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Activity-dependent neuroprotective protein (ADNP) exhibits
striking sexual dichotomy impacting on autistic and

Alzheimer’s pathologies

A Malishkevich', N Amram’, G Hacohen-Kleiman, | Magen, E Giladi and | Gozes

Activity-dependent neuroprotective protein (ADNP) is a most frequent autism spectrum disorder (ASD)-associated gene and the
only protein significantly decreasing in the serum of Alzheimer's disease (AD) patients. Is ADNP associated with ASD being more
prevalent in boys and AD more prevalent in women? Our results revealed sex-related learning/memory differences in mice,
reflecting hippocampal expression changes in ADNP and ADNP-controlled AD/ASD risk genes. Hippocampal ADNP transcript
content was doubled in male vs female mice, with females showing equal expression to ADNP haploinsufficient (ADNP*") males
and no significant genotype-associated reduction. Increased male ADNP expression was replicated in human postmortem
hippocampal samples. The hippocampal transcript for apolipoprotein E (the major risk gene for AD) was doubled in female mice
compared with males, and further doubled in the ADNP*/~ females, contrasting a decrease in ADNP*’~ males. Previously,
overexpression of the eukaryotic translation initiation factor 4E (elF4E) led to ASD-like phenotype in mice. Here, we identified
binding sites on ADNP for elF4E and co-immunoprecipitation. Furthermore, hippocampal elF4E expression was specifically
increased in young ADNP™~ male mice. Behaviorally, ADNP*~ male mice exhibited deficiencies in object recognition and social
memory compared with ADNP** mice, while ADNP*'~ females were partially spared. Contrasting males, which preferred novel
over familiar mice, ADNP** females showed no preference to novel mice and ADNP*~ females did not prefer mice over object.
ADNP expression, positioned as a master regulator of key ASD and AD risk genes, introduces a novel concept of hippocampal gene-

regulated sexual dimorphism and an ADNP™~ animal model for translational psychiatry.

Translational Psychiatry (2015) 5, e501; doi:10.1038/tp.2014.138; published online 3 February 2015

INTRODUCTION

Autism spectrum disorder (ASD) affects ~1.5% children with a
prevalence of three boys/one girl and with ~50% deficient or
borderline intellectual function, in the US." The high comorbidity
of ASD with intellectual disability suggests common genes and
pathways.>™ Focusing on sexual dimorphism and cognitive
functions and contrasting with ASD, there is a greater prevalence
of Alzheimer's disease (AD) in women compared with men,
whereas men may have a higher risk of mild cognitive
impairment, an intermediate stage between normal aging and
dementia.’

Activity-dependent neuroprotective protein (ADNP), recently
estimated to be de novo mutated in at least 0.17% of ASD cases,®™®
was discovered in our laboratory and identified as vital for brain
formation.”™'® Partial deficiency in ADNP resulted in hyperphos-
phorylation of the MT-associated protein tau (leading to AD/
frontotemporal dementia—like tau pathology) paralleled by
cognitive deficits. NAP (NAPVSIPQ), a snippet from ADNP,?
enhancing tau-MT interaction'*'> and inhibiting, in part, tau
aggregation,’®'® reversed ADNP deficiencies in vivo,'* while
increasing ADNP-MT end binding protein interaction through the
shared SIP domain.'® Tau deposition was also associated with
autism.?® GSK3beta-deficient mice (the tau kinase overactivated in

ADNP*~ mice'?), showed improved social behavior vs control
mice,?' suggesting that overactivation of GSK3beta and the
resulting tau hyperphosphorylation impairs social behaviors, as
seen in autism. In parallel, the MT-associated protein 2 (MAP2)
expression was depleted in autistic patients.”* In this respect,
ADNP silencing resulted in MAP2 depletion®® and NAP treatment
increased MAP2 expression.2*

