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Abstract

Prenatal exposure to the anti-epileptic, mood-stabilizing drug, valproic acid (VPA), increases the
incidence of autism spectrum disorders (ASDs); /n utero administration of VPA to pregnant
rodents induces ASD-like behaviors such as repetitive, stereotyped activity and decreased
socialization. In both cases males are more affected than females. We previously reported that
VPA, administered to pregnant mice at gestational day 12.5, rapidly induces a transient, 6-fold
increase in BDNF protein and mRNA in the fetal brain. Here we investigate sex differences in the
induction of Banfexpression by VPA as well as the underlying epigenetic mechanisms. We found
no sex differences in the VPA stimulation of total brain BanfmRNA as indicated by probing for
the BDNF protein coding sequence (exon 9); however, stimulation of individual transcripts
containing two of the nine 5’-untranslated exons (5’UTES) in Badnf(exons 1 and 4) by VPA was
greater in female fetal brains. These Banftranscripts have been associated with different cell types
or subcellular compartments within neurons. Since VPA is a histone deacetylase inhibitor,
covalent histone modifications at Badnf5’UTEs in the fetal brain were analyzed by chromatin
immunoprecipitation. VPA increased acetylation of multiple H3 and H4 lysine residues in the
vicinity of exons 1, 2, 4, and 6; minimal differences between the sexes were observed. H3 lysine 4
trimethylation (H3K4me3) at those exons was also stimulated by VPA, moreover, the VPA-
induced increase in H3K4me3 at exons 1, 4, and 6 was significantly greater in females than in
males; i.e., sexually dimorphic stimulation of H3K4me3 by VPA correlated with Banftranscripts
containing exons 1 and 4, but not 6. Neither H3K27me3 nor cytosine methylation at any of the 117
CpGs in the vicinity of the transcription start sites of exons 1, 4 and 6 was affected by VPA. Thus,
of the six epigenetic marks analyzed, only H3K4me3 can account for the sexually dimorphic
expression of Banftranscripts induced by VPA in fetal brain. Preferential expression of exon 1-
and exon 4-Banftranscripts in females may contribute to sex differences in ASDs by protecting
females from adverse effects of genetic variants or environmental factors such as VPA on the
developing brain.
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INTRODUCTION

Autism spectrum disorders (ASDs) are neurodevelopmental disorders of cognition and
behavior that are four-times more prevalent in males than females. The cause of ASDs is
unknown, as is the molecular basis for the male sex bias. Although diagnosis usually does
not occur until the second year, recent evidence suggests that the disorder is caused by errors
in fetal brain development occurring early in pregnancy [1-3]. Recent research has revealed
a wide variety of genetic variants that are associated with ASDs and a few single-gene
mutations with ASD co-morbidities [4,5]. In addition, /n utero exposure to environmental
factors such as pollutants, toxins, maternal infection and some drugs also increases the
probability of an ASD diagnosis, particularly when the pregnant woman is exposed during
the first trimester [6—8]. One such environmental factor is valproic acid (VPA), a commonly
prescribed anti-epileptic and mood-stabilizing drug [9], /n utero exposure to which increases
the risk of ASDs from 0.5 — 1% in unexposed children up to about 10% [10-15]. The link
between VPA exposure and ASDs has led to a widely-used rodent model: a single injection
of VPA into pregnant mice or rats (typically at E12 — E13) leads to ASD-like behaviors in
the offspring [16-18], including decreased social interactions and repetitive stereotyped
behaviors. VPA also induced reductions in cortical thickness and dendritic branching and
other anatomical defects similar to those seen in human ASDs [16,19-22]. Additionally, the
rodent VPA model mimics the male sex bias in ASDs [23-25].

