variants
or postzygotic somatic variants respectively, while males with
hemizygous variants are asymptomatic carriers [1, 5, 6]. This
unique pattern of inheritance and, consequently, the disease
mechanism can be best explained by the ‘cellular interference’
model postulating that X-inactivation in CE females and mosai-
cism in CE males results in altered networks and communications
between the PCDH19-Wildtype (WT) and Mutant (MT) expressing
neurons, eventually leading to seizures and CE comorbidities [1].
This model is supported by studies in PCDH19WT/MT female mice
that show altered cell sorting between WT and MT expressing cells
in the developing cortex and altered mossy fibre presynaptic
development due to mismatching between PCDH19-MT and the
cell adhesion molecule N-cadherin [7, 8]. However, further

systematic studies into the molecular nature of the altered
communications between PCDH19-WT and MT cells are required.
PCDH19 is a moonlighting protein with roles in cell adhesion

and γ-aminobutyric acid type A receptor (GABAAR) binding [9–13].
PCDH19 has also recently been shown to have nuclear function
and roles in lysine-specific demethylase 1 (LSD1) and Nuclear
Hormone Receptor (NHR) mediated gene regulation [14, 15]. The
C-terminal region of PCDH19 has been shown to undergo NMDA
receptor (NMDAR)-dependent cleavage by ADAM10 and possibly
γ-secretase. The cleaved PCDH19 peptide translocates to the
nucleus where it binds to LSD1 to directly regulate the expression
of immediate-early genes (IEGs) [15]. In neurons, the activity of
LSD1 depends on its splicing by the nuclear protein NOVA1 to
generate neuroLSD1 [15]. The NOVA1-mediated splicing of LSD1
has been shown to be regulated by PCDH19 [15]. The NHR
pathway is regulated by steroids that can bind and activate their
NHRs [such as Oestrogen Receptor (ER) α, Progesterone Receptor
(PGR) and Androgen Receptor (AR)] to regulate gene expression
via the genomic and non-genomic pathways [2]. Furthermore,
neurosteroids can positively and negatively regulate neuron
excitability by binding to the transmembrane binding sites of
the GABAAR. Three lines of evidence have implicated PCDH19 in
NHR-mediated gene regulation [16]. Firstly, perturbed steroido-
genesis and NHR-related gene expression has been identified in
CE affected individuals [17, 18]. Secondly, PCDH19 interacts with
the nuclear protein NONO/p54nrb to positively regulate
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Oestrogen Receptor (ER) α mediated transcriptional activity.
Interestingly, PCDH19 CE pathogenic variants are unable to
enhance ERα activity [14]. Finally, CE seizure onset during infancy
and offset during adolescence has been shown to correlate with
natural fluctuations in steroid levels during development [2].
Taken together, these results point to a role for PCDH19 in the
regulation of NHR signalling and has led to the inclusion of CE-
affected individuals in ganaxolone (a synthetic analogue of the
steroid allopregnanolone) clinical trials [19, 20].
To expand our understanding of the role of PCDH19 variants in

CE pathogenesis, we performed CE methylome, transcriptome and
proteome studies in diverse cellular models of CE. Our multi-
dimensional analyses implicate PCDH19 in the NHR pathways at
the level of methylation, gene regulation and protein-protein
interaction and suggests that this pathway plays a critical role in
CE pathology.

RESULTS
Epigenomic and transcriptomic profiling reveals
dysregulation of the steroid pathway
We explored the gene expression and regulatory mechanisms of
CE pathogenesis in patient-derived tissues by performing
epigenomic (EPIC-array) and transcriptomic (RNA-sequencing)
profiling on skin fibroblasts from affected CE females (AF, n= 8,
mean age at sampling= 19.2 years) and female controls (FC, n= 3,

mean age at sampling= 15.7 years) (Supplementary Table 1). We
also performed EPIC-array and RNA-sequencing of unaffected
transmitting males (TM, n= 2, mean age at sampling= 47.5 years)
and male controls (MC, n= 3, mean age at sampling= 18 years) to
determine the effect of pathogenic PCDH19 variant on the
epigenome and transcriptome of hemizygous individuals who
are typically unaffected. When comparing affected females vs.
female controls, we identified differentially methylated regions
(DMRs) in 71 promoters, 88 gene bodies and 55 CpG islands (CGI).
Transmitting males vs. male controls identified DMRs in 56
promoters, 84 gene bodies and 78 CGIs (Fig. 1A and Supplemen-
tary Table 2 and 3). This indicates significant genome-wide
differential methylation in affected females and transmitting
males. Of these genes, eight were differentially methylated in
both AFs and TMs (IDO1, GSTO2, CDH18, CRISPLD1, FAM155A,
ZNF804A, HOXB2 and ZIC4) (Fig. 1B). Hierarchical clustering by
differentially methylated probes (DMPs) from all comparisons
(affected females vs. female controls, transmitting males vs. male
controls and male controls vs. female controls) showed that
affected females cluster away from female controls (Fig. 1C). We
performed enrichment analysis for transcription factor binding
sites (TFs) in the promoters of genes harbouring DMRs for affected
females vs. female controls. The data showed enrichment of genes
regulated by the NHR Androgen Receptor (AR) as well as the
transcription factors GBX2, POUF1, TP53, SOX2, SMAD23, PAX3-
FKHR, UBF1/2 and ZNF217 (Fig. 1D). KEGG pathway analysis

