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Abstract

Background

Our independent cohort studies have consistently shown the reductiomatibar recepta
RORA (retinoic acid-related orphan receptor-alpha) in lymphoblastsvell as in brai
tissues from individuals with autism spectrum disorder (ASD). Maeave have found th
RORA regulates the gene for aromatase, which converts andmgstragen, and that ma
and female hormones regulaRORA in opposite directions, with androgen suppres

RORA, suggesting that the sexually dimorphic regulatioRORA may contribute to the

male bias in ASD. However, the molecular mechanisms through whmdhogen ang
estrogen differentially regulaRORA are still unknown.

Methods

Here we use functional knockdown of hormone receptors and coregulatbrsswall
interfering RNA (siRNA) to investigate their involvement inxskeormone regulation ¢
RORA in human neuronal cells. Luciferase assays using a vector cogt&emiousRORA
promoter constructs were first performed to identify the promietgons required for invers
regulation of RORA by male and female hormones. Sequential chron
immunoprecipitation methods followed by quantitative reverse tranasejiolymeras
chain reaction (QRT-PCR) analysesR8)RA expression in hormone-treated SH-SY5Y G
were then utilized to identify coregulators that associate hittmone receptors on t
RORA promoter. siRNA-mediated knockdown of interacting coregulators peafrmed
followed by gRT-PCR analyses to confirm the functional requireroeaach coregulator i
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Results

Our studies demonstrate the direct involvement of androgen receptdraff&Restroge
receptor (ER) in the regulation of RORA by male and female bioes) respectively, and
that the promoter region between —10055 bp and —2344 bp from the tranacsigtit site of
RORA is required for the inverse hormonal regulation. We further showAtRainteracts
with SUMO1, a reported suppressor of AR transcriptional actiwtyereas ER interacts
with the coactivator NCOA5 on th®&0RA promoter. siRNA-mediated knockdown |of
UMO1 andNCOAS5 attenuate the sex hormone effectfRQRA expression.

>

Conclusions

AR and SUMOL1 are involved in the suppressRiDRA expression by androgen, while &R
and NCOAS5 collaborate in the up-regulationR@RA by estrogen. While this study offers a
better understanding of molecular mechanisms involved in sex hormariatiey of RORA,
it also reveals another layer of complexity with regard to gegelation in ASD. Inasmugh
as coregulators are capable of interacting with a multitudean$cription factors, aberrgnt
expression of coregulator proteins, as we have seen previously in lymagtisolidon
individuals with ASD, may contribute to the polygenic nature of gene dysreguiatASD.
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Background

Autism spectrum disorder (ASD) is a neurodevelopmental disordesatbezed by deficits
in social understanding and interactions, aberrant communication, andivepstereotyped
behaviors, often with restricted interests [1,2]. Although the malenrle ratios of ASD
reported by different epidemiological studies are different wigipg on the populations
studied [3-5], the prevalence of ASD is consistently higher iresnidlan females, prompting
theories that fetal or perinatal exposure to elevated levelsatd hormones may increase
susceptibility toward autism [6]. There is increasing evidetioking elevated fetal
testosterone levels in amniotic fluid to autistic symptomatol@gg] [as well as morphology
of the corpus callosum and sexually dimorphic brain regions [9,10]. Moreeeehave
identified deregulated genes involved in androgen biosynthesis aasatatiher testosterone
levels in lymphoblastoid cell lines (LCL) from individuals with iaot relative to their
respective unaffected sex-matched siblings [11], further impligatirole for sex hormones
in ASD, but there is still no clear understanding of the moleecn&rhanisms through which
the sex hormones may play a role in autism susceptibility.

We have recently identifieBORA as a novel candidate gene for ASD [IRDRA encodes
retinoic acid-related (RAR) orphan receptor-alpha, which is antlegdependent nuclear
receptor that regulates gene transcription by binding to spdaNA response elements
consisting of the consensus (A/G)GGTCA core motif in the regylaiegion of target genes
[13,14]. Our recent studies have demonstrated: reduced expresstomRafin LCL derived
from individuals with autism [15]; increased methylation leadmgeduced expression of
RORA in the LCL from cases vs. sibling controls [12]; and decreaspression of RORA



protein in the prefrontal cortex and the cerebellum of individualé \aiitism [12,16].
Together, these results link these molecular changes in RORA@d-derived peripheral
cells to molecular pathology in the brain tissues of individuals with ASD.

Studies using the Rora-deficiestaggerer mouse model show that Rora is involved in
several processes relevant to ASD, including Purkinje cellrdiffation [17,18], cerebellar
development [19,20], protection of neurons against oxidative stress [21], ssippref
inflammation [22], and regulation of circadian rhythm [23]. Indeecglwaltar abnormalities
[24], including the loss of Purkinje cells [25], have been reporteditisra, and the brain
tissues of individuals with ASD show evidence of inflammation [26]wel as oxidative
stress [27]. Moreover, there is increasing awareness @ disturbances in ASD [28-31],
and genetic studies as well as our gene expression study oémliffeibtypes of ASD have
implicated a role for circadian rhythm regulator genes in ABR32,33]. Behavioral studies
on thestaggerer mouse, primarily used as a model to study ataxia and dy$i&@jjdurther
show that these Rora-deficient mice also exhibit restrictedvimseareminiscent of autism,
such as perseverative tendencies [34], limited maze patrolling gBfmalous object
exploration [36], as well as deficits in spatial learning [37thédugh there are currently no
reported studies connecting social behaviors with Rora deficisnmice, it is clear that
RORA is associated with at least some of the symptomatology and pathologp of AS

Recently, we found that RORA transcriptionally regulates meltipSD-related genes,
including A2BP1, CYP19A1, HSD17B10, ITPR1, NLGN1, andNTRK2, and reducedRORA
expression leads to downregulation of these genes in human newt®1dB8]. CYP19A1
and HSD17B10 respectively code for aromatase and hydroxysteroifd) (iéhydrogenase,
which are enzymes responsible for the conversion of androgensadi@stbownregulation
of either of these genes can lead to increased androgen andsddcestrogen, either of
which may have a negative impact on brain development [39-41]. Ourt r&tcelies have
further shown thaCYP19A1 andHSD17B10 expression levels, as well as those of the other
four confirmed gene targets of RORA, are significantly reduicethe frontal cortex of
RORA-deficient autistic subjects relative to sex- and ageimedt controls, and that
aromatase protein levels are strongly correlated with R@RAein levels in the brain
[16,38].

In addition to our finding that RORA regulates the transcription okegdnvolved in the
enzymatic conversion of male to female hormones, neurohistologicastugother groups

have reported that loss of Purkinje neurons in male Rora-defistemgerer mice occurs

much earlier in life in comparison to femadeggerer mice [42,43], revealing a sexually
dimorphic response to Rora deficiency. We recently demonstratechéh@ and female sex
hormones inversely regulaRORA expression in human neuronal cells by suppressing and
enhancindRORA expression, respectively [16]. These observations suggest that the pathology
associated with RORA deficiency may be manifested in a Bgxdiaorphic manner which,

in turn, may be related to the sex bias in ASD.

We have previously demonstrated hormone-mediated recruitment of andeogptor (AR)

and estrogen receptor alpha ERo their respective binding sites on tRORA promoter
[16]. Here we sought to determine whether AR and: EBRe functionally involved in the
regulation ofRORA. Moreover, as it is known that hormone receptors must interact with
other proteins (coregulators) to regulate transcription of tlaegets, we also sought to
investigate the involvement of selected coregulator proteins in sewmohermediated



regulation of RORA in human neuronal cells, with a focus on four catgyproteins that
were previously found to be differentially expressed in ASD [15].