We recently showed that ADNP*'~ mice exhibited reduced
hippocampal beclin1 (a key factor in the regulation of autophagy,
which was also reduced in schizophrenia postmortem hippocam-
pus compared with controls). At the protein level, ADNP co-
immuoprecipitated with the MT-associated protein 1 light chain 3,
another major regulator of the autophagy process, which was
augmented by NAP,* protecting the autophagic flux.?® Auto-
phagy has been associated with autism,?” for example, in mice
haploinsufficient for ambral (a positive regulator of beclin1),
showing autism-like behavior restricted to the female gender.?® In
addition, other converging mechanisms shared by schizophrenia
and autism have been shown, including mutations affecting
synaptic strength and cytoskeleton activity.?

Importantly, ADNP expression, correlated with related proteins
is deregulated in schizophrenia postmortem brains.3°

Complete gene expression microarray analysis identified altered
transcript content in the ADNPY~ mice'®> compared with
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ADNP*™*, including a solute carrier transcript, involved in
intracellular signaling cascade, transforming growth factor,
involved in angiogenesis and Pax6,'' involved in neuronal
migration and axogenesis, which are either mutated or altered
in their expression in individuals with autism.''%203132 |
addition, ADNP haploinsufficiency was also associated with
deficits in social memory.'%%3

From a diagnostic point of view, assessment of ADNP
expression lymphocytes showed increased expression in patients
suffering from schizophrenia compared with matched controls,
which was reduced with disease progression only in female
patients.?® This increased expression in schizophrenia is con-
trasted by decreased expression in peripheral blood mononuclear
cells** from multiple sclerosis patients, and, at the protein level,
complete serum proteomics identified ADNP as the only protein
decreasing in serum from AD patients compared with controls.>®

Given the male/female differences in ASD and AD, it is of
interest to note that ADNP expression in the arcuate nucleus of
the rodent hypothalamus, a brain area associated with appetite
and sexual behavior, exhibited fluctuations during the estrous
cycle, proestrous sections being the most ADNP-immunoreactive
and estrous sections the least, whereas male arcuate nucleus
ADNP-like immunoreactivity was significantly lower than that of
the female estrous.®®

Here, we asked if ADNP is differentially expressed in the
hippocampus of males and females and if changes in ADNP
expression regulate key ASD and AD risk genes, leading to sex-
specific cognitive and social differences. Better understanding of
ADNP, which regulates >400 genes during the development'®
will pave the path to better targeted treatments.

MATERIALS AND METHODS

Animals

All procedures involving animals have been approved by the Animal Care
and Use Committee of Tel Aviv University and the Israeli Ministry of Health.
ADNP heterozygous mice on a mixed C57BL and 129/Sv background, a
model for cognitive impairments,'? were housed in a 12-h light/12-h dark
cycle facility with free access to rodent chow and water.

The procedure to generate ADNP*~ animals was described
previously."'? Due to severe inbred mating problems, mating with ICR,
an outbred mouse line, was implemented allowing for continuous
breeding and excellent progeny. Genotyping was performed by Transne-
tyx (Memphis, TN, USA). ADNP*~ and littermates ADNP™* mice were
compared. Six-month-old male or female mice were exposed twice daily
(5l per nostril) to intranasal administration, of a vehicle solution,®” in
which each ml included 7.5 mg of NaCl, 1.7 mg of citric acid monohydrate,
3mg of disodium phosphate dihydrate, and 0.2mg of benzalkonium
chloride solution (50%).

The mice were subjected to behavioral exams (n=16-18 for each of the
male groups; n=11 for each of the female groups) as outlined below. A
subset of these mice (males only, n=5 per group) were killed and
hippocampal RNA was subjected to quantitative real-time RT-PCR. An
independent set of groups with hippocampal RNA analyzed by
quantitative real-time RT-PCR included naive 5- to 6-month-old mice
(n=6-8 per group).