Fig. 1 DNA methylation analysis of CE skin fibroblasts. A Comparison of the number of DMRs in each group. B Venn diagram showing the
overlap of genes with differentially methylated promoter and/or gene body in AFs vs FCs and TMs vs MCs comparisons. C Hierarchical
clustering of samples by DMPs identified in AFs vs. FCs. D KEGG pathway and TF binding enrichment analysis of the genes with differentially
methylated promoter/gene body identified in AFs (ShinyGO, TF.Target.ChEA.2016 database- FDR cut-off 0.1) [47]. Top 10 most enriched
pathways are shown. AF affected female, FC female control, TM transmitting male, MC male control, TF transcription factor.
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showed enrichment for processes such as steroid hormone and
cofactor biosynthesis (Fig. 1D). Overall, these results show
impaired genome-wide AR pathway methylation, a NHR not
previously implicated in CE.
To compare methylation and gene expression differences, we

performed RNA-sequencing on RNA extracted from the same
patient skin fibroblasts that we used for epigenomic profiling. We
identified 90 differentially expressed genes (DEGs) when compar-
ing affected females vs. female controls (56 upregulated and 34
downregulated) and 95 in transmitting males vs. male controls (45
upregulated and 50 downregulated) (Fig. 2A, Supplementary Fig.
1, Supplementary Table 4). Interestingly, hierarchical clustering of
DEGs from all comparisons (comparing affected females vs. female
controls, transmitting males vs. male controls and male controls
vs. female controls) showed that transmitting males clustered with
affected females rather than male controls (Fig. 2C). Five genes
(ELFN2, NETO2, PSG2, SERPINA3 and SMO) were dysregulated in
both the affected female and transmitting male groups (Fig. 2B).
Gene ontology analysis of DEGs from affected females vs. female
controls showed enrichment for biological processes such as
thyroid gland development, brain development and cell migration
(Fig. 2D). Our previous microarray studies on affected and control
female skin fibroblasts showed an enrichment of dysregulated
PGR and ERα targets [17]. However, TF binding enrichment
analysis for our current cohort was not able to replicate this
finding. We validated dysregulated genes with potential CE
relevance by RT-qPCR in affected (n= 14) and control female
(n= 3) skin fibroblasts. These genes were selected based on their

role in DNA demethylation (TET3), the establishment of neuron
polarity (RUFY3), PCDH19-regulated RNA splicing (NOVA1) and
NHR signalling (AR) [21–24] (Fig. 2E). As AR was significantly
upregulated in affected females, we performed RT-qPCR of ERα
and PGR to determine if other NHRs are also dysregulated in
affected females. ERα and PGR showed a trend of higher
expression in affected females when compared to female controls,
though not statistically significant (Fig. 2E). These data are the first
to show dysregulation of AR in CE patients.
Promoter methylation can lead to decreased gene expression

through blocking transcription factor binding. However, gene body
methylation has been linked to increased gene expression through
mechanisms that are poorly understood [25]. We identified four
genes (RUFY3, HOXB3, SERPINA3 and LHX8) that showed both
significant differential methylation and expression in affected
females (Supplementary Fig. 2A). To investigate the impact of
differential methylation on the expression of these four genes as
well as the upregulated methylcytosine dioxygenase TET3, we
compared gene expression with promoter or gene body methyla-
tion. As expected, the expression of RUFY3 and HOXB3 negatively
correlated with promoter methylation, with affected females having
higher expression and lower promoter methylation than female
controls (Supplementary Fig. 2B and 2C). Conversely, the expression
of SERPINA3, LHX8 and TET3 positively correlated with gene body
methylation, with affected females having lower expression and
higher gene body methylation than female controls (Supplementary
Fig. 2C–F). Therefore, altered promoter and gene body methylation
may impact the expression of certain genes in affected females.