Methods

Cell culture

The human neuroblastoma cells SH-SY5Y (ATCC, Manassas, VA, W&fe cultured in
1:1 MEM and Ham’s F12 media (Mediatech, Manassas, VA, USA) suppkech with 15%
(v/v) fetal bovine serum (Atlanta Biologicals, Lawrenceville, GASA) and 1%
penicillin/streptomycin (P/S; Mediatech). Cells were maimdiat 37°C with 5% C§£ and
split 1:2 every 3 to 4 days when the cells reached approxim@@&ty confluency. For
harvesting, the cells were treated with trypsin-ethylenedier@iraacetic acid (EDTA)
(Mediatech) for 2 to 3 minutes to release them from the sudhthe culture flask. Complete
growth medium was then added to the flask containing suspensiorodceltivate trypsin.
Cells were transferred to a sterile centrifuge tube arndtpéelby spinning at 800 rpm for 5
minutes at 4°C and gently washed twice with ice-cold PBS. Tady 9id not involve any
human subjects or biomaterials taken from human subjects, and thuscab agtproval was
required.

Hormone treatment

For hormone treatment, SH-SY5Y cells were cultured in cultask$l until the cultures
became approximately 80% confluent. Confluent cells were careftdshed twice with
phenol red-free 1:1 DMEM/F12 media (Mediatech) supplemented with 15%coetha
dextran-treated serum (Atlanta Biologicals) and 1% P/S, andctiiemed in the phenol red-
free medium for 24 hours. Lyophilized 4;8ihydrotestosterone (DHT; Sigma-Aldrich, St.
Louis, MO, USA) and 1f-estradiol (E2; Sigma-Aldrich) were diluted with molecular
biology grade absolute ethanol (Fisher Scientific, Pittsburgh, PA) ttsmake 1uM DHT

or 1 uM E2 stock solutions. The stock solutions were further diluted with preec
complete phenol red-free culture medium to the desired final coatiens for hormone
treatment and carefully added to the confluent cells. Cells inetbated in the hormone-
supplemented phenol red-free medium at 37°C with 5%fGC2 hours.

SiRNA transfection

siRNA-mediated knockdown oAR, ERa, SUMO1, or NCOA5 was conducted using
Lipofectamine RNAIMAX transfection agent (Invitrogen, Carlsbad, ©SA) according to
the manufacturer’s protocol. Briefly, SH-SY5Y cells were undtl in complete growth
medium without antibiotics in a 6-well culture plate. When ce#se approximately 50%
confluent, the medium was substituted with phenol red-free cultureumeskithout
antibiotics and the cells were further incubated for 24 hours. siRN&ntq@ Cruz
Biotechnology, Dallas, TX, USA) targetiml§R, ERa, SUMOL, or NCOA5 (150 pmol) was
diluted in 250 ul phenol red-free Opti-MEM | Reduced-Serum Medium (Invitrogen).
Lipofectamine RNAIMAX (7.5ul) was diluted in 250ul phenol red-free Opti-MEM |
reduced-serum medium in a separate tube. Then, the diluted siRNAhandiluted
Lipofectamine RNAiIMax were combined. The siRNA-Lipofectamioeplex was incubated
at room temperature for 5 minutes and added to the cells to aifRi#\ concentration of 10
nM. The cells were incubated for 24 hours and then treated with 1 nV] DIHM E2, or



ethanol (vehicle), for 2 hours according to the aforementioned hormeatmént procedure
before harvesting for subsequent analysis. The list of siRBl&Bown in Additional file 1.
Transfection efficiency was assessed by gRT-PCR analysis (Additiken2).

Quantitative RT-PCR analysis

Quantitative RT-PCR analyses were performed as desdii¢dTotal RNA from the cells
was isolated using TRIzol (Invitrogen) and purified using the RNédisy Kit (Qiagen,
Valencia, CA, USA) following the manufacturers’ instructions. Hurbaain tissues were
homogenized in the Bullet Blender Homogenizer (Next Advance, Aveailk, NY, USA)
using nuclease-free glass beads, and total RNA was isolatedhinmimgenized tissues using
the RNeasy Mini Kit (Qiagen). RNA concentration was measuréed s NanoDrop 1000
spectrophotometer (Thermo Scientific, Wilmington, DE, USA). A tofallug of purified
total RNA was used for cDNA synthesis using the iScriptcDNAtiesis Kit (Bio-Rad,
Hercules, CA, USA) according to the manufacturer’s protocols.réaetion was incubated
at 25°C for 5 minutes, followed by 42°C for 30 minutes, and terminaté&b°@ for 5
minutes. After reverse transcription, the cDNA reaction mixtuas diluted to a volume of
50 ul with nuclease-free water and used as a template for gPQisesmaReal-time PCR
analyses were conducted using the Applied Biosystems 7300 RealH@GRe System
(Applied Biosystems, Foster City, CA, USA). Primers for gRTRP@nalyses (listed in
Additional file 3) were designed using the Primer3 software gl synthesized by the
Integrated DNA Technologies (Coralville, 1A, USA). The relative rgitg of transcripts in
each sample was calculated using standard curves based ontihe gelantity of 18S RNA
transcript in 10-fold serial dilutions of that sample.

Cloning

DNA was isolated from SH-SY5Y cells using the DNeasy Blood @issue Kit (Qiagen)
according to the manufacturer's protocols. The promoter regionBROSA were then
amplified by a PCR method tailored for long stretches of nucleotidang the GoTaq Long
PCR Master Mix (Promega, Madison, WI, USA) and DNA primerggeéa with Sfil
restriction sites at the' 8nd (Integrated DNA Technologies) according to the manufacurer’
protocols. Primers for PCR cloning are listed in Additional fil@i3efly, a total of 0.5ug of
purified human genomic DNA isolated from SH-SY5Y cells was conabimigh the GoTaq
Long PCR Master Mix and 10M (final concentration) of each DNA primer. The thermal
cycling condition was set as follows: 95°C for 2 minutes, 30 cycléRdT for 30 seconds
and 65°C for 15 minutes, followed by 72°C for 10 minutes. PCR productsanalgzed by
gel electrophoresis using 1% agarose. The bands with expectedveiezesxcised from the
gel and purified using the Wizard SV Gel and PCR Clean-Up System (Promega).

Purified PCR products with different sizes were then separatsdyted into pGEM-T Easy
Vector (Promega) containing lacZ and ampicillin-resistant gerieowing the
manufacturer’s instructions. The vector containing each PCR prodsctraresformed into
JM109 High-Efficiency Competeri.coli cells (Promega) by heat-shocking at exactly 42°C
in a water bath for 50 seconds. Transformed bacteria were sprahglicate Luria-Bertani
LB agar plates containing 100g/ml ampicillin, 0.5 mM isopropyp-D-thio-galactoside
(IPTG), and 80 pug/ml 5-bromo-4-chloro-indolyB-D-galactopyranoside (X-Gal), and
incubated at 37°C overnight for blue-white screening. Well-isolatedewdalonies were
selected and further cultured in LB medium supplemented withud26l ampicillin at 37°C
for 12 to 16 hours with shaking at 250 rpm.