Object recognition

Subject ADNP*/~ and ADNP*"* mice were 7 months of age at the time of
testing. The test includes two consecutive days of habituation (5min
per day) and the experimental day which consists of the three phases. In
phase 1 (habituation), the open field apparatus (50 X 50 cm) contained two
identical objects (plastic or metal, 4x5 cm?) and a mouse was placed in
the apparatus facing the wall and allowed to freely explore the objects
(5 min). After 3 h in the home cage, the mouse was placed back into the
apparatus for 3 min for phase 2 (short retention choice), during which one
of the familiar objects was replaced with a novel object. Approximately
24 h after the completion of phase 2, the mouse was placed into the
apparatus for 3 min for phase 3 (long retention choice), during which one
of the familiar objects was replaced with a novel object. The mouse was
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kept in its home cage between phases 2 and 3. The time spent sniffing/
touching each object was measured. Data were analyzed using the
discrimination capacity formula: D2 = (b —a)/(a+b), where ‘a’ designated
the time of exploration of the familiar object and 'b' designated the time of
exploration of the novel object.?®

Social approach task

Subject ADNP™~ and ADNP™* mice were 7-8 months of age at the time of
testing. Mice used as novel (target mice) to be explored by the subject
mice were from the 129/SvJ strain (in our colony), known for their docile
nature (7- to 8-month old). The social approach task was previously
reported.®® A plexiglas box was divided into three adjacent chambers, each
20cm (length) X40.5cm (width)x22cm (height), separated by two
removable doors. Steel wire pencil cups (10.16 cm (diameter), 10.8 cm
(height)), www.kitchen-plus.com, were used as both containment for the
target mice and as inanimate objects (weights prevented the mice from
overturning the cups). Experiments were conducted in a dimly lit area
during the light phase of the mouse. The brightness of the right and left
chambers was measured with a light meter (MRC lab, Holon, Israel) and
kept at ~6+0.5 lux before experiments were initiated, to avoid bias. Three
sides of the box were covered to prevent the mice from using spatial cues.
The long side facing the experimenter was left open for experimenter view.

Target mice (males for males and females for females) were placed
inside the wire cup in one of the side chambers for three 10-min sessions
on the day before the test for habituation. The next day, each subject
mouse was tested in an experiment with three phases, each 10-min long
(measured with a simple timer): | and Il, the habituation phases (ensuring
no bias), and lll, the experimental phase, recorded with a video camera. No
significant differences were noted between time periods spent in the
different chambers in the habituation phase.

In phase Ill, an empty wire cup (novel object) was placed in the center of
the right or left chamber and the cup containing the target mouse was
placed in the center of the other chamber. Location of the empty wire cup
(novel object) and the novel mice were counterbalanced to avoid
confounding side preference. The doors were then removed and the
timer for 10-min started. During this phase, the experimenter timed how
long the subject mouse explored the empty wire cup and the wire cup
with the novel mouse with two silent stopwatches (first novel mouse
exposure). The three-chamber apparatus was cleaned between mice.

The social approach task was used as habituation for the social memory
task, 3 h after the first phase (3-min exposure), the mouse was placed back
into the apparatus for another 3 min (second phase), during which one cup
contained the familiar mouse and the other contained a novel mouse. The
positions of the familiar and novel mouse during phases 1 and 2 were
counterbalanced within and between groups to exclude the possibility of
positional effects, but were kept the same for a given animal. The
discrimination capacity (social memory) was analyzed using the formula:
D2 = (b —a)/(b+a), as for the object recognition test.

Odor habituation—dishabituation
This test was performed as described.*

Biochemical and immunochemical procedures

Male ADNP*~ and ADNP*/* littermates (wild type) mice (5- to 6-months
old) were decapitated, the hippocampus was dissected, frozen in liquid
nitrogen and maintained frozen (80 °C) until further processing. RNA and
protein were extracted using Macherey-Nagel NucleoSpin RNA/Protein kit
(Bethlehem, PA, USA). RNA purity and concentration were determined with
a spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The
protein amount was estimated by the BCA-200 protein kit (Pierce,
Rockford, IL, USA). An additional RNA quantification experiment on a
limited amount of transcripts was carried out in older mice (9-month-old
male mice). Before hippocampal RNA extraction, the 9-month-old mice
(n=5 per group) were treated with vehicle (defined above) and were
subjected to behavioral tests as outlined in Figures 1 and 2.