Fig. 2 Gene expression analysis of CE skin fibroblasts. A Comparison of the number of DEGs in each group. B Venn diagram showing the
overlap in dysregulated genes when comparing AFs vs. FCs and TMs vs. MCs. C Hierarchical clustering of samples by DEGs for AFs vs. FCs.
D Biological Process enrichment analysis of AF vs. FC DEGs (ShinyGO, Biological Process, FDR cut-off 0.05) [47]. E Validation of altered expression
of NOVA1, RUFY3, TET3, AR, ERα and PGR expression in FC (n= 3) and AF (n= 14) skin fibroblasts by RT-qPCR. Statistical analysis was performed
using unpaired t-test with Welch’s correction. *p ≤ 0.05, **p ≤ 0.01. AF affected female, FC female control, TM transmitting male, MC male control.
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PCDH19 regulation by ERα and its coregulator FOXA1
PCDH19 expression is regulated by steroid hormones. As we
identified altered expression and methylation of genes involved
in the steroid pathway in our patient cohort, we considered if
PCDH19 itself could be regulated by steroids. To determine the
effect of NHRs on PCDH19 expression we screened a set of breast
cancer cell lines to identify one that expresses ERα, PGR and AR.
We identified the T47D cell line as expressing the three NHRs,
which was used as a model for further studies (Supplementary
Fig. 3). To determine the impact of steroid treatment on PCDH19
expression, we cultured T47D cells in hormone stripped conditions
before treating the cells with β-oestradiol (E2), progesterone (P4)
and dihydrotestosterone (DHT) for 4, 6, 16, 24 and 48 h. Western
blot analysis of ERα, PGR and AR showed expected changes to
their protein levels in the cells treated with cognate ligands: that
is, the degradation of ERα and PGR in E2 and P4 treated cells, and
accumulation of AR in DHT treated cells (Supplementary Fig. 4)
The expression of known ERα, PGR and AR target genes confirmed
successful ligand-mediated activation of these NHRs (Supplemen-
tary Fig. 5). We observed a significant decrease in PCDH19
expression in cells treated with E2 and P4 treatment for 16, 24 and

48 h, and DHT after 48 h. No change in PCDH19 expression was
observed after 4 and 6 h of steroid treatment (Fig. 3A).
Interestingly, we observed an increase in PCDH19 expression with
increasing amount of time cells were cultured in hormone-
stripped medium (Fig. 3A). As steroid treatment resulted in the
repression of PCDH19, we hypothesised that this increased
expression could be due to de-repression of PCDH19 in cells
exposed to prolonged hormone-depleted culture conditions. We
tested this observation by assaying the PCDH19 expression in
T47D cells cultured in stripped and non-stripped (normal)
conditions for 52 and 72 h. Consistent with our prediction, we
found that prolonged cell culture in stripped conditions results in
an increase in PCDH19 expression (Supplementary Fig. 6).
Together, this data suggests that PCDH19 is repressed by steroids.
To determine if Pcdh19 is repressed by steroid treatment in

disease relevant cells, we cultured primary mouse E18.5 female
and male cortical neurons with E2, P4, DHT or vehicle for 24 h. The
ligand-mediated activation of known ERα, PGR and AR target
genes was confirmed by RT-qPCR (Supplementary Fig. 7 and 8).
Pcdh19 was significantly repressed by E2, but not P4 or DHT in
female neurons (Fig. 3B). However, Pcdh19 expression was not

Fig. 3 PCDH19 expression is regulated by steroid treatment. A T47D cells were cultured in hormone-depleted conditions for 48 h and then
treated with 10 nM E2, 10 nM P4, 10 nM DHT or vehicle (V) for 4, 6, 16, 24 and 48 h. PCDH19 expression was assayed by RT-qPCR. n ≥ 3
biological replicates. Statistical analysis was performed using one-way ANOVA for each timepoint. B Pcdh19mRNA expression in female (n= 3)
or C male (n� 3) E18.5 mouse cortical neurons treated with 10 nM E2, 10 nM P4, 10 nM DHT or vehicle (V) for 24 h. Statistical analysis was
performed using one-way ANOVA. D ERα, PGR and AR were KD in T47D cells with two siRNA molecules and PCDH19 expression was
determined by RT-qPCR. n� 3. Statistical analysis performed using one-way ANOVA comparing against SCR. E FOXA1 was KD in T47D cells
with two siRNA molecules and treated with 10 nM E2 or vehicle. PCDH19 expression was determined by RT-qPCR. n= 3. Statistical analysis
performed using one-way ANOVA comparing against SCR V. Schematic diagram of the location of two FOXA1 binding sites in the PCDH19
promoter is also shown. F MCF-7 cells were transfected with pGL2-TK2 (EV), pGL2-TK2-BS1+ BS2 WT or pGL2-TK2-BS1+ BS2 MT reporter
constructs and treated with 10 nM E2 or vehicle. Firefly Luciferase values were normalized to Renilla Luciferase transfection control and
expressed as Relative Light Units (RLU). Each experiment was performed in four technical and three biological replicates. Statistical analysis
was performed using one-way ANOVA. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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significantly repressed in E2, P4 or DHT treated male neurons
(Fig. 3C). These results suggest that E2-mediated PCDH19
repression may be female-specific, occurring across species and
tissue types.

PCDH19 expression is repressed by ERα
NHR-mediated gene regulation is complex and can depend on the
presence, interaction and activation of multiple NHRs [26]. To
determine how different and multiple NHR activation affects PCDH19
expression, we measured PCDH19 mRNA levels in T47D cells treated
with equal concentrations of two or more of the steroids E2, P4 and
DHT. PCDH19 expression was reduced in E2+ P4, E2+DHT and
E2+ P4+DHT but not DHT+ P4 treated cells (Supplementary Fig.
9), suggesting that the presence of E2 is required for PCDH19
repression in a background of multiple steroids.
Given that E2 is the major ligand for ERα we set out to confirm if

ERα is responsible for PCDH19 repression. We knocked down (KD)
ERα, PGR or AR using two individual siRNAs against each target.
Successful knockdown was confirmed by western blotting
(Supplementary Fig. 10). We observed that ERα KD results in
increased PCDH19 expression while PGR and AR KD do not change
PCDH19 levels when compared to scrambled siRNA control
(Fig. 3D). To identify the minimum required concentration of E2
for PCDH19 repression, we treated T47D cells with various E2
concentrations and found that PCDH19 repression occurred in
cells treated with as little as 1 nM E2 (Supplementary Fig. 11).
Together these results suggest ERα to be the primary NHR
involved in PCDH19 repression.