We previously found that administration of VPA at E12.5 induces a transient, 6-fold increase
in BanfmRNA and BDNF protein expression in the fetal mouse brain [26]. The developing
brain is highly sensitive to changes in this key neurotrophin due to its roles in regulating
neurogenesis, neuronal differentiation and synapse formation [27]. Whether increased
BDNF expression at this developmental stage is pathogenic or protective is not known. Banf
transcription can be initiated from 9 different promoter regions [28], each controlling its own
5’-untranslated exon (5’UTE), which is spliced to a common protein coding sequence (exon
9; Ex9) during transcription, allowing detection of the exon-specific transcripts by PCR [28]
(c.f, Fig. 1, inset). We also found that, of the nine 5’UTEs in mouse Banf; only three (Ex1,
Ex4, and Ex6) were detected in fetal brain and expression of all three was stimulated by
VPA, suggesting that VPA promotes BDNF expression by activating transcription of those
promoters. In those studies, we did not distinguish between males and females;
consequently, in the present study, male and female brains were analyzed separately.

VPA has several potential mechanisms of action, one of which is to inhibit class-1 histone
deacetylases (HDACs) [29,30]. This activity would be predicted to increase histone
acetylation [31], generally a transcription-activating epigenetic mark [32,33]. Several lines
of evidence have led to the conclusion that it is the HDAC-inhibiting properties of VPA that
induce the ASD-like phenotype after /n7 utero exposure [20,34,35]; e.g., prenatal exposure to
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structurally-unrelated class-1 HDAC inhibitors, such as trichostatin A (TSA), leads to ASD-
like behavior [35]. TSA has also been reported to increase Banfexpression in a neuronal cell
line [36].

The evidence that HDAC inhibition /n utero can induce Bdnfexpression in the fetal brain
and ASD-like behavior in postnatal animals led us to examine epigenetic changes in Banf
Ex1, Ex4 and Ex6 and their respective upstream promoter regions, Prl, Pr4 and Pr6, in the
fetal brain after /n utero exposure to VPA. Epigenetic changes in Ex2, which is expressed at
extremely low levels in the E12.5 brain [26], were also investigated. The effect of VPA on
H3K9/14, H3K27 and H4K5/8/12/16 acetylation at these sites was analyzed by native
chromatin immunoprecipitation (ChlP). Because there can be “cross-talk” among epigenetic
modifications [37,38], we also studied H3K27 and H3K4 trimethylation, which are generally
silencing and activating marks respectively. Previous studies showed that there are abnormal
patterns of global DNA methylation in ASD brains [39] and the Badnfgene can be regulated
by this epigenetic mark [40,41]; consequently, we also analyzed DNA CpG methylation up-
and downstream from the Ex1, Ex4 and Ex6 transcription start sites (TSSs). To identify
mechanisms that might underlie the increased prevalence of ASDs in males [42], we
analyzed VPA-induced BanfmRNA expression and epigenetic changes in Badnfin fetal
brains from both sexes independently.

In this report, we identify molecular consequences of /n utero VVPA exposure on the fetal
brain, using an animal model that recapitulates many behavioral characteristics as well as the
sex bias of human ASDs. The long-term goal of the study is to generate hypotheses for the
cellular and molecular origins of ASDs that can be further tested in other mouse strains,
more advanced species and, eventually, in humans.

MATERIALS AND METHODS

Animal Breeding and Tissue Collection

All experiments were conducted according to a protocol approved by the IACUC at the
University of Maryland School of Medicine. Timed pregnant C57BI6 mice were supplied by
the University of Maryland School of Medicine Veterinary Resources division; breeding
stock was obtained from Jackson Laboratories, Bar Harbor, ME. Pregnancies were timed by
overnight breeding. Males and females were separated the following morning (E0.5). At
E12.5, pregnant dams were injected intraperitoneally with 400 mg/kg VPA (#P4543, Sigma,
St. Louis MO) in sterile-filtered phosphate buffered saline (PBS; 138 mM NaCl/2.7 mM
KCI/10 mM Na-phosphate, pH 7.4) or PBS alone and euthanized by cervical dislocation
after 3 hrs or 24 hrs. Fetuses were determined to be at Theiler stage 20-21 with an average
crown-rump distance of 9.8 mm, consistent with E12.5 [43]. Whole fetal brains, from the
telencephalon through the metencephalon, were collected in ice cold PBS together with an
additional tissue sample for sex determination of each fetus. 5 mM sodium butyrate was
added to the PBS when the tissue was to be used for ChIP. Tissue was frozen on dry ice and
stored at —80°C until use. Samples for RNA analysis were homogenized in Qiazol (Qiagen,
Valencia, CA) and then frozen. 67 female and 67 male E12.5 fetuses were analyzed for this
study.
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Fetal Sex Determination

DNA was extracted from a somatic tissue sample using the Quick gDNA Mini- Prep kit
(#D3025, Zymo Research, Irvine, CA) and analyzed by PCR using primers for Gapah and
Sry (Supplementary Table 1A). Adult male mouse DNA was used as a positive control
(Supplementary Fig. 1).