Immunoprecipitation

Proteins (400-500 pg) were extracted from the hippocampus and diluted
in lysis buffer for further immunoprecipitation using the ColP kit (Pierce)
protocol. Twenty microliters of A/G PLUS-Agarose beads were loaded to a
column washed with coupling buffer at 90 g for 1 min. Ten micrograms of
rabbit mouse ADNP antibody (Bethyl Laboratories, Montgomery, TX, USA)
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Figure 1. ADNP*~ differ from ADNP™* male mice: object recognition, social interactions and sexual dichotomy. Animal performance in the
object recognition test is shown (n=16-18 for each of the male groups; n= 11 for each of the female groups). (a, b) ADNP*'~ male mice are
deficient in object recognition. Two identical objects were first presented, and one of the identical objects was replaced by a novel object 3 h
after sniffing the familiar object (short retention choice) (a) or on the following day (~24 h later, long retention choice) (b). Data are expressed
as mean (+s.em.) by a relative discrimination index (D2 = (b —a)/(b+a); b=time (s) sniffing a novel object, a=time (s) sniffing a familiar
object). Two-way analysis of variance (ANOVA) revealed no significant differences in the short retention choice (a). In the long retention choice
(b), two-way ANOVA showed a significant effect of genotype only in the male group (F(1,49) =5.022, P=0.030). ADNP-deficient male mice
spent significantly less time (>2-fold) in exploring the new object as compared with control mice (ADNP**). Fisher’s LSD post hoc test
revealed a significant difference between ADNP*~ male mice compared with ADNP** mice (*P < 0.05). (c) Sniffing time of empty cup and
novel mouse—social recognition test. Data are expressed as mean (+s.e.m.) total time (s) spent exploring mice or objects. A three-chamber
cage was used. Two-way repeated measure ANOVA with group as a fixed factor and sniffed item (that is, mouse vs cup) as repeated factor
revealed no main effect for group (F(3,48) =1.051, P=0.379) on the sniffing time periods of a novel mouse and a cup. However, a main effect
was found for the sniffed item (F(1,48) =75.761, P < 0.001), indicating a strong preference for the novel mouse over the cup. In addition, an
interaction effect between group X sniffed item was found (F(3,48) = 3.296, P = 0.028). Fisher’s LSD post hoc test revealed significant differences
between sniffing time period of the cup and mouse in all the groups (P <0.05, P <0.001 vs cup in the same group—male or female).
Bonferroni post hoc test revealed significant differences between sniffing time period of the cup and mouse in all the groups ( P < 0.01)
except for ADNP*~ females (P=0.18). The sniffing time of mouse in the latter group was significantly lower than in the ADNP*~ males
(*P < 0.05), with no change in the sniffing time of the cup (P> 0.99 after adjustment for multiple comparisons). (d) ADNP*'~ mice displayed a
significant decrease in social memory. Animal performance in the social memory test is shown (3 h after the original 3-min exposure). Data are
expressed as mean (= s.e.m.) total time (s) spent exploring another mouse as designated by a relative discrimination index (b =time sniffing a
novel mouse, a =time sniffing a familiar mouse. The total time allowed for sniffing in the second exposure was 3 min). In the social memory
test, the ADNP-deficient male and female mice spent significantly less time exploring the novel mouse as compared with control mice
(ADNP*"). Two-way ANOVA showed a significant genotype effect (F(1,47) = 31.357, P < 0.001) in the social memory test (ADNP™* vs ADNP*/~
mice), but no general sex effect (males vs females), (F(1,47)=1.563, P=0.217). Fisher’s LSD post hoc test revealed a significant genotype
difference between the ADNP** and ADNP™ ™ in the male group (""P < 0.001) as well as in the female group ("P < 0.05); there was also a
significant sex effect in the ADNP** group ("P=0.05 male vs female). ADNP, activity-dependent neuroprotective protein; LSD, least significant
difference.