Plasmid DNA was purified from bacteria using the Wizard Pl¥s Mhinipreps DNA
Purification System (Promega) according to the manufactupest®col. Presence RORA
promoter in the plasmid was validated by long PCR analysig @uTag Long PCR Master
Mix (Promega), followed by gel electrophored®RORA promoter inserts were then released
from the pGEM-T Easy plasmids using Sfil restriction enzynmel purified by gel
electrophoresis. The luciferase vector pGL4.20[luc2/Puro] (Promegajaining firefly
luciferase, puromycin-resistant, and ampicillin-resistant gemssprepared by digestion with
the Sfil restriction enzyme and dephosphorylation using TSAP Thernibaenslkaline
Phosphatase (Promega) to prevent self-recircularization of miearized vector during
ligation. RORA promoter inserts were then ligated into the dephosphorylated asgfgector
using LigaFast Rapid DNA Ligation System (Promega) and tramsfbrinto the JM109
High-Efficiency Competenk.coli cells. Transformed bacteria were cultured on LB agar plate
containing 1251g/ml ampicillin. Colonies of bacteria were harvested and futhiured in

LB medium containing 12fg/ml ampicillin overnight. Luciferase plasmids containing the
RORA promoter regions were then purified from the transformed bactsing Wizard Plus
SV Minipreps DNA Purification System (Promega). Presend@QRA promoter insert was
confirmed by long PCR analysis.

Dual-luciferase reporter assays

The pGL4.20[luc2/Puro] vector containing a spedfi@RA promoter region was mixed with
the pGL4.74[hRIuc/TK] vector containingenilla reniformis luciferase gene with a ratio of
50:1 in phenol red-free Opti-MEM | reduced-serum medium (Invitrogémg. FUGENE HD
Transfection Reagent (Promega) was then added to the medium conth@iuagctors to
obtain a ratio of 3:1 (that is,|8 transfection agent for ig DNA). The mixture was added to
a 96-well plate containing SH-SY5Y cells approximately 2 %ceis/well) and incubated at
37°C, 5% CQ, for 48 hours. The transfected cells were treated with 10 nM,DBTM E2,
or ethanol control for 2 hours, then dual-luciferase reporter agshysicates) were
performed using the Dual-Luciferase Reporter Assay Systeom@®a) according to the
manufacturer's protocol. Briefly, lysis buffer was added to @6ewell plates containing
hormone-treated transfected cells and complete lysis of caisassessed under an inverted
microscope. Cell lysates were collected and transferred tst@e6-well plate (BioExpress,
Kaysville, UT, USA). A Veritas Microplate Luminometer (TurnBiosystems, Sunnyvale,
CA, USA) was used for detection of firefly and Renilla lumineseeas well as for
measurement of both firefly and Renilla luciferase actistgnals. Firefly luciferase
luminescence in each well was normalized by Renilla lucéehasiinescence in the same
well.

Prediction of transcription factor binding elements

Putative binding sites of AR and kRn the humarRORAL promoter region and putative
binding sites of RORA in the promoter regions@#P19A1 were predicted using PROMO
3.0 [45,46], JASPAR [47], and SABIosciences EpiTect ChIP Searchl P8ABiosciences,
Valencia, CA, USA) programs. For each gene, a total of thrémutqoredicted transcription
factor binding sites (listed in Additional file 4) were sedekt for chromatin
immunoprecipitation analyses.



Chromatin immunoprecipitation

Chromatin was isolated from SH-SY5Y cells and sheared usingCHie-IT Express
Enzymatic Kit (Active Motif, Carlsbad, CA, USA) according the manufacturer's
instructions. Briefly, confluent SH-SY5Y cells (approximately 1.8.6¢ cells in a T-175
flask) were fixed with 10% formaldehyde for exactly 5 minwed the fixation reaction was
stopped by adding 10% glycine. The cells were washed with 1@&ewtold PBS for 5
seconds, then 6 ml ice-cold PBS supplemented with 0.5 mM (final wmibaten)
phenylmethylsulfonyl fluoride (PMSF) supplied in the kit was adaethé culture flask to
wash and chill the cells. The crosslinked cells were transfémen the flask to a pre-chilled
centrifuge tube by scraping gently with a cell scraper. Gnéssl cells were homogenized
by douncing 40 to 50 times on ice using a dounce homogenizer witht gdistle to release
the nucleus. Optimal cell lysis was assessed under a phasastantcroscope using a
hemacytometer. The cell lysate was transferred to a 1.7 wilocentrifuge tube and
centrifuged for 10 minutes at 5,000 rpm (2,400 RCF) in a 4°C microceygrio pellet
nuclei. Chromatin was then isolated from the nuclear pelletsheatesd into 150 to 1,000 bp
fragments by incubating with 10 U/ml (final concentration) Enzyen&hearing Cocktail
(Active Motif) at 37°C for exactly 10 minutes. The enzymatic shgareaction was stopped
by adding EDTA to a final concentration of 10 mM EDTA and chillihg reaction tube on
ice for 10 minutes. To assess shearing efficiency and detefNAeconcentration in the
sheared chromatin, a paliquot of each sheared chromatin sample was reverse-ckesklin
by mixing with 150ul nuclease-free water and iD5M NaCl. The reaction was incubated at
65°C in a water bath overnight. After incubationyl RNaseA (10ug/ul) was added to each
tube and the reaction was incubated at 37°C for 15 minutes. The reaasothem mixed
with 10 ul Proteinase K (0.pg/ul) and further incubated at 42°C for 1.5 hours. The reverse-
crosslinked DNA was isolated using standard phenol/chloroform dwrtmatdchnique and
purified using the Chromatin IP DNA Purification Kit (Active Nfpt DNA concentration
was measured using a NanoDrop 1000 spectrophotometer (Thermo Beigvitihington,
DE, USA). Optimal shearing was assessed by agarose g#lopleoresis. For chromatin
immunoprecipitation reaction, the remaining enzymatically shearedrevense-crosslinked
chromatin was aliquoted into multiple tubes, each of which contaipgcbx@mately 25ug
chromatin DNA.

Each aliquot of chromatin was then used as input chromatin for sequential
immunoprecipitation according to the manufacturer’s protocol for th€RE-IT Kit (Actif
Motif). For each reaction, sheared chromatin (approximately@per reaction) was first
immunoprecipitated by mixing with g of anti-AR, anti-ER, anti-RORA, or IgG antibody
and 25ul Protein G Magnetic Beads (Active Motif). The reaction wantincubated on an
end-to-end rotator overnight at 4°C. After incubation, the immunoprecipitht®@matin was
eluted from the magnetic beads using the Re-ChIP-IT ElutioneB(#fctive Motif) and
desalted using the Active Motif Desalting Columns to remove itis¢ dntibody on the
chromatin. Then, Jug of the second antibody (anti-NCOA1, anti-NCOAS5, anti-SUMOL1,
anti-FHL2, or IgG antibody) and 28 of the LSV Protein G Magnetic Beads (Active Motif)
were added to the desalted chromatin (approximateiy)9&nd incubated on an end-to-end
rotator overnight at 4°C to re-immunoprecipitate the chromatin. Tdatalithat successful
re-immunoprecipitation was caused by the second antibody and notrrimd caver first
antibody, a re-immunoprecipitation reaction without the second antibloalyi¢t no-second-
antibody control) was also performed in parallel and included iregulesit g°PCR analysis.
After incubation, DNA from re-immunoprecipitated chromatin wadated and purified



using the ChIP DNA Purification Kit (Active Motif). The listf antibodies for sequential
ChlIP is shown in Additional file 1.