PCDH19 repression by ERα is FOXA1 dependent
PCDH19 repression in T47D cells occurs after 16 h of E2 treatment
(Fig. 3A) and we could not identify any NHR binding sites within
the PCDH19 promoter in publicly available ChIP-seq data. There-
fore, we hypothesised that this regulation may not be occurring
through direct ERα binding to the PCDH19 promoter, but instead
through another transcription factor. Analysis of publicly available
ChIP-seq datasets identified two Forkhead box A1 (FOXA1)
binding sites located upstream of the PCDH19 transcription start
site [27] (Fig. 3E). We named these sites BS1 (AGGTAAACACGA)
and BS2 (CTGCAAACATGA). FOXA1 is a pioneering transcription
factor known to bind to condensed chromatin and enhance the
transcriptional regulatory activity of ERα and AR [28]. Over 95% of
oestrogen regulated genes require FOXA1 for oestrogen regula-
tion in MCF-7 breast cancer cells [29]. To determine if FOXA1 is
required for PCDH19 regulation, we KD FOXA1 in T47D cells with
two independent siRNA molecules and treated the cells with
vehicle or E2 (Supplementary Fig. 12). FOXA1 KD reduced the E2-
mediated activation of TFF1, a known FOXA1-dependent ERα
target (Supplementary Fig. 13). FOXA1 KD also abrogated E2-
mediated repression of PCDH19 (Fig. 3E). To confirm that FOXA1 is
responsible for ERα-mediated PCDH19 repression, we generated a
firefly luciferase reporter construct by inserting a putative PCDH19
regulatory fragment carrying the two FOXA1 binding sites
upstream of a TK2 promoter in the pGL2-TK2 plasmid. We assayed
the luciferase reporter activity of this construct in transfected MCF-
7 cells treated with E2 or vehicle for 24 h. Compared to the pGL2-
TK2 plasmid, the reporter construct with the PCDH19 promoter
fragment showed increased luciferase activity that was reduced by
~27% in the E2 treated cells (Fig. 3F). To confirm that FOXA1 is
responsible for E2-mediated regulation of the PCDH19 promoter
fragment, we mutated the BS1 (AGGG--ACCCGA) and BS2
(CTGCA--CCTGA) sites to eliminate FOXA1 binding. Our results
showed that mutation of both BS1+ BS2 abolished E2-mediated
repression of luciferase activity, suggesting that the two FOXA1
binding sites are important for PCDH19 regulation (Fig. 3F).
Overall, our results showed that ERα-dependent repression of
PCDH19 is mediated by FOXA1 through its binding to the PCDH19
promoter.

PCDH10, PCDH12 and PCDH19 interact with AR
Our previous studies found that PCDH19 with NONO positively
regulates ERα transcriptional activity, with PCDH19 WT but not CE
pathogenic variant protein enhancing ERα transcriptional activity [14].
Considering the functional association of PCDH19 with ERα, we asked
if PCDH19 interacts with one or more of these NHRs. To investigate
this, we performed co-immunoprecipitation (co-IP) using protein
lysates of HEK293T cells expressing NHRs with FLAG tag (FLAG-ERα,
FLAG-PGR or FLAG-AR) alone or with Myc-tagged PCDH19 (Myc-
PCDH19). Although we could not detect a PCDH19-PGR or PCDH19-
ERα interaction (data not shown), we did observe a PCDH19-AR
interaction (Fig. 4A). PCDH19 cell adhesion and gene regulatory
function has been shown to be affected by PCDH19 pathogenic
variants [12, 14, 30]. Furthermore, PCDH19 has two major isoforms
resulting from the alternative splicing of exon 2: PCDH19+ Ex2 and
PCDH19-Ex2 [5]. As the PCDH19 nuclear localisation signal spans
exons 2 and 3 [14, 15], alternative splicing of exon 2 may lead to
different functions for PCDH19+ Ex2 and PCDH19-Ex2. To determine
if the AR-PCDH19 interaction is ablated by PCDH19 variants or
isoform, we performed co-IP of HEK293T cell lysates expressing
pathogenic PCDH19 variants or PCDH19-Ex2 isoform alone or with
FLAG-AR. Our results show that the AR-PCDH19 interaction is not
disrupted by PCDH19 variant or isoform type (Fig. 4B).
PCDH19 belongs to the δ2 subclass of the non-clustered

protocadherin family that also includes the protocadherins
(PCDHs) 10, 17 and 18 [31]. PCDH12 is structurally similar to the
other δ2 protocadherins, albeit it lacks the CM1 and CM2 domains
[31]. To determine if the AR-PCDH19 interaction also occurs with
other δ2-PCDHs, we performed co-IP of protein lysates of
HEK293T cells expressing HA-tagged PCDH10 or PCDH12 (HA-
PCDH10 or HA-PCDH12) alone or with FLAG-AR. Interestingly, AR
co-IPed with both PCDH10 and PCDH12, demonstrating that AR
interacts with other δ2-PCDHs (Fig. 4C). Overall, these are the first
results showing PCDH19 (and other PCDHs) interaction with AR,
further linking PCDH19 to the NHR pathway.