were added to the beads and incubated for 1 h at 24 °C. Cross-linking using Quantitative real-time RT-PCR

2.5 mm disuccinimidyl suberate was performed by further 1 h incubation. Equal amounts of total RNA (1 ug RNA/sample, obtained from 6-month-old
Then, cleared 500 ug of brain lysate were added to the column and mice) were subjected to reverse transcription (RT) using gScript cDNA
incubated (16h, 4°C). To detect the eluted antigen, proteins were Synthesis Kit (Quanta Biosciences, Gaithersburg, MD, USA). Real-time PCR
separated by electrophoresis on 15% acrylamide gel containing 0.1% was performed using Powered SYBR Green PCR master mix (Kappa
SDS, ' transferred to nitrocellulose filter (Millipore, Bedford, MA, USA) and Technologies, Woburn, MA, USA) and ABI PRISM 7900 Sequence Detection
immunostained with rabbit polyclonal antibody against mouse elF4E System instrument and software (Applied Biosystems, Foster City, CA, USA).
(1:500), (a kind gift from Professor Orna Elroy-Stein, Tel Aviv University).*' RNA expression levels were determined using specific mouse primers:

Proteins were visualized using enhanced chemiluminescence reagents and elF4E sense 5'-TCTGGCTAGAGACACTGCTG-3', anti-sense 5'-AGTCCATATTG
CTATCTTATCACC-3’, ApoE primers sense 5'-ACCGCTTCTGGGATTACCT-3',
anti-sense 5'-ATCAGTGCCGTCAGTTCTT-3’, ADNP sense 5'-ACGAAAAATCA
GGACTATCGG-3’, anti-sense 5'-GGACATTCCGGAAATGACTTT-3’, ADNP2
sense 5-GGAAAGAAGCGAGATACCG-3/, anti-sense 5'-TCCTGGTCAGCCTCA

exposure to hyperfilm (Kodak, Petach Tiqwa, Israel). Protein bands on
hyperfilm were quantified using photochromatography analysis.
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Figure 2. Odor habituation/dishabituation is intact in the ADNP*'~ ICR model exhibiting sexual dichotomy. Each mouse was tested during
three consecutive 2-min periods for each odor with 2-min intervals between presentations. The time that the mouse smelled the swab was

recorded (beginning when the animal oriented its nostrils toward the odor-scented cotton swab, within 2 cm or less). Male ADNP*/*

mice

performed better in the odor habituation/dishabituation test compared with female ADNP** mice. P < 0.001, "P < 0.05 vs female at the
same trial, t-test. P < 0.01 vs previous sniffing (novel vs familiar odor). ADNP, activity-dependent neuroprotective protein.

TCTTC-3". Neuroligin (1-4) primers were designed and used as described
before.*? Hypoxanthine-guanine phosphoribosyltransferase was chosen as
a reference gene with appropriate primers for mouse sense 5-GGA
TTTGAATCACGTTTGTGTC-3’, anti-sense 5'-AACTTGCGCTCATCTTAGGC-3'.
Results are shown as 27T (http://de-de.invitrogen.com/etc/medialib/en/
filelibrary/Nucleic-Acid-Amplification-Expression-Profiling/PDFs.Par.83765.
File.dat/relative-quant-ct.pdf).*?

Bioinformatics

ADNP Sequence analysis was used to identify the consensus KclYcnyLp
and cekYkpgVLL—elF4E binding sites as per published literature.**

Statistical analysis

Two-way repeated measures analysis of variance, followed by Fisher's least
significant difference test, with group as a fixed factor (group) and sniffed
item (that is, cup vs a novel mouse) as a repeated factor, was used to
analyze the data in the social recognition task. In all other measurements,
two-way analysis of variance followed by Fisher's least significant
difference was used. One-way analysis of variance or Student’s t-test were
used when required. All the analyses were conducted with SigmaPlot
software (Chicago, IL, USA) for Windows.