Real-time, quantitative PCR analysis of immunopre@qitated DNA

Real-Time qPCR analysis was conducted using Applied Biosysi80® Real-Time PCR
System (Applied Biosystems) to determine the enrichment ¢f AR&IER/RORA binding
element in immunoprecipitated or sequentially immunoprecipitated .DNiners for g°PCR
analysis were designed using Primer3 software [44] and synttielsizéntegrated DNA
Technologies (IDT). Input DNA was diluted into five 10-fold sedaltions and included in
the gPCR analysis. Relative enrichment values of AR/ERRA binding elements in each
sequentially immunoprecipitated chromatin were calculated usamglatd curves obtained
from the enrichment of respective AR/&RORA binding elements in the 10-fold serial
dilutions of input DNA. The list of primers is shown in Additional file 3.

Co-immunoprecipitation analysis

The SH-SY5Y cells were cultured in complete growth medium uhél confluency was
approximately 70 to 80% and hormone treatment was conducted a®madnéibove. Co-
immunoprecipitation (co-IP) assays were then conducted using Rieosslink Magnetic
IP/Co-IP Kit (Thermo Scientific) according to the manufactsrprotocol, using antibodies
against four coregulator proteins that were found to be differgnaappressed in LCL from
individuals with ASD relative to that of unaffected controls ([1®e SAdditional file 5).
Briefly, the medium was removed from the flask containing celt®nT cells were washed
with ice-cold PBS containing phosphatase and deacetylase inhibitorshenbel-cell lysis
buffer was added directly into the flask. Protein A/G magnetc®&or immunoprecipitation
were treated with anti-NCOAL, anti-NCOAD5, anti-SUMO1, anti-RHbr nonspecific 1gG
antibody, and the antibody-bound magnetic beads were crosslinked witluM20
disuccinimidyl suberate. The list of antibodies used is shown intidddl file 1. The
crosslinked magnetic beads were mixed with SH-SY5Y wholeegtiact and incubated
overnight at 4°C. The magnetic beads were then collected and protepiexes bound to
the beads were eluted. Eluted immunoprecipitated proteins wereans$equent western
blot analysis as described below to determine the enrichment of AR OERORA protein.

BCA assays

Protein concentration was determined by BCA assays usinge &4 Protein Assay Kit
(Thermo Scientific) according to the manufacturer’s directionsriicroplate assays. Briefly,
the sample was mixed with BCA reagent containing bicinchonind @CA) and cupric
sulfate and incubated at 37°C for 30 minutes. To determine proteinntaim® in an
unknown sample, serial dilutions of bovine serum albumin (25 to 2,0M0!) were included
in the analysis and used for creating a standard curve. The absodjagech sample was
measured at 562 nm using a Synergy HT Multi-Mode microplate r¢Bae ek, Winooski,
VT, USA). The protein concentration in each unknown sample was agddulsing standard
curves obtained from absorbance values of the serial dilutions of albumin standards.



Western blot analysis

A total of 30 ug of protein was mixed with 5X Thermo Scientific Lane MarkesnN
Reducing Sample Buffer (Thermo Scientific) containing 0.3 M Tris-Hi% SDS, 50%
glycerol, and pink tracking dye. The sample was boiled for 5 minutes and loaded onto a Mini-
PROTEAN TGX precast polyacrylamide gel (Bio-Rad, Hercu®s, USA). Electrophoresis
was conducted at 200 V using 1X Tris-glycine buffer containing 25 msbase, 190 mM
glycine, and 0.1% SDS, as a running buffer. Proteins on the gel werdrémsferred to
polyvinylidene fluoride (PVDF) membrane and blocking was perforfoed. hour at 4°C
using 5% (w/v) non-fat dry milk (Bio-Rad) in Tris-buffered salizned Tween 20 (TBST)
buffer containing 2.42 g Trizma-HCI, 8 g NaCl, and 1X Tween 20. Protagctitn was
conducted by incubating the PVDF membrane with anti-AR, anii;EBRti-RORA, or anti-
RORA1 antibody (1:200 in 1% milk/TBST) at 4°C overnight. The membraae washed
and treated with donkey secondary antibody conjugated with horsepadstidase (HRP;
Santa Cruz Biotechnology; 1:2,500) for 1 hour at room temperature. Protein visomlizas
performed using a chemiluminescence method by incubating the Br@nbin
chemiluminescence substrates (PerkinElmer, Waltham, MA, USAjeiRrsignals on the
membrane were detected using a ChemiDoc XRS+ Imager (Bio-Rad).

Statistical analyses

The two-tailed Studerittest was used to determine the statistical significand#fefences

in the means of two groups. R value of less than 0.05 was considered statistically
significant. For comparisons of the means of three or more groug3yYANollowed by post
hoct tests were conducted using the StatPac (Pepin, WI, USA}istatalculator. AP value

of less than 0.05 was considered statistically significant.

Results

AR and ERa are required for sex hormone regulation oRORA

We have recently demonstrated that AR and BRe recruited to thBORA promoter region

in the presence of DHT and E2, respectively [16]. However, androgerstiogens are also
capable of regulating their transcriptional targets through- ARd ERw-independent
mechanisms. To determine whether DHT mediates its represtaee @ RORA expression
through AR, we transfected the human neuronal cells SH-SY5Y wWRN/Asiagainst AR
(SiAR) prior to treatment with DHT for 2 hourRORA expression, measured by qRT-PCR
analysis, was compared with that in mock-transfected celiet with DHT or ethanol.
Unlike the DHT-treated mock control cells, which exhibited a sicait decrease iRORA
expression, the expression RORA in the siAR-transfected cells treated with DHT was not
significantly changed in comparison with mock-transfected teéted with ethanol (Figure
1A), indicating that AR is required for DHT-mediated repressioRQ@RA.

Figure 1 siRNA-mediated knockdown of AR and ERu reveals direct role of hormone
receptors in regulation ofRORA expression by sex hormonesSH-SY5Y cells were
transfected with siARA), siERux (B), or vehicle control (mock-transfected) for 24 hours,
then treated with 1 nM DHTA), 1 nM E2(B), or ethanol for 2 hours. Quantitative RT-PCR
analysis (n = 3) of the hormone-treated, transfected cells was conducteeltoieRORA
expression. RelativBORA quantity in each sample was calculated using a standard curve



obtained fronl8S expression levels in 10-fold serial dilutions of that sample. Error bars
indicate SEM. Statistical significance of the differences betwempgrwas determined by
ANOVA (P <0.01 for each knockdown experiment) followed by postthests. P <0.05.
AR, androgen receptor; DHT, 4&lihydrotestosterone; E2, A-éstradiol; ER, estrogen
receptor alpha; SEM, standard error of the mean.

To determine whether ERis required for E2-mediated upregulation BORA, we
transfected the cells with silaRbefore treatment with E2 following the same protocol used
for the aforementioned AR knockdown. Figure 1B shows that the increa&ORA
expression in response to E2 was significantly attenuated (thouglometetely abolished)

in the siERi-transfected cells in comparison with the mock-transfected, aatlicating that
ERa is involved in the upregulation &8ORA mediated by E2. These results led us to further
investigate the molecular mechanisms involved in sex hormone regutdtRORA through
AR and ER.