DISCUSSION
CE is a complex childhood-onset (median age 10months) epilepsy
syndrome characterized by clusters of febrile and afebrile seizures,
developmental delay or cognitive impairment, features of autism
spectrum disorder, and behavioural abnormalities including ADHD
[1, 4]. Since the identification of the PCDH19 gene as the genetic
cause of CE, the research community has generated a consider-
able amount of data delving into its molecular pathogenesis.
Among these are disordered steroidogenesis and NHR-mediated
gene dysregulation in CE [14, 17, 18]. The data presented here
provide fundamental experimental evidence supporting these
findings, while also pointing to new pathways potentially involved
in CE. One such finding is the upregulation of NOVA1 expression in
the skin fibroblasts of affected compared to control females.
Importantly, NOVA1 is known to generate the neuron-specific
isoform of LSD1 (neuroLSD1), a known interactor of PCDH19,
which regulates the expression of immediate early genes (IEGs). A
study by Gerosa et al. (2022) found that PCDH19 downregulation
increases the expression of neuroLSD1 and NOVA1, thereby
affecting downstream expression of IEGs [15]. Our results
corroborate the findings by Gerosa et al. (2022) and show that
CE patients have significantly upregulated NOVA1. Another
interesting finding from our multi-omics investigation was the
upregulation of genes involved in DNA methylation maintenance,
specifically the overexpression and gene body hypermethylation
of TET3 in CE females. TET3 is a member of the Translocation
methyl-cytosine dioxygenase (TET) family of proteins (which
includes TET1 and TET2) and is involved in initiating DNA
demethylation [32]. TET3 is highly expressed in the cortex and
hippocampus and is implicated in the regulation of genes
involved in memory, neuronal activity and synaptic plasticity
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[33]. Previous studies have found that neuronal TET3 expression is
regulated by synaptic activity and that TET3 can regulate surface
Glutamate receptor 1 (GluR1) levels to influence synaptic
transmission [34]. Therefore, upregulation of TET3 could have a
major impact not only on methylation and subsequent gene
expression in CE individuals, but also synaptic transmission.
Overall, our transcriptomic and epigenomic studies provide
evidence of NOVA1 and TET3 involvement in CE pathogenesis.
Our epigenomic, transcriptomic and proteomic results have

implicated the NHRs in CE and indicate novel roles of ERα and AR in
CE. Our RNA-sequencing, epigenomic and proteomic results
showed an intrinsic link between PCDH19 and AR. CE fibroblasts
show upregulation of AR and altered methylation of AR genomic
targets and PCDH19 interacts with AR in HEK293T cells expressing
epitope-tagged PCDH19 and AR proteins. Previous microarray
studies in patient skin fibroblasts [17] and mouse differentiated
Pcdh19 WT and KO neural stem/progenitor cells (mNSPCs) [35]
show dysregulation of the ERα signalling pathway. This dysregula-
tion can be explained by the known role of PCDH19 in the
promotion of ERα transcriptional activity, while PCDH19 CE-variants
fail to enhance ERα transcriptional activity [14, 30]. However, the
molecular explanation for the impact of PCDH19 CE-variants on AR
and the expression/methylation of its genomic targets is unknown.
One possibility is that PCDH19 is a co-regulator of AR transcriptional
activity - as it is for ERα – a possibility that was not explored in this
study. It should be noted that ERα and AR are known to be linked
through direct interaction, expression regulation by oestrogenic
and androgenic metabolites, and transcriptional crosstalk
[26, 36–38]. Though AR is generally considered to have an
antagonistic effect on ERα by occupying subsets of Oestrogen
Response Elements, the transcriptional outcome of ERα/AR crosstalk
is now known to be highly context dependent [26]. Therefore, the
functional interaction between ERα and AR, and any potential role
of PCDH19, is a complex issue that requires further study.
The implications of the NHR pathway in CE pathology is

strengthened by the finding that PCDH19 is regulated by
oestradiol treatment. We show that PCDH19 expression itself is
regulated by oestrogen via its receptor ERα and coregulator
FOXA1 in both T47D cells and female embryonic mouse primary
neurons. Interestingly, female-specific ERα regulatory affects are
consistent with the observation that treatment of male mouse