Bdnf mRNA Expression

RNA was extracted from brain samples collected 3 hours after /n utero exposure to VPA
using the RNeasy Mini Kit (#74104, Qiagen), including the on-column DNase step. The
MRNA was then reverse-transcribed using the High-Capacity cDNA Reverse Transcription
Kit (# 4368814, Applied Biosystems, Carlsbad CA) with RNase Inhibitor (#N8080119,
Applied Biosystems). The expression level of each 5’UTE was analyzed by gRT-PCR (ViiA
7, Applied Biosystems) using primers listed in Supplementary Table 1B. The forward primer
was located in the 5’ exon and the reverse primer in the Banfcoding region in order to
selectively amplify the spliced RNA (c.f, Fig. 1 inset). The standard curve of serial dilutions
for each target had a slope of 1.9 — 2.0 and all data points fell on the standard curve. All data
were normalized to B-actin.

Native Chromatin Immunoprecipitation (ChiP)

The protocol used in this study was modified from the Epigenome Network of Excellence
(NoE) protocol [44] for reduced tissue sample size. For each ChIP reaction, two sex-
matched fetal brains from different litters were pooled. This pooled sample was lysed and
nuclei were isolated on a sucrose gradient. Nuclear DNA was sheared by micrococcal
nuclease (MNase #M0247S, New England Biolabs, Ipswich, MA). Following centrifugation,
the supernatant (SZ) was collected and the pellet was resuspended and dialyzed overnight in
a Tube-O-Dialyzer (G-Biosciences, St. Louis, MO). The dialyzed sample (S2) was
combined with SZ and used for both immunoprecipitation and to verify shearing efficiency
by agarose gel electrophoresis (see below). 5 pg was of sample were added to DNA-LoBind
tubes (#022431021, Eppendorf, Hauppauge, NY) for each antibody; IgG was used as a
negative control. Samples were incubated overnight with magnetic protein A coated beads
(Millipore, cat # 16-661) and antibodies against H3K9/14ac (#17-615, Millipore, Temecula
CA /#C154100200 Diagenode, Denville NJ), H3K27ac (Diagenode #C15410196),
H3K27me3 (Diagenode #C15410195), H3K4me3 (Diagenode #15410003) and
H4K5/8/12/16ac (Millipore #06-866) or control 1gG (#02612, Invitrogen, Waltham MA).
The beads were then subjected to three salt washes followed a salt-free wash, which was
conducted in a new tube. Chromatin was eluted using an SDS-containing buffer with
proteinase K at 55° for 1 hour. DNA was purified from the eluted sample using the MinElute
PCR Purification Kit (#28004, Qiagen). Covalent histone modifications were quantified by
gRT-PCR; primers (Supplementary Table 1C) were located within the promoters or 5’UTES
of the Banfgene (Fig. 1, inset). Less than 0.05% of the starting amount of target DNA was
detected by ChlIP using IgG.
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Agarose Gel Electrophoresis

To verify the efficiency of MNase digestion, the combined SZ and S2sample was run on an
agarose gel. 0.1% SDS was added to 2 ug of sample and gels were run at 100V for 1.5 hours
and post-stained in 1 pg/ml ethidium bromide. The size of the majority of chromatin
fragments was between 100 to 300 bp (Supplementary Fig. 2).