Androgen and estrogen require distal AR/ER promoter binding elements to
inversely modulateRORA

AR and ER: are able to regulate transcription by binding directly to spebINA elements
in the promoter region of their target genes as well as by noomge mechanisms. The
RORA promoter region contains multiple binding sites for AR and ER sparannegion as
far as approximately 10 kb upstream of the transcription star(BSS). In our previous
study, we selected four ER binding sites (ERbs-I, -II, -HiJ &) and three AR binding sites
(ARbs-1, -1l, and -IIl) located within 10 kb upstream of the TSSR@RA for chromatin
immunoprecipitation analysis of hormone receptor binding (Figure 2foWwel that AR and
ERo are recruited to some of these binding elements in the preseridélTofand E2,
respectively [16]. However, it is still unclear which binding sitge involved in the DHT-
mediated downregulation and E2-mediated upregulatidROBRA. We therefore constructed
several firefly luciferase vectors containing different ARdEbinding sites in the region
upstream of the TSS and then conducted dual luciferase repadgs &g promoter activity
in SH-SY5Y cells treated with DHT, E2, or ethanol, using the ausfexted Renilla
luciferase vector as a negative control. The firefly lumieese signal in each reaction was
normalized with the signal from Renilla luciferase in the saeaetion to account for the
variability between transfection experiments.

Figure 2 Schematic diagram showing the upstream region of thRORA gene (edited

from the UCSC Genome Browser)Potential AR and ER binding sites are labeled (ARDbs, =
AR potential binding site; ERbs, = ER potential binding site). AR, androgen receptor
estrogen receptor.

Interestingly, the firefly luciferase gene was oppositegutated by DHT and E2 in the
directions previously observed with endogenB@RA only when the gene was driven by the
longestRORA promoter region (-10055 to —48) containing ARbs-I-1ll and ERbs-[l&b(e

1). Consistent with the findings from our previous study [16], DHRiB@antly suppressed
RORA promoter-driven luciferase activity (value <0.05), whereas E2 enhanced it by over
2.5 fold @ value <0.05). When ERDbs-1 was deleted, the enhancing effect oh BDRA
promoter activity was completely diminished and, instead, the lasdermactivity was
significantly suppressed by E2. This finding indicates thatBRds-I is critical for the
upregulation ofRORA transcription by E2. Without ERbs-I, E2 has a negative effect on
RORA promoter activity.



Table 1Fold-change inRORA promoter-driven luciferase activity in response to DHT

or E2
Region of RORA promoter fused AR and ER binding sites Fold-changewith Fold-changewith E2
to luciferase (bp from TSS) in promoter region DHT (P value®) (P value®)
-48 to —10055 ARDbs-I-1ll; ERbs-I-IV 0.78 (0.020) 2.29 (0.021)
-48 to —6000 ARDs-I-11l; ERbs-II-IV ~ 0.81 (0.008) 0.71 (0.001)
—-48 to —2344 ARDs-II-1ll; ERbs-II-IV  1.22 (0.024) 0.86 (0.035)
-48 to —1992 ARDs-III; ERbs-IV 0.83 (0.007) 0.74 (0.001)

*Fold-change relative to vehicle treatmeftiyo-tailedt test. DHT, 4,6-dihydrotestosterone;
E2, 1 B-estradiol; AR, androgen receptor; &Restrogen receptor alpha; ARbs, AR potential
binding site; ERbs, ER potential binding site.

SH-SY5Y cells were transfected with expression vectors containingesitfRORA promoter
constructs fused to the firefly luciferase gene together wige@nd expression vector
containing the Renilla luciferase gene, at a ratio of 50:1. Afteérhour treatment with the
indicated hormone or vehicle (ethanol), firefly luciferase lumieese was determined for
each sample and normalized by Renilla luminescence in the samgle. T tests were
performed to determine the significance of the differencewdsgt hormone-treated and
ethanol-treated samples. There were no significant differanciefly luciferase activity
between hormone-treated and vehicle-treated samples whenllthevexe transfected with
the empty vector (that is, no RORA promoter).

In the presence of all AR binding sites in RBRA promoter region, the luciferase activity
was significantly suppressed by DHT (Table 1). When ARbs-1 waketed, DHT
significantly enhanced, rather than suppressed, promoter acBvitglje <0.01). However,
when both ARbs-I and -Il were deleted, the suppressive effect af @HRORA promoter-
driven luciferase activity was restored. This finding indicatieat tDHT can induce
suppression oRORA promoter activity through ARbs-I and ARbs-Ill, but enhancement of
the promoter activity through ARbs-Il. These data indicate thapribmoter region between
—2344 and —-10055 upstream of tRORA TSS which contains both ARbs-1 and ERbs-I is
required for DHT-mediated downregulation and E2-mediated upregulatRQRA.

Identification of AR and ERa coregulators involved in sex hormone
regulation of RORA

Hormone receptors such as AR andoEHRuUSt associate with coregulator proteins to regulate
expression of their transcriptional targets. Although a number ofaAR ERw coregulator
proteins have been identified elsewhere, it is unknown which coregu@a®mvolved in sex
hormone regulation dRORA, particularly in the context of neuronal cells. We thus sought to
identify coregulator proteins that interact specifically wiMR and ER: at ARbs-I1 and ERDbs-

l, respectively.

As mentioned earlier, we found a number of nuclear receptor coreguldiftarentially
expressed in LCL derived from individuals with ASD relative ta-smtched typically
developing individuals [15]. These coregulators included NCOA1, NCOA5, SUMAL, a
FHL2, with known associations with AR and &Ro determine whether these coregulators
interact with AR in human neuronal cells, co-immunoprecipitationyaralwere performed
using whole-cell lysates of DHT-treated SH-SY5Y cells and an®NC, anti-NCOAD5, anti-
SUMOL1, anti-FHL2, or nonspecific IgG antibody. Western blot anafsisved that AR was
clearly enriched in protein samples immunoprecipitated witlbadites to NCOAL, NCOA5,



and SUMO1, with only marginal enrichment with antibody to FHL2, ingamson with AR

in the IgG-immunoprecipitated sample (Figure 3A), indicating that i8Rcapable of
interacting with these coregulators in the human neuronal ced. ISimilar co-
immunoprecipitation analyses using cells treated with E2 showed &easecin the
enrichment of ER protein in protein samples co-immunoprecipitated with NCOAS5 and, to a
lesser extent, with FHL2 (Figure 3B), indicating that oElteracts with these two
coregulators in the human neuronal cell line SH-SY5Y.

Figure 3 Co-immunoprecipitation analysis of AR/ERu coregulators.Whole-cell lysates
of SH-SY5Y cells treated with 21nM DH{R) or 1nM E2(B) for 2 hours were
immunoprecipitated with anti-NCOA1, anti-NCOAD5, anti-SUMOL1, anti-FHL2, or IgG
antibody. Western blot analyses were performed to determine the enrichméh({Af and
ERa (B) in the immunoprecipitated complexes. AR, androgen receptor; DH¥, 4,5
dihydrotestosterone; E2, fi-estradiol; ER, estrogen receptor alpha.