cortical neurons with E2 did not significantly repress Pcdh19. This
result may be explained by sex differences of NHR expression or
female-specific NHR regulation of gene expression involving
PCDH19 [39]. A recent study by Gengenhuber et al. (2022)
investigated the neuronal targets of ERα and their effect on brain
sex differentiation. They found that treatment of female mice with
oestrogen at birth results in a decrease in Pcdh19 expression in
Esr1+ neurons in the posterior bed nucleus of the stria terminalis
(BNSTp), though not reaching statistical significance. Interestingly,
expression of many other protocadherins were found to increase
(Pcdh7, Pcdh9, Pcdh10, Pcdh15 and Pcdh11x) or decrease (Pcdh1,
Pcdh8, Pcdh18 and Pchd20) with oestrogen treatment [39]. Other
studies in female (but not male) rats and MCF-7 cells found altered
expression of protocadherins (including PCDH19) on oestrogen
and oestrogen-mimics treatment [40, 41]. Taken together, the
results strongly suggest that ERα-mediated gene regulation may
extend to other protocadherins and the effect of oestrogen
treatment on gene expression may differ depending on sex.
The connection of the NHR pathways to CE could pave the way

for developing novel anti-seizure medication for this disorder. The
identification of altered steroidogenesis and NHR target gene
expression in CE patients has led to the inclusion of CE patients in
clinical trials for ganaxolone [19, 20]. Other neurosteroids, such as
oestrogen and progesterone, have been found to have beneficial
effects in various animal and human epilepsy studies [42, 43]. These
results are promising, though factors such as sex, age, hormone
levels and dosage should be considered before therapeutic
administration [44]. In conclusion, our epigenomic, transcriptomic
and proteomic results implicate NHR signalling in CE, shedding new
light on its pathogenic mechanism and paving the way for
exploring NHR-PCDH19 regulated pathways as future potential
therapeutic options.

MATERIALS AND METHODS
Cell culture
T47D and ZR-75-1 cells and primary skin fibroblasts were maintained in
RPMI-1640, GlutaMAX (Gibco) and 10% Heat Inactivated Foetal Bovine
Serum (HI-FBS, Gibco). HEK293T (ATCC, 293T-CRL-3216) and MCF-7
(ECACC# 86012803) cells were maintained in DMEM (Gibco) and 10% HI-
FBS. T47D and ZR-75-1 cells were kindly provided by the Dame Roma
Mitchell Cancer Research Laboratories, the University of Adelaide. All cell

Fig. 4 Androgen Receptor interacts with PCDH19. A Myc-PCDH19 was immunoprecipitated with anti-Myc magnetic beads. Inputs and IP
samples were western blotted to detect Myc-PCDH19 and FLAG-AR. B Myc-PCDH19 isoforms (+Ex2 or -Ex2) and pathogenic missense variants
were immunoprecipitated with anti-Myc magnetic beads. Inputs and IP samples were western blotted to detect Myc-PCDH19 and FLAG-AR.
C FLAG-AR was immunoprecipitated with anti-FLAG agarose beads. Inputs and IP samples were western blotted to detect FLAG-AR, HA-
PCDH10 and HA-PCDH12.
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lines were mycoplasma free. Primary mouse neurons were maintained in
neural-feed media [comprising neurobasal A media (Thermo Fisher, cat
#10888-022), 2% B27 (Gibco) and 1% penicillin-streptomycin (Gibco)]. All
cells were cultured at 37°C and 5% CO2.

Mouse experimental model
All mouse work was conducted following approval by The University of
Adelaide Animal Ethics Committee (AEC No. #395) [45] in accordance with
the Australian code for the care and use of animals for scientific purposes.
Mouse sample sizes were selected for one-way ANOVA statistical analysis.
C57BL/6 mouse strain was used.

Methylation assay for fibroblast gDNA
DNA methylation for fibroblast gDNA was assessed using the Illumina
Infinium MethylationEPIC BeadChip as a service by the Australian Genome
Research Facility. Methylation array data was analysed using minfi, limma
and mCSEA implemented through the shinyÉPICo package in R v4.1.2 [46].
For DMPs, a cut-off of 20% differential methylation was applied with
adjP-value < 0.05. For DMR analysis, a cut-off of 10% differential methylation
with FDR < 0.01 was applied. For identification of DMRs correlating with
changes in gene expression, the mCSEA function mCSEATest was first
applied to quantile normalised ranked beta values, then the mCSEAInte-
grate function was applied to integrate DMRs with DESeq2 normalised
counts from RNAseq (see below, mCSEA v1.12.0, DESeq2 v1.34.0). For
DMRs in promoters, only negative correlations were considered biologi-
cally relevant, while for DMRs in the gene body, correlation in either
direction was considered.

RNA-sequencing
RNA sequencing was performed as a service by Azenta Biotech. Poly A
selected, unstranded libraries were prepared from patient fibroblast total
RNA and sequenced on a Novaseq instrument in 2 × 150 bp paired-end (PE)
configuration to give a total of 40–60 million reads of raw data per sample.
Transcript-level abundances were quantified using Salmon against the pre-
built Refgenie hg38 indices (http://refgenomes.databio.org/v3/assets/splash/
2230c535660fb4774114bfa966a62f823fdb6d21acf138d4/salmon_sa_index),
and aggregated to gene level counts using the tximport function of DESeq2
in R v4.1.2. Differential gene expression analysis was performed using
DESeq2 v1.34.0 [46].