RESULTS

ADNP expression modulated behavior in a sexual-dependent
manner: ADNP™~ male, but not female mice display deficits in
object recognition

ADNP haploinsufficient mice did not differ in their open field
behavior*® (data not shown). In contrast, while there was no
difference in the short-term retention choice (3 h, Figure 1a), in the
long-term retention choice, ADNP** male mice spent greater than
doubled time with the novel object, compared with ADNP*~
male littermates. Thus, a potential deficit in the memory or rather
repetitive behavior and preference of the familiar condition was
observed with ADNP deficiency (Figure 1b). In contrast to the
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males, there was no genotype difference in females representing a
significant sex difference (Figure 1b).

ADNP™~ mice exhibit sex differences in social recognition

When comparing the preference of an inanimate object to a
mouse (male, in the case of males; and female, in the case of
females), all males preferred animals over the empty cup
(Figure 1c), exhibiting longer sniffing periods with the animal. A
significant sex difference was discovered, with ADNP*~ females,
showing only a trend of being more interested in the animal over
the empty cup (contrasting ADNP™* females) and being less
socially interested (2-fold less interaction time with the other
female mouse compared with males). Comparing males with
females, it could be that the ADNP*~ males are deficient in
learning to recognize the other animal and thus continue to
persist increasing their interaction time, whereas the females may
recognize quickly and thus exhibit less interested behavior.

ADNP*'~ male mice display a significant preference to a familiar
mouse rather than a novel one (decreased social memory)

In the social memory test, there was a significant sex difference in
the control mice, with males preferring the novel mouse and
females showing no preference (Figure 1d). This was not observed
in the ADNP*~ mice, that is, ADNP*~ male mice behave like
ADNP*'~ females but unlike ADNP** males. Thus, as seen in the
object recognition test, ADNP*~ male mice showed a highly
significant preference to the familiar over the novel mouse,
opposite to the ADNP** mice. Similarly, ADNP™~ female mice
also preferred the familiar female. In previous experiments, inbred
ADNP™~ male mice (not mated with the ICR mice'**3) also
showed social memory deficits. However, these experiments could
not be repeated in the same way (open arena), as the ICR
background used here resulted in very aggressive mice, and the
only possibility to perform mouse interaction tests was with mice
enclosed in an isolated compartment.
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Figure 3.

Identification and verification of ADNP and elF4E interacting-sites.

a) Diagram of the predicted elF4e protein binding motifs on

human ADNP.'®* (b) ADNP and elF4E interaction. Co-immunoprecipitation assays were used to analyze ADNP and elF4E binding. Lanes 1,5:

20 pg of brain lysate from ADNP** male mice and lanes 2,7: 20 Hg of brain lysate from ADNP*/~
antibody; lane 3: 500 g of brain lysate of ADNP** male mice and lane 4: 500 g of brain lysate of ADNP*~

male mice immunoblotted with anti-elF4E
male mice were

immunoprecipitated with anti-ADNP antlbody and immunoblotted with anti-elF4E antibody; lane 6: 500 pg of brain lysate of ADNP** and
lane 8: 500 pg of brain lysate of ADNP™ ™~ mice were immunoprecipitated without an antibody and immunoblotted with anti-elF4E antibodly.

ADNP, activity-dependent neuroprotective protein.

ADNP™~ mice show intact odor habituation—dishabituation

The odor habituation—dishabituation measured two parameters
including (1) intact olfactory function and (2) olfactory memory.
Here, sex comparisons reveals significant differences between
males and females in the intact and deficient ADNP groups, with
only males showing intact odor habituation-dishabituation and
complete identity between the male ADNP™~ and ADNP™/~
groups, that is, no genotype differences (Figure 2). Thus, the
differences observed above could be attributed to emotional/
cognitive disturbance dissociated from olfactory memory.