To further determine whether these coregulators are involved imédRated regulation of
RORA in human neuronal cells, sequential chromatin immunoprecipitatiotP{@[hIP)
analysis of SH-SY5Y cell lysates was conducted using anti-AR antilfioitbwed by each of
the anti-coregulator antibodies in separate reactions. The enntlmmAR binding sites in
the RORA promoter region was then determined by gPCR analysis of théPre@mples. An
increase in the average enrichment of ARbs-1 was observed inhtoenatin sample
sequentially immunoprecipitated with antibody to AR, followed by anybtud SUMO1
(Figure 4A). Because there was a high degree of variabilithe enrichment of ARbs-I in
SUMOL1 re-immunoprecipitated chromatin, which is probably due to lowesgmn of AR in
the SH-SY5Y cells, we conducted PCR using DNA resulting from gkgquential
immunoprecipitation and primers designed to amplify ARbs-I, and tlerahzed the PCR
product by gel electrophoresis. As shown in Figure 4B, ARbs-lamashed in the product
that resulted from the sequential ChIP with AR and SUMO1 antibodie®mparison with
that resulting from pull down with nonspecific IgG. This finding con8 that AR interacts
with SUMOL1 at the AR binding element ARbs-I in fRORA promoter region.

Figure 4 ChlP-reChIP analyses identify coregulators that associate with AR/E&on the
RORA promoter. (A) SH-SY5Y cells were treated with 1 nM DHT and whole-cell lysates
were prepared and immunoprecipitated with anti-AR or IgG antibody. The
immunoprecipitated chromatin-antibody complex was then dissociated and wastradve r
the antibody. The immunoprecipitated chromatin was then re-immunoprecipitatgdaost
NCOAL, anti-NCOAD5, anti-SUMO1, anti-FHL2, nonspecific IgG antibody, or no-second-
antibody negative control. The enrichment of AR binding sites iR@RA promoter region

in each re-ChlP sample was then determined using gPCR analysis (n = 3) andzedrmal
with reference to the no-second-antibody con{i®).Gel electrophoresis analysis of PCR
products using input chromatin, chromatin immunoprecipitated with anti-AR followed by
anti-SUMOL1 antibody, or IgG followed by IgG, as templates. PCR primersdesigned to
specifically amplify ARbs-1(C) ChIP-reChIP analysis of coregulators associated withh ER
binding sites irRORA promoter was conducted in the same manner as for AR binding sites
using SH-SY5Y cells treated with 1nM E2. Error bar indicates SEM.<0.01, *P <0.05.

AR, androgen receptor; ChiP-reChlP, sequential chromatin immunoprecigi@HT, 4,5-
dihydrotestosterone; E2, f-éstradiol; ER, estrogen receptor alpha; SEM, standard error of
the mean.




ChIP-reChIP analysis of coregulators associated witth &Rts receptor binding sites in the
RORA promoter was conducted in the same manner as for AR bindisgusiteg SH-SY5Y
cells treated with E2. Figure 4C shows a significant increafige enrichment of ERbs-1 in
the reChIP reaction with anti-NCOA5, while ERbs-IV was sigaritly enriched when
antibody against FHL2 was used for the second ChIP. This findidigates that E&
interacts with NCOADbS at ERbs-I and FHL2 at ERbs-1V onRG¥RA promoter.

Regulation of RORA by sex hormones is mediated by SUMO1 and NCOA5

To further confirm that SUMOL1 is required for DHT-mediated rejutaof RORA, SUMO1
expression in SH-SY5Y cells was suppressed using siSUMO1 anchtiséetted cells were
then treated with 1 nM DHT. Using gRT-PCR analysis to meaR@RA expression in
siRNA-transfected cells, we found that the suppressive effePtHdf on RORA expression
was completely abolished in cells transfected with siSUMOgu¢Ei 5A), indicating that
SUMOL1 is required for DHT-mediated suppressionR&RA. Similarly, we conducted
siNCOAGS transfection and E2 treatment to confirm that NCOABvslved in E2-mediated
regulation of RORA. The enhancing effect of E2 dRORA expression was significantly
reduced (but not completely) in siNCOA5-transfected cells (Eigei8), indicating that
NCOAS is involved in E2-mediated upregulationRERA.

Figure 5 siRNA-mediated knockdown of SUMO1 and NCOAS5 show functional
involvement of these coregulators in the regulation dRORA expression by AR and

ERa, respectively. (A)SH-SY5Y cells were transfected with siSUMO1 or vehicle control
for 24 hours and treated with 1nM DHT or ethanol for 2 hdR@RA expression was then
measured by gRT-PCR analysis (n = 3). Reld8@&A quantity in each sample was
calculated using a standard curve obtained ft88expression levels in 10-fold serial
dilutions of that sampléB) NCOAS5 knockdown was performed in the same manner as for
SUMOL1 and cells were treated with 1 nM E2. Error bars indicate SEM. SHdtistic
significance of the differences between groups was determined by ANPW¥B8.Q01 for
each knockdown experiment) followed by post htests. *P <0.01. AR, androgen
receptor; DHT, 4,&dihydrotestosterone; E2, f-éstradiol; ER, estrogen receptor alpha;
SEM, standard error of the mean

Identification of RORA coregulators involved in regulation of CYP19A1

Inasmuch as RORA is also known to interact with coregulators to regulatarteeription of
target genes, we therefore sought to determine whether the edoeguhat we selected for
this study are also involved in RORA-mediated regulation of gemesdription in human
neuronal cells. We have recently demonstrated that RORApo&ntially regulate the
transcription of more than 2500 genes enriched for neurologicaldaeagmplicated in ASD,
and further validated several ASD-relevant genes, includizigPl, CYP19A1, HSD17B10,
ITPRL, NLGN1, and NTRK2, as transcriptional targets of RORA [38]. In this study, we
investigated coregulator involvement in RORA-mediated regulati@¥YBfl9A1 because we
have previously demonstrated that RORA protein is recruited to theof@omegion of
CYP19A1 [16], RORA overexpression causes an increas€YR19Al1 expression [16], and
the expression of CYP19A1 (aromatase) protein is significardiycel in brain tissues from
ASD individuals as well as highly correlated with that of RORA [16].

We first determined whether RORA interacts with the comdgtd NCOA1, NCOADS5,
SUMOL1, and FHL2 in SH-SY5Y cells by co-immunoprecipitation followgdnuestern blot



analysis of RORA protein. Figure 6 shows that RORA is enridheg@rotein samples
immunoprecipitated with NCOA1 and NCOADS, indicating that ROR#eriacts with these
coregulators in the human neuronal cell line SH-SY5Y. To determinghamehese
coregulators are also involved in regulation of @19A1 gene, we conducted sequential
chromatin immunoprecipitation using anti-RORA or IgG antibody, follomwedeChIP using
anti-NCOAL1, anti-NCOA5, anti-SUMOL1, anti-FHL2, or IgG antibody. Thmeidhment of
each potential binding site for RORA (RORAbs) on @¥P19A1 promoter (Figure 7A) in
the re-immunoprecipitated chromatin was determined by gPCR andhygure 7B shows an
increase in the average enrichment of RORADbs-I in the promaenref CYP19A1 when
chromatin was sequentially immunoprecipitated by anti-RORA, fatbwy anti-NCOA5
antibody , indicating that RORA interacts with NCOAS5 at thisRRObinding site in the
promoter region o€YP19A1.

Figure 6 Co-immunoprecipitation analysis of RORA coregulators Whole-cell lysates of
SH-SY5Y cells were prepared and immunoprecipitated with anti-NCOA1, &@Ad, anti-
SUMOL, anti-FHL2, or IgG antibody. Western blot analysis was used to deéctine
enrichment of RORA protein in the immunoprecipitates.