Bisulfite Sequencing

DNA was extracted from individual fetal brains using the Quick gDNA Mini-Prep kit
(#D3024, Zymo Research). The DNA underwent bisulfite conversion using the EZ DNA
Methylation Lightning kit (#D5020, Zymo Research). DNA was PCR amplified using
primers constructed with an M13 tag attached to primers to the converted sequence
(Supplementary Table 1D). Converted primers were designed using Meth- Primer. DNA was
sequenced using the M13 tag to maximize read length.

Data Analysis and Statistics

RESULTS

ChIP data from male and female fetal brains were analyzed by two-way ANOVA with post-
hoc Tukey test. Transcript data from qRT-PCR, separated by sex, was analyzed by two-way
ANOVA. For DNA CpG methylation analysis, chromatograms (c.7., Fig 5B) were analyzed
using Mutation Surveyor (SoftGenetics, State College, PA). For bisulfite-treated DNA, the
program compares relative levels of methylated cytosines, read as cytosines, versus
unmethylated cytosines, read as thymines. The software determined the “noise” level for
each chromatogram and only recognized locations where the methylation level was above
that level. Therefore, CpGs with very low levels of methylation would not be identified by
this method. The level of methylation at each detected location was analyzed by t-test.
Statistical tests were performed on SigmaPlot (Systat Software, San Jose CA). Statistically
significant differences are indicated by asterisks as defined in the figure legends. In Figs. 1,
5and 6, “n” refers to individual fetuses; in Figs. 2 — 4, “n” refers to pooled samples, each
containing two fetal brains of the same sex from different pregnancies. A full statistical
analysis is provided in Supplementary Tables 2 — 4.

Sex differences among Bdnf transcripts

The effect of VPA on BadnfEx9 expression is shown in Fig. 1A. Ex9 encodes the BDNF
protein and its expression reflects the total level of BanfmRNA, regardless of the 5’UTE
from which transcription is initiated (see Fig. 1, inset). VPA exposure induced an increase in
BdnfmRNA in both male and female fetal brains, consistent with the 6-fold increase in Ex9
mRNA previously reported without taking sex into account [26]. We also analyzed
expression of Ex1-, Ex4- and Ex6-containing transcripts in both male and female fetal brains
(Fig. 1B-D). The effect of VPA on Bdnftranscripts containing Ex1 and Ex4, but not Ex6,
was sexually dimorphic: a larger stimulation by VPA was observed in female than in male
fetuses. Although the qRT-PCR reactions were not calibrated by doping with RNA
standards, we estimate that Ex6 was the most abundant Banftranscript based on Cy values.
Since levels of Ex6 were the same in males and females (Fig. 1D), this may explain the

Dev Neurosci. Author manuscript; available in PMC 2018 October 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Konopko et al. Page 6

absence of a significant sex difference in Ex9 (Fig. 1A). Consistent with previous findings
[26], Ex2-containing transcripts were expressed at levels too low to be quantified using these
methods (data not shown).

Histone acetylation

Chromatin from fetal brains was subjected to native ChIP using antibodies to H3K9/14ac,
H3K27ac and H4K5/8/12/16ac or control IgG. The immunoprecipitated DNA was analyzed
by gRT-PCR to amplify sequences upstream from the TSSs of Ex1, Ex4, and Ex6 (i.e., in the
promoter region: Prl, Pr4, and Pr6) as well as sequences in the 5’UTEs, up to 300 bp
downstream from the TSSs (Ex1, Ex2, Ex4 and Ex6) (Supplementary Fig. 3).

Data for histone acetylation are shown in Fig. 2 with male and female fetal brains analyzed
separately. At 3 hrs, VPA increased the level of acetylation of H3 at K9/14 and K27 and H4
at one or more of the 4 known acetylated lysines (K5/8/12/16). All data were normalized to
the starting amount of target DNA (% Input) for each ChIP. The average stimulation of
histone acetylation by VVPA across all targets in Badnfwas 4.5 + 1.5-fold. Acetylation of
histone lysines analyzed in E2 is also substantially increased by VPA. With the exception of
small effects of sex in H3K9/14ac at Ex4 and Ex6 and H3K27ac at Ex6, no sex differences
were observed.