Mechanism associated with autism: eukaryotic translation
initiation factor 4E (elF4E)

A recent publication addressed central mechanisms of ASDs and
showed that overexpression of the eukaryotic translation initiation
factor 4E (elF4E) led to ASD-like phenotype.*?

Bioinformatics identified two elF4E putative binding motif
sequences on the ADNP protein sequence KclYcnylLp and
cekYkpgVLL—elF4E binding sites** (Figure 3a). These sequences
implicate ADNP as a potential regulator of protein translation in
neuronal and glial cytoplasm?*** through elF4E interaction.
Analysis of elF4E expression by western blotting (Figure 3b)
revealed increased protein expression in the hippocampus of
ADNPY~ male mice compared with ADNP™" male mice
(Figure 3b, lanes 1 compared with 2 and 5 compared with 7,
two independent experiments). Co-immunoprecipitation with
ADNP antibodies followed by western analysis with elF4E antibody
showed specific elF4E precipitation only in the presence of ADNP
antibodies (lanes 3,4,6 and 8), with increased precipitation in the
ADNP*~ mice as expected from the whole extract results. These
findings were corroborated at the RNA level by quantitative real-
time RT-PCR. The amounts of hippocampal elF4E mRNA
(expressed relative to the amount of hypoxanthine-guanine
phosphoribosyltransferase) were significantly increased by about
25% in the ADNP*~ mice compared with the ADNP** mice
(Figure 4a).

ADNP hippocampal expression exhibits a striking sexual
dimorphism

Given the sex and genotype differences in ADNP*~ mice, we
were interested to see if ADNP expression is sex-dependent in the
hippocampus, a brain area directly associated with learning and
memory. We revealed, for the first time, a significant 2-fold
decreased ADNP expression in the female hippocampus, similar to
the genotype-associated decrease in ADNP™~ males, with the
genotype decrease (ADNP haploinsufficiency) in females being
insignificant (Figure 4b). To reflect this sex difference to men, we
have also reevaluated our previous data in postmortem human
hippocampal tissue®>>° discovering the same sex difference, with
males expressing ~25% more ADNP transcript than females
(Figure 4c). In contrast to ADNP, no significant differences were
found in the related ADNP2 (Figure 4d), agreeing with our
previous results showing no effect of the ADNP-deficient
genotype of ADNP2 expression.*® ApoE, the major risk gene for
AD, which has been shown to be suppressed by ADNP during
embryonic development,’® was twice decreased in males com-
pared with females (Figure 4e), contrasting the increased
hippocampal ADNP in males (Figure 4b). However, ADNP
deficiency did not result in ApoE increase in males, rather, a small
decrease was observed, suggesting compensatory mechanisms.
Compared with males, ADNP™* females, revealed doubled ApoE-
transcript content which was further doubled in ADNP*~ females
(Figure 4e).

All the above-mentioned experiments were carried out in 5- to
6-month-old-mice. A follow-up experiment utilized 9-month-old-
male-mice showing no genotype effect for elF4E in the older mice
(Figure 4f) coupled to a significant decrease in elF4E transcript
levels between ADNP** ‘young’ male mice and ADNP** ‘old’
male mice (P=0.001, paired t-test, comparing Figure 4f to
Figure 4a), a similar age-dependent decrease was also observed
in ADNP*'~ mice (P=0.001, paired t-test).