Figure 7 ChIP-reChlIP analysis of RORA coregulators binding to theCYP19A1

promoter region. (A) Schematic diagram showing the upstream region of the CYP19A1
gene (edited from the UCSC Genome Browser). Potential RORA binding sitedaled
(RORADbs = RORA potential binding sit€B) Sequential chromatin immunoprecipitation
(ChIP-reChlP) followed by qPCR analysis was conducted to determinbeviNEOAL,
NCOAS5, SUMOL1, or FHL2 interact with RORA in ti&/P19A1 promoter region. RORADbs-
Il and Ill are located adjacent to each other and cannot be analyzed sebgrgfeGR
analysis, and are thus shown as RORAbs-II/lll. Chromatin was isolatedSkbB8Y5Y cells
and first immunoprecipitated with anti-RORA. The RORA-immunoprecipitateshctin
was washed to remove anti-RORA, then free chromatin was re-immunoptecmtth anti-
NCOAL1, anti-NCOAD5, anti-SUMO1, anti-FHL2, or nonspecific IgG, and a no-second-
antibody control was also included. The enrichment of RORA binding sites GYBEIAL
promoter region in each re-ChlIP sample was then determined using gPCRsgnaty3)
and normalized with reference to the no-second-antibody control. Error bars iigfdate
#Undetectable. ChiP-reChIP, sequential chromatin immunoprecipitation; $iidasd

error of the mean.

Discussion

We have previously shown that male and female hormones inverselgtectiid expression
of RORA, a nuclear receptor deficient in the brain and lymphoblastoidimed derived from
a subset of individuals with ASD [12,15], with DHT reduciR@QRA expression and E2
increasing it [16]. Because the reduction of RORA protein imhtiasues from individuals
with ASD was highly correlated with reduction of aromatase RCY¥A1) protein which
enzymatically converts testosterone to estradiol, these resufigested a molecular
explanation for the observed increase in testosterone that has beeratad with autistic
traits [6-8,48-50]. On the other hand, we hypothesized that femalé&$ b&gnore protected
against RORA deficiency due to higher levels of E2 that stimiR&RA expression, thus
reducing risk for ASD relative to males. However, the mechahifor the suppression of
RORA expression by DHT and the upregulation by E2 were unknown. This stady w
undertaken to investigate the mechanisms through which the sex horragnkge RORA



and, in particular, to identify the molecular determinants for the ojgpasjyulation by male
and female hormones. Moreover, having recently valid@¥d19A1 as a transcriptional
target of RORA [38], we further investigated the mechanisnCY¥#®19A1 regulation by
RORA.

Involvement of AR and ER in the transcriptional regulation of RORA

Because androgens and estrogens can mediate transcriptional schatigmit directly
involving their respective hormone receptors, we first sought to detemnether or not AR
and ER were directly involved in the regulation RORA. The results presented here
demonstrate the direct involvement of both hormone receptors in thscripional
regulation ofRORA, and furthermore identify specific hormone receptor binding sitésnw
the extended 10 kb region upstream of R@RA TSS that participate in the up- or
downregulation oRORA expression by the hormones acting updrRQiRA-promoter-driven
luciferase reporter construct. Interestingly, male and femalendres can exert both
stimulatory and inhibitory effects on luciferase expression, depgnutinthe presence of
specific hormone receptor binding sites within tRORA promoter construct. Because
hormone receptors are known to regulate their target genes in &esoeigh either
coactivator or corepressor proteins [51,52], we then investigatedutaticaginvolvement in
AR- and ER-mediated regulation &ORA within the SH-SY5Y neuronal cell model,
focusing on four coregulators that were found to be differentiallyessed in the severely
language-impaired subtype of ASD that was also deficient in RORA [15].

Identification of coregulator partners of AR and ER in the regulation of
RORA

Here we show by co-immunoprecipitation that several coregulatoesig the four examined
can associate with AR and ERn neuron-like SH-SY5Y cells. These included NCOAL1,
NCOAS5, and SUMO1 associations with AR, and NCOA5 and FHL2 (to @rlesdent)
associations with E&® We then used ChIP-reChIP assays to interrogate atisosiaf these
four coregulator proteins with AR and ERn specific hormone receptor binding sites on the
RORA promoter. With respect to AR associations, SUMO1 showed theegreatrichment
relative to the no-second-ChlP-antibody control, and this enrichment wassf@ciRbs-I1.
However, the enrichment was not statistically signific&t0.05), most likely due to the
low expression level of AR in these cells which were origynd#rived from a female. To
increase the sensitivity of detecting enrichment of the ARbgHe ChIP-reChIP experiment
involving SUMO1, DNA resulting from the sequential chromatin immunapretion was
amplified using primers designed specifically against ARbsd, gel electrophoresis of the
PCR product was performed to confirm enrichment of ARbs-I in thaesgigl pull down
using antibodies against AR and SUMO1 in comparison to that obtainedcaevitrol IgG.
Although SUMOL1 is frequently found in covalent attachment to its t®rge is also
considered a coregulator, according to the Nuclear Receptor i8gnatlas
(http://www.nursa.org) [53,54], that is often associated with trgvismnal repression
[55,56]. Indeed, SUMO1 associations with AR have been reported to modbkate t
transcriptional activity of AR [57]. In contrast to coregulatorerattions with AR on the
RORA promoter, ER was found to significantly associate with NCOAS5, a reported
coactivator of ER [58], at ERbs-I, while FHL2 was found to significantly asstcwmaith
ERo at ERDbs-IV. Interestingly, unlike other coregulators, NCOA5sdoet require the
ligand-dependent activation function-2 (AF2) domain of the target auckxeptors for
interaction, and can form complexes with bothoEERRd ER in the absence of ligand. On the



other hand, FHL2 can exhibit dual coregulatory functions, acting aepressor of ERand
ERB [59] and a coactivator of AR [60]. The differential associations of these two cat@rgul
at different ER binding sites on tlRORA promoter are interesting in light of the luciferase
assays that revealed that the enhancing effect of E2 wasestadifonly when ERbs-I was
present (on the 10kb promoter construct). In the absence of ERbs-I &»d5N\dnding to
the RORA promoter, E2 had a repressive effect RIDRA expression, possibly due to the
binding of the ER corepressor FHL2 on the most proximal ER binding site, ERbs-IV.

To determine the functional role of SUMOL in the repressioR@RA by DHT, we used
siRNA against SUMOL1 to reduce its expression in SH-SY5Y ,callsl then monitored
RORA expression in the presence and absence of DHT. The suppresBiORAEXpression
by DHT treatment was completely abolished in the presencé&SbMO1, but not in the
mock-treated control. Similarly, we monitored E2-mediated enhancemEnRORA
expression in SINCOAbS-treated and mock-treated cells and foundNI@DAS5 significantly
reduced the upregulation BORA expression by E2, but not completely, most likely due to
incomplete knockdown of NCOA5 by siINCOA5 (as shown in Additional file 5)
Alternatively, other untested coregulators may be involved in thendized increase in
RORA expression. Collectively, these results suggest that tpdate®n of RORA by
androgen and estrogen is complex and dependent not only on the bindwegrespective
hormone receptors to specific hormone receptor binding sites &OR& promoter, but also
on the recruitment of specific coregulators to the hormone receptors.