Enrichment analysis
Transcription factor target enrichment analysis of annotated DEGs and
DMRs from cultured skin fibroblasts was performed using ShinyGO 0.76.3
(http://bioinformatics.sdstate.edu/go/) [47]. A background list of genes
expressed in skin fibroblasts was used for analysis of DEGs identified in
patient skin fibroblasts (Supplementary Table 5).

Mouse E18.5 primary neuron culture
Primary cortical neurons were harvested from E18.5 mouse embryonic
brains as previously described [48] and plated in wells precoated with
poly-L-lysine in neural-seed media (neurobasal A media, 2% B27, 1%
penicillin-streptomycin and 10% HI-FBS) and allowed to adhere for at least
3 h before the medium was changed to neural-feed media [neural-seed
media without FBS and 1% GlutaMAX (Gibco)]. The media was half
changed every 2–3 days. Investigators were not blinded to the experi-
mental conditions.

Steroid treatment of T47D cells
5×105 T47D cells were plated in 6-well dishes and cultured in RPMI-1640
and 10% HI-FBS for 24 h. The next day, the cells were washed with 1× PBS
and the media was replaced with RPMI-1640 (phenol red free) (Thermo
Fisher) and 10% Dextran Coated Charcoal stripped (DCC) FBS for 48 h prior
to steroid treatment. The cells were treated with either 10 nM β-oestradiol
(E2) (Sigma), 10 nM progesterone (P4) (Sigma), 10 nM dihydrotestosterone
(DHT) (Selleck Chemicals) or vehicle (100% EtOH) for the indicated times
and then harvested. Cells were stored at −80 °C until analysed.

Steroid treatment of primary mouse neurons
3.2 × 106 E18.5 mouse cortical neurons were plated in a 6 cm petri dish in
neural-seed media. Three days later the media was changed to neural-
stripped media (comprising neurobasal A media (phenol red free) (Gibco),

2% B-27, 1% GlutaMAX and 1% penicillin-streptomycin). Three days later
the cells were washed with 1× PBS and the media were changed to
neurobasal A media with 10% DCC-FBS and cultured for a further 4 days,
with the medium half changed every 2 days. The neurons were then
treated with 10 nM E2, 10 nM P4, 10 nM DHT or vehicle for 24 h and
harvested by scraping for immediate RNA isolation.

Western blotting
Cell pellets were resuspended in lysis buffer (50mM Tris-HCl pH 7.5,
150mM NaCl, 0.2% Triton-X-100, 2 mM EDTA, 0.01% SDS, 50 mM NaF,
0.1 mM Na3VO4, 1×Protease Inhibitor/no EDTA), sonicated (20% amp for
15 s) and centrifuged at 15000 rpm for 15min at 4 °C. 10 µg of cell lysate
was denatured and resolved by 6% homemade SDS-PAGE protein gel [49].
Proteins were transferred onto nitrocellulose membranes and blocked with
10% skim milk 1× Tris-buffered saline, 0.1% Tween 20 (TBST). The
membrane was probed with primary antibody; rabbit anti-AR (Santa Cruz,
cat #sc-816), mouse anti-ERα (Santa Cruz, cat #sc-8002), rabbit anti-PGR
(Leica Biosystems, # NCL-L-PGR AB), rabbit anti-FOXA1 (Abcam, cat #
ab23738), mouse anti-Myc (Sigma Aldrich, cat #M4439), mouse anti-V5
(Thermo Fisher, cat #46-0705), mouse anti-FLAG (Sigma Aldrich, cat
#F3165) or rabbit anti-β-Tubulin (Abcam, cat #ab6046) in 1× TBST/2% skim
milk overnight at 4°C. The next day, membranes were probed with anti-
mouse immunoglobulins/HRP (Dako, cat #P0447) or goat anti-rabbit
immunoglobulin/HRP (Dako, cat #P0448) in 1× TBST/2% skim milk, washed
with 1× TBST and detected by Clarity Western enhanced chemilumines-
cence (ECL) substrate (Bio-Rad) using BioRad ChemiDoc MP Imaging
System with Imagining Lab 5.0.