Finally, abnormalities in neuroligins, (NLGNs), which are down-
stream to elF4E, have been suggested as causal for autism*? with
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Figure 4. Autism-specific gene modulation in the hippocampus of ADNP*~ mice: sexual dichotomy. Hippocampal RNA from 5- to 6-month-

old mice was analyzed by quantitative real-time PCR (n=6-8 mice per group). (a) elF4E: Two-way analysis of variance (ANOVA) showed no
significant effect of sex (P=0.692) and genotype (P=0.137). However, as there was a marginal genotype trend, one-way ANOVA was also
performed showing a significant increase in elF4E transcripts in the ADNP™~ male mice compared with ADNP*'* male mice (*P < 0.05). (b)
ADNP: two-way ANOVA showed a significant effect of sex (F(1,15)=8.760, P=0.010) and a significant effect of genotype (F(1,15) = 14.660,
P=0.002). Fisher’s LSD post hoc test revealed a significant 2-fold decrease in ADNP*'~ male mice compared with control mice (P < 0.001). In
addition, Fisher's LSD post hoc test revealed a significant 2-fold increase in ADNP** male mice compared with ADNP™* female mice
("P < 0.05). (c) Human ADNP: Hippocampal human ADNP used before®* was analyzed comparing males and females. As there was no
difference at the ADNP transcript levels between normal and schizophrenia subjects, the cohorts were pooled to obtain 22 men and six
women. Results showed a statistically significant increase in men (Student’s t-test, P < 0.05). (d) ADNP2: two-way ANOVA showed no
significant effect of sex (P=0.977) and no significant effect of genotype (P=0.498). (e) ApoE: two-way ANOVA showed a significant effect of
sex (F(1,23)=128.734, P <0.001) and a significant effect of genotype (F(1,23)=13.430, P=0.001). Fisher’s LSD post hoc test revealed a
significant 2-fold increase in ADNP*'~ female mice compared with ADNP** female mice (""P < 0.001). In addition, Fisher’s LSD post hoc test
revealed a highly significant decrease in male mice compared with female mice for both ADNP** and ADNP™~ (""P < 0.001). One-way
ANOVA showed a significant decrease in ADNP*~ male mice compared with ADNP*™* mice (*P < 0.05). (f) Nine-month-old male mice, elF4E:
no specific genotype effect, unlike (a) 5- to 6-month old. ADNP, activity-dependent neuroprotective protein; LSD, least significant difference.

P+/+ 1

sex-specific association of common variants of neuroligin genes comparing ADN young' vs ‘old’ male mice (P=0.023, paired

(NLGN3 and NLGN4X) with ASD.*® We therefore investigated the 4
neuroligin transcript expression in the ADNP*~ compared with
ADNP*"* male and female mice, respectively, at 5-6 months of age
(Figures 5a-d). While results did not show genotype-associated
changes in either males or females, there were significant sex
differences with significant increases in NLGN1 and 3 (Figures 5a-
) and a decrease in NLGN4 (Figure 5d) in the ADNP*'~ females
compared to males. NLGN2 did not show differences (Figure 5b),
while NLGN1 also showed increased expression in control
(ADNP*"*) males, compared with control females (Figure 5a).

A follow-up experiment on 9-month-old male mice indicated no
genotype-associated changes, as found for the young mice
(Figures 5a-h). Analyzing for age-dependent difference, revealed
no change in NLGN3 and NLGN4 However, a significant age-
dependent reduction was found for the NLGNT transcript
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t-test, Figures 5a and e) Furthermore, a significant age-dependent
reduction was observed for NLGN2 transcripts in ‘old’ ADNP*/~
male mice compared with ‘young’ ADNP*'~ male mice (P=0.049,
paired t-test, Figures 5b and f).

DISCUSSION

A major surprising finding of the current work was the doubled
hippocampal expression of ADNP in the male vs the female mouse
which was found to mimic the postmortem human brain, followed
by a two-fold decrease in the ADNP haploinsufficient male, and no
significant decrease in the ADNP*'~ female. The increase in ADNP
expression paralleled enhanced behavioral performance in the
ADNP intact males compared with females in the social memory
task, presenting intact olfactory discrimination. In contrast, ADNP
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Figure 5.

Neuroligins show sex-dependent expression. Hippocampal RNA from