We also examined H3K27ac and H4K5/8/12/16ac levels 24 hrs after VPA exposure, by
which time the VPA-induced acetylation had returned to control levels; no sex differences
were observed (Fig. 3). This parallels the reversal of the VPA-induced increases in BanfEx9
mMRNA and BDNF protein levels by 24 hrs [26].

Histone methylation

VPA significantly increased H3K4me3 within 3 hrs at each of the seven Bahnfsites studied
(Fig. 4A). However, in contrast to H3 and H4 acetylation, analysis of H3K4me3 revealed a
striking sexual dimorphism. H3K4me3 was significantly higher in females at 5 of the 7 sites
examined; notably, in males, VPA had no effect at all on H3K4me3 at Pr4, Pr6 and Ex6. In
contrast to H3K4me3, H3K27me3 was unaffected by VPA exposure at any of the sites
examined; no sex differences were observed (Fig. 4B).

DNA CpG Methylation

DNA extracted from fetal brains was obtained 3 hrs after administration of VPA to the
pregnant dam was bisulfite-modified. Overlapping sequences of bisulfite-converted genomic
DNA covering CpGs in the vicinity of the TSSs of Ex1, Ex4 and Ex6 (Fig. 5A) were
amplified by PCR using primers specific for bisulfite-converted DNA (Supplementary Table
1D). PCR products were sequenced and the extent to which each unmethylated CpG
cytosine was converted to uracil (read as thymine after PCR amplification) was quantified.
After bisulfite conversion, methylated Cs continue to be read as Cs. A typical sequencing
chromatogram illustrating both unmethylated and partially methylated Cs in Pr4 are shown
in Fig. 5B. Of the 117 CpGs in the promoters and coding regions of Ex1, Ex4 and Ex6, 113
were <10% methylated and VVPA did not affect the degree of methylation; the locations of
these CpGs in Bdnfare shown as black ticks in Fig. 5C.
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In contrast, a sequence of four CpGs in Pr4 upstream of the Ex4 TSS was 30 — 50%
methylated in control brains (red ticks in Fig. 5C). Fig. 6A shows the DNA sequence
surrounding this 4-CpG cluster (arrows) which is located just upstream from the Ca2*-
regulatory elements in Pr4. These elements are designated CaRE1 — 3 [45] and include the
CREB-binding element, cre (CaRE3), shown in pink highlighting (Fig. 6A). The effect of
VPA on the four hyper-methylated CpGs in Pr4 is shown in Fig. 6B. VVPA did not
significantly affect methylation of any of the individual CpGs although it significantly
reduced the aggregate level of methylation of the cluster; there was no difference between
males and females (data not shown).

DISCUSSION

Rationale for analyzing multiple epigenetic marks in Bdnf

Although VPA is an HDAC inhibitor, DNA CpG methylation and histone methylation as
well as histone acetylation were examined because multiple epigenetic marks act
cooperatively in gene activation and silencing, in part due to functional “cross-talk” among
these epigenetic mechanisms [32,37,46,47]. For example, acetylated histone lysines can
recruit histone methylating or demethylating enzymes to the chromatin, where they would
modulate histone methylation levels; more-over, the histone methylase, MLL4, is associated
with multiprotein complexes that bind to acetylated histone 3 [48]. An additional factor is
mutual exclusion of modifications at the same histone lysine residue, for example,
acetylation and trimethylation of H3K27 are mutually exclusive [49]. In addition to crosstalk
between histone modifications, histone acetylation can affect DNA CpG methylation by
recruiting enzymes that control DNA methylation state [50-52]. Consequently, we examined
histone acetylation and methylation, as well as DNA CpG methylation in the vicinity of the
TSSs of Bdnf5’UTE’s 1, 2, 4 and 6.