RNA extraction and Reverse Transcription-quantitative PCR
(RT-qPCR)
RNA was extracted using QIAshredder (Qiagen) and RNeasy Kit (Qiagen)
with on-column RNase-free DNase treatment (Qiagen) according to
manufacturer’s protocol. 2 µg of RNA was reverse transcribed using
SuperScript IV (Thermo Fisher) and manufacturers protocol. qPCRs for AR,
ERα, PGR, RUFY3, HPRT1, TFF1, PPL, CDKN1A, PCDH19, NOVA1, TET3, Gapdh,
Tff1, Rara, Nrip1, Hsd11b2, Ppl, Pip, Cdkn1a, Pmepa1 and Pcdh19 were
performed using TaqMan probes (Thermo Fisher, see Supplementary Table
6) with Taqman Gene Expression Master Mix (2×) (Thermo Fisher) and
diluted cDNA. qPCR was performed using the following cycling conditions:
hold at 50 °C for 2 min and 95 °C for 10min, initial denaturation at 95 °C for
10min followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. qPCRs for
GREB1, HSD11B2, PSA and HPRT1 were performed using previously
published primers (see Supplementary Table 7) with Power SYBR Green
Master Mix (Thermo Fisher) and diluted cDNA [17, 50–52]. qPCR was
performed using the following cycling conditions: hold at 95 °C for 10min,
40 cycles of 95 °C for 15 s 60 °C for 1 min, melt curve: 95 °C for 15 s, 60 °C
for 30 s and 95 °C for 15 s. Data was acquired using StepOne Real-Time PCR
System and software V 2.0 (Applied Biosystems) and expression of the
target gene was normalized against HPRT1 or Gapdh.

siRNA knockdown
3 × 105 cells/well were plated in a 6 well plate. Next day, the cells were
transfected with two independent siRNAs for FOXA1, ERα, AR or PGR
(Dharmacon) or scrambled control (GenePharma) using lipofectamine
RNAiMAX reagent (Thermo Fisher). The media was changed to RPMI-1640
and 10% DCC-FBS and cultured at 37 °C/5% CO2. The cells were harvested
after 36 h. Cells with scrambled or FOXA1 KD were treated with 10 nM E2,
10 nM P4, 10 nM DHT or vehicle for 24 h before harvesting.

Generation of the FOXA1 binding sites luciferase
reporter vector
pGL2-TK2 was purchased from Promega. The sequence of the PCDH19
promoter and FOXA1 binding sites was obtained from the USCS genome
browser (https://genome.ucsc.edu/) with the genomic coordinates
chrX:100410177-100410816 of the GRCh38/hg38 assembly. This region
was amplified from control female blood gDNA with Platinum SuperFi PCR
Master Mix (Thermo Fisher). Amplification was performed using the
following conditions: hold at 98 °C 30 s, 38 cycles of 98 °C 15 s, 60.5 °C
15 s, 72 °C 60 s, 72 °C 10min. PCR mutagenesis of FOXA1 binding sites (BS) 1
and 2 were performed by overlap extension PCR using the same conditions
and reagents mentioned above (see Supplementary Table 8 for primer
sequences). The amplified PCDH19 promoter fragment with FOXA1 binding
sites was cloned into pGL2-TK2 at XhoI and XmaI restriction sites.
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FOXA1 binding sites luciferase reporter assay
1.2 × 105 MCF-7 cells/well were plated in a 24 well plate in DMEM (phenol
red free) (Sigma Aldrich) and 10% DCC-FBS. The next day cells were
transfected with 10 ng pRL-TK and 750 ng pGL2-TK2 or pGL2-TK2-PCDH19-
FOXA1 reporter plasmids (WT, BS1 MT, BS2 MT or BS1+ BS2 MT) using
Lipofectamine 3000 reagent according to manufacturer’s protocol. 24 h
later the cells were treated with 10 nM E2 or vehicle for 24 h and the
luciferase assay performed using Dual-Luciferase Reporter Assay System
(Promega) and the GloMax 20/20 Luminometer. Firefly luciferase values
were normalized to Renilla luciferase values and expressed as Relative
Light Units (RLU). All luciferase reporter assays were performed in four
technical and three biological replicates.

Co-immunoprecipitation of epitope tagged proteins
HEK293T cells were plated at 5 × 105 cells/well in 6-well plates. The next day
the cells were transfected with various expression plasmids using
Lipofectamine 3000 reagent. The cells were harvested 24 h later and lysed
by sonication (Sonic’s Vibra-Cell VCX) in IP Buffer. The lysate was clarified by
centrifuging at 13000 rpm, 20min, 4 °C and the supernatants incubated with
anti-c-Myc-Magnetic Dynabeads (Thermo Fisher, cat #88843), anti-HA agarose
beads (Sigma Aldrich, cat #E6779) or anti-FLAG M2 agarose beads (Sigma
Aldrich, cat #A2220) overnight at 4 °C. Next day, the beads were washed
three times with IP Buffer and twice with 20mM Tris-HCl pH 7.5. The proteins
were eluted in 40 μL 1× SDS protein-loading buffer (62.5mM Tris-HCl, pH 6.8,
2% SDS, 10% glycerol, 5% β-mercaptoethanol) for 5min at 95 °C [49].

Statistical analysis
Statistical analysis was performed using GraphPad Prism (v8.0). An ordinary
one-way analysis of variance (ANOVA) with Dunnet comparison test was
used for multiple comparisons with 95% confidence interval. For single
comparisons, an unpaired t-test with Welch’s correction and 95%
confidence interval was used. Bar graphs were plotted showing mean
and standard deviation. Statistically significant comparisons are illustrated.
Non-significant comparisons (ns) are illustrated where necessary.

DATA AVAILABILITY
The data generated or used during this work are available subject to compliance with
our obligations under human research ethics from the corresponding author upon
reasonable request.
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