Identification of a coregulator in RORA-mediated regulation of CYP19A1

Inasmuch as we have demonstrated that RORA is a nuclear horrecegtor that
transcriptionally regulate€YP19A1 [38], we were interested in identifying coregulators that
associate with RORA on th€YP19A1 promoter. Co-immunoprecipitation analyses using
antibody against each of the four coregulators followed by welletrianalyses for presence
of RORA in the immunoprecipitates demonstrated that both NCOA1 and NCOA5 are capable
of associating with RORA in SH-SY5Y cells, while SUMO1 andLEHIo not. However,
ChIP-reChIP analyses performed with anti-RORA antibody fathw in separate
immunoprecipitations, by antibodies against each of the four coreguktiowed that only
NCOADS5 could interact with RORA on th@YP19A1 promoter, and that the promoter binding
involved only the more distal RORADbs-I. These studies suggest th@ANCan serve as a
coregulator of both RORA and ERwithin neuronal cells. This coincidence is interesting
inasmuch as RORA and ER share the same consensus binding sR8APAGGTCA,
suggesting the overlap of at least some of their transcriptiargets. As suggested earlier,
the existence of shared gene targets (incluRO&A) may in part compensate for RORA
deficiency in females who, with higher levels of estrogen, lexhower susceptibility to
ASD.

Relevance of these findings to the sex bias in ASD

Figure 8 presents a working model that integrates the results of these sitidib®se of our
earlier studies that demonstrated the opposite regulatidROBA by male and female
hormones and the regulation G¥P19A1 by RORA [16,38]. In this model, a reduction in
RORA expression, which may be induced by increased methylation, whe&hhave
demonstrated previously in cell lines from individuals with ASD [i$2¢xpected to lead to a
decrease irCYP19A1 (aromatase), which, in turn, would result in the accumulation of its
substrate testosterone. The highly active metabolite of testast DHT, can then further



suppressRORA expression, exacerbating RORA deficiency. Here, we show tiat t
corepressor SUMOL collaborates with AR in mediating the dowraggalof RORA. Thus,

an increase in SUMO1 expression, which we have detected in L@L ifrdividuals with
ASD relative to typical controls [15], may reinforce the andregediated downregulation
of RORA. Conversely, the model predicts that estradiol, the product of the tasmma
reaction, is expected to decrease with the reduced expressoviPa®Al, and lower E2
would therefore dampeRORA expression. This study shows that NCOA5 is a strong
coactivator of ER at the ERbs-I on th®RORA promoter. Interestingly, the expression of
NCOAS is the most reduced among the differentially expressed dategs in LCL derived
from individuals with ASD [15]. Our study suggests that a reduction in this coactwatdd
further damperRORA transcription via ER. The net outcome of the molecular changes and
associations that we have identified in several studies regatwnigormonal regulation of
RORA (and its transcriptional targeCYP19Al), their respective nuclear receptors and
associated coregulators suggests that the aberrant expressiop of the genes in this
interacting network in the directions that have been observed istodies on cells and
tissues from individuals with ASD can lead to increased testostewhich has been linked
to increased autistic traits [7,8,50]. Furthermore, our studies proptiusible explanation
for lower female susceptibility to ASD due to the positive affeof estrogen ofRORA
expression, which offers a buffer against conditions leading to RORA deficiency

Figure 8 A model for the opposite effects of male and female hormones BORA
expression.The schematic illustrates a mechanism through which the observed reduction in
RORA in the autistic brain may lead to increased testosterone levels throughgidatoe

of aromatase. Our model suggests that AR, in association with SUMO1 functiomaing as
corepressor, is directly involved in the suppressidRQ@RA expression by testosterone,
whereas ER association with the coactivator NCOADS5 is involved in the upregulation of
RORA expression by estradiol. RORA, in turn, positively regulates expression cdtasan
probably by interacting with NCOA5. AR, androgen receptory ERtrogen receptor alpha.

Implications of coregulator involvement in the polgenicity of ASD

This is the first study to demonstrate the involvement of coatgnsl in the hormonal
regulation of a functionally relevant autism candidate g&@RA, whose deficiency can
impact multiple processes that are known to be disrupted or mdpair ASD, such as
synaptogenesis, axon guidance, dendritic extension, neurotransmissiatiacinegulation,
and higher level functions, such as learning and speech [38]. Bexaagelators interact in
combinatorial fashion with different nuclear hormone receptors to medgdse expression,
often in response to endogenous as well as exogenous agents, corednalagoriseen
proposed to be ‘key integrators of environmental signals’ and areiltlelys dontributors to
the polygenic nature of complex diseases [61]. This study showththedsponse dRORA
to androgens and estrogens depends on both the availability of spétiiad ER binding
sites on theRORA promoter as well as the recruitment of specific coregudatorthe
respective hormone receptors on the promoter. Coregulator involvemergene
dysregulation in ASD thus represents a new paradigm in thetigatdsn of ASD, which are
clearly complex polygenic disorders with many genes alreadyidatptl by large-scale
genetics, gene expression, and epigenetic studies.



Study limitations and future directions

To gain additional insight into the molecular mechanisms involved irethdation ofRORA
by sex hormones, we investigated the biochemical associationsrarticmal involvement of
hormone receptors and coregulator proteins in DHT- and E2-mediated- damwh
upregulation ofRORA, respectively. However, we limited our study to selected coaemysl
that were differentially expressed in our previous expressionlipgpstudy of LCL from
individuals with ASD rather than examine all possible coregulateractions, as has been
recently accomplished by proteomic analysis of coregulatorsRof \ithich was targeted
against a synthetic DNA template containing four tandem estrogponse elements fused
to the adenovirus E4 gene promoter [62]. This comprehensive analysisregulator
associations with ERin nuclear extracts of MCF7 and Hela cells revealed as/raa 17
coregulators that associated with the hormone receptor on the &N@late. Interestingly,
this study also revealed that the associations could rapidly ehangresponse to
phosphorylation of the HERcoregulator complexes, revealing the dynamic nature of
coregulator binding to such complexes. Thus, our study provides onlyiategsanalysis of
the possible coregulator associations withhEERd AR that can modulalRORA expression
in response to sex hormones, and we cannot rule out the involvement ofardwgrators
not studied here. Furthermore, inasmuch as coregulator recruitmiembvs) to be tissue
specific [63], it will be of interest to investigate coregaidhormone receptor complexes in
the brain of individuals with ASD vs. that of typical individuals.

Another limitation is that this study focuses only onoER/hile both ER and ER are
known to be ubiquitously expressed in the human brain throughout life. Howewer,ghe
evidence that E® may be more important in biological functions associated withmautis
including early cortical development processes [64], regulatiomankdriptional targets in
the cortex [64,65], neuroprotection against cytotoxicity [66] and isch@@iia and social
discrimination [68]. Nevertheless, the mechanisms through whighr&®/ be involved in
regulation ofRORA deserve further study since ER also known to be highly expressed in
cortex, amygdala, and cerebellum, where AR is also highly esgtd69]. Moreover, ER
may be more important for development of future therapies adageBDRA deficiency
because ERis known to have little or no expression in the breast or uterus. Télestige
activation of ERR may provide the beneficial effects of ER signaling in thenbvathout
undesired effects in reproductive organs.

Conclusions

In summary, we show that AR and &Rre respectively involved in the suppression and
enhancement oRORA expression by male and female hormones in a neuronal cell model,
and that the corepressor SUMOL is needed for AR-mediated suppressiba, the
coactivator NCOAS is involved in the ER-mediated upregulatiorRORA. We further
demonstrate that NCOA5S can interact with RORA on the promot&YBfi9Al, revealing
another similarity in gene regulatory mechanisms betWw®@RA and ER which share the
same DNA consensus binding sites. Finally, we show for the ifinst the involvement of
coregulators, when aberrantly expressed, as potential contributibves polygenic nature of
gene dysregulation in ASD.
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