Sexually dimorphic trimethylation of H3K4 induced by VPA

We analyzed the effect of VPA on H3K4me3, an activating epigenetic mark, and
H3K27me3, a silencing mark, in both male and female fetuses. We found that stimulation of
H3K4me3 by VPA was greater in females than in males at 5 of the 7 sites examined (Fig.
4A). In fact, at Pr4, Pr6 and Ex6, VVPA stimulated H3K4me3 in females but had no effect in
males. The most dramatic sex differences in the effects of VPA on H3K4me3 were observed
at Ex6 (Fig. 4A), despite the fact that no sex differences were observed in Ex6-Ex9
transcripts (Fig. 1). Consistent with this observation, in a study of the chromatin states of
male and female adult mouse liver, sex differences were found in activating or repressing
histone marks that were not reflected in the corresponding transcripts [53]. Similarly, while
widespread sex differences have been found in H3K4me3 levels in a sexually dimorphic
region of the adult mouse brain (bed nucleus of the stria terminalis and preoptic area); only
10 — 15% of those genes displayed sexually dimorphic mRNA expression [54]. Therefore,
the lack of correlation between sex differences in H3K4me3 and transcript expression as we
observed for Ex6, appears to be the norm, while the correlated sexually dimorphic
H3K4me3 and transcript expression we observed for exons 1 and 4 are exceptions.
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While each of the sites examined in Bdnfwas found to be associated with substantial levels
of H3K27me3, VPA did not alter these levels nor were any sex differences observed (Fig.
4B). Thus, it appears that transcription of these Bdnf5’UTEs is regulated by “poised”
promoters [49,55], with increased H3K4me3, but not decreased H3K27me3, contributing to
the mechanism by which they can be activated by VPA.

VPA induces robust and widespread histone lysine acetylation at Bdnf exons 1, 2, 4 and 6

A working hypothesis for this study was that the stimulatory effects of VPA on Bdnf
transcription are mediated by increased histone acetylation within and upstream of the active
Badnfexons 1, 4 and 6. As predicted, VPA administered to the pregnant dam at E12.5
induced a robust increase in H3K9/14ac, H3K27ac and H4K5/8/12/16ac at every site
examined (Fig. 2). Thus, VPA promoted the histone acetylation indiscriminately at exons
Prl, Ex1, Ex 2, Pr4, Ex4, Pr6 and Ex6. Since enzymatic chromatin fragmentation reduced
the average size to 1 — 2 nucleosomes (Supplementary Fig. 1), the separation between the
promoter region and 5’UTE amplicons (Supplementary Fig. 3) is sufficient to reflect
association with different nucleosomes. Thus, VPA induces a generalized increase in histone
acetylation both up- and downstream of multiple TSSs in Badnf.

The increased levels of H3K27ac and H4K5/8/12/16ac at Pr4 and Ex4 returned to baseline
within 24 hrs (Fig. 3), tracking the time course of BanfmRNA and protein [26]. Our results
do not support a mechanism by which histone acetylation alone is sufficient for
transcription; acetylation may be one of multiple activating marks that are required.
However, if histone acetylation is necessary for gene activation, deacetylation observed at 24
hrs may contribute to the termination of Banftranscription.

Changes in DNA methylation do not mediate the effects of VPA on Bdnf in the developing

brain

Overall, we found little effect of VPA exposure on DNA CpG methylation of Badnfin the
E12.5 fetal brain (Fig. 5C). Indeed, levels of methylation across P1/E1, P4/E4 and P6/E6
were very low (<10%), consistent with a high CpG density (CpG islands) in these regions; in
general, low levels of CpG methylation are found early in fetal development and those levels
increase later [56]. One possible consequence of the low level of CpG methylation, normally
a silencing epigenetic mark, is that during early embryonic development, Bdnfneeds to be
available for rapid activation by transcription factors and histone modifications, which could
be impeded if CpG demethylation were also required.

Although 113 of the 117 CpGs in P1/E1, P4/E4 and P6/E6 were not significantly methylated
in the control fetal mouse brain, all four CpGs in a cluster upstream from the Ca2*-
dependent regulatory elements (CaRE1 — 3) of P4, were substantially methylated (30 —
50%); however, VPA had minimal effect on methylation of those CpGs (Fig. 6). It is of
interest that 3 of the 4 CpGs in the cluster are components of a sequence ( cggaat t ct ) that
is 80% homologous to a putative regulatory element that binds the transcription factors, EIk1
or ETS. While regulation of Bdnftranscription by Elk-1 has previously been reported, direct
binding to those DNA sequences has not been observed [57,58]. However, none of those
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studies examined neuronal cells; cell type and CpG methylation status may determine
whether Elk-1 can bind to Banf.

A proposed mechanism for sex differences in H3K4me3

Gonadal development and sex hormone expression is just beginning at E12.5 in the mouse
[59] with very low levels detected at that time [60]. Consequently, it is likely that the
sexually dimorphic regulation of Banftranscripts is due to genetic sex rather than sex
hormones. Our results suggest that the enzymatic machinery involved in H3K4
demethylation may be more active in males than in females; indeed, two H3K4
demethylases are sex-linked. Kdmbd, the gene encoding the H3K4-specific demethylase,
JARID1D, is located on the Y-chromosome [61] and is expressed only in males, while its
homolog, Kamb5c (also known as X-linked mental retardation gene), encoding JARID1C is
located on the X-chromosome and may, in some tissues and developmental stages, only
partially escape X-inactivation [62,63]. A mutation in Kam5c (JARID1C) has been linked to
autism [64], underscoring an important role of this enzyme in brain development. Thus,
differential expression of JARID1C and D demethylases may contribute to the sex
differences we observed in H3K4me3 in Bdnfand in Banftranscripts.

Functional implications of multiple 5’UTEs in Bdnf

During transcription, RNA splicing can lead to 18 different transcripts [28], each with the
same protein coding region, one of nine distinct 5’UTEs (c.7, Fig. 1A) and either a long or
short 3’UTR. There are at least two theories concerning the functional role played by the
multiple 5’UTEs. The first proposes that the 5’UTEs function as “zip codes” that specify,
during transcription, the spatial domain within the cell to which the mMRNA should be
targeted, such as the soma or distal dendrites [65,66]. Whether such exon-specific transcript
targeting is operating in the proliferating neuroprogenitors or immature neurons that
comprise the primary cell types in the fetal brain at E12.5 is not known. The other postulated
function of the Bdnf5’UTEs is to enable Bdnftranscription activated by multiple, cell-
specific signaling pathways [67]. In that case, the cell-specific signaling mechanism would
be matched to the regulatory elements in one of the promoter regions of the 5’UTEs. Thus,
according to this second theory, expression of transcripts with different 5’UTEs would be
specific to cell type, brain region, and/or developmental stage. By either or both of these two
mechanisms, sex differences in VPA-induced Banflevels of Ex1- and Ex4-containing
transcripts (Fig. 1B,C), mediated by H3K4me3 (Fig. 4A), could determine the cellular sites
of BDNF synthesis. This could alter the trajectory of brain development in males versus
females, possibly contributing to sex differences in the occurrence and severity of behavioral
symptoms.

Reconciling male sex bias in ASDs with higher VPA-induced Bdnf expression in females

In the rodent VPA model, there is a correlation between elevated Bdnfexpression in the fetal
brain [26] and ASD-like symptoms in the adult [15], suggesting a causal link between the
two. However, VPA exposure alters expression of a wide range of genes in addition to Banf,
including some that could dysregulate brain development and function if overexpressed in
the fetal brain [68]. The results reported here show that, following /in utero VVPA exposure,
there is more Ex1- and Ex4- BdnfmRNA in female than in male fetal brains. The lower
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incidence and severity of ASDs in females needs to be reconciled with this result. One
possibility is that elevated BDNF is not the cause of the symptoms, but instead, acts as a
compensating, protective factor in females to offset other pathogenic effects of VPA.
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Fig. 1. Effect of VPA exposure on Bdnf mRNA levels in fetal brain
RNA was measured by gRT-PCR (see Supplementary Table 1B for primer sequences). Data

were corrected for B-actin expression in each sample. Expression levels were normalized to
the female control for each target. A. Effect of VPA on expression of Ex9 mRNA in male
and female fetal brains. n = 6. B-D. Effect of VPA on expression of Ex1-, Ex4- and Ex6-
containing Badnftranscripts in male and female fetal brains. Two-way ANOVA: *, p<0.05;

** p<0.01; *** p<0.001. Effect of VPA on Badnf4in males failed Tukey test; t1:
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significantly different form control, p<0.01 by t-test. n = 6. Full statistical analysis is
reported in Supplementary Table 2. Inset (Modified from Aid et al., 2007): Mouse Banf
consists of nine 5’UTEs upstream from the single protein coding exon (Ex9). Thin lines

represent introns. During Badnftranscription, one of the 5’UTEs is spliced to Ex9 as

illustrated for Ex4 mRNA.
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Fig. 2. VPA-induced histone acetylation in Bdnf
Data were generated by native ChlIP and are expressed as the percent of total chromatin

associated with the indicated histone modification (% input) in each column. Pr1, Pr4 and
Pr6 are promoter regions upstream from the TSS of exons 1, 4, and 6 respectively. Ex1, Ex2,
Ex4 and Ex6 are located in the 5’UTEs downstream from the TSSs. The locations of the
amplicons analyzed are shown in Supplementary Fig. 3. VPA-induced acetylation at
H3K9/14 was slightly greater in females at H3K9/14 in Pr4, Ex4 and Pr6 and at H3K27ac in
Ex6. Data were analyzed by 2-way ANOVA with sex and treatment as variables. Two-way
ANOVA,; *, p<0.05; **, p<0.01; ***, p<0.001. n = 3 pooled samples (c.f., Materials and
Methods). Full statistical analysis is shown in Supplementary Table 3.
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Fig. 3. Stimulation of H3K27ac and H4Kac by VPA reversed by 24 hr
Acetylation at all sites studied had reversed by 24hrs. No significant effect of treatment

(VPA) or sex by two-way ANOVA. n = 3 pooled samples.
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Fig. 4. Sex differences in VPA induced levels of Bdnf H3K4me3
A: Effect of VPA on H3K4me3. The level of H3K4me3 following VPA exposure was

significantly lower in males than in females at all regions examined except Ex1 and Ex2.
VPA did not affect H3K4me3 in males at Pr4, Pr6 and Ex6. n = 6 pooled samples. Two-way
ANOVA,; *, p<0.05; **, p<0.01; ***, p<0.001. Full statistical analysis is shown in
Supplementary Table 4. B: Effect of VPA on H3K27me3. There was no significant effect of
VPA in either males or females. n = 3 pooled samples.
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Fig. 5. DNA CpG methylation in the vicinity of Bdnf exon 1, 4 and 6 TSSs
A. Overlapping sequences of bisulfite-modified DNA from control and VPA-treated fetal

brains. See Supplementary Table 1D for primer sequences. B. Typical results showing the
Sanger sequencing chromatogram of the sequence in BanfP4 indicated by * in A. The
original and bisulfite-converted sequences are shown. Cytosines —111 (C,) and —109 (C3)
were read as 39% and 55% cytosine (methylated). With the exception of cytosines —205,
-148, -111- and - 109, all Cs, both CpGs and non-CpGs, read as >90% T indicating that
they were not significantly methylated (e.g., C1). VPA: n = 6, Control: n = 8. C. Summary of
the locations of the CpGs examined, which comprise all the CpGs in the indicated
sequences. Black ticks represent unmethylated CpGs; red ticks represent CpGs —205, —148,
-111 and -109 in P4, which were 30 — 60% methylated (see Fig. 6B).
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Fig. 6. Hyper-methylated CpG cluster in Bdnf P4
A. CpGs are indicated in yellow. The four CpGs in the hyper-methylated cluster are

indicated in bold. The Ca2*-dependent regulatory elements, designated CaRE1-3 in Banf
Pr4, are highlighted in light gray, dark gray and pink, respectively. Blue highlighting
indicates the downstream sequence of two putative Elk-1 binding sites ( cggaat t ct ). The
5’UTE (Ex4) is indicated in green highlighting. B. Effects of VPA exposure on E12.5 on the
level of cytosine methylation is shown for each CpG in the cluster. Control methylation
ranged from 32% to 58%. There was no significant effect of VPA on any single CpG; the
aggregate level of CpG methylation across the cluster was reduced by 20%. *, p<.05 (t-test).
VPA: n =6, Control: n = 8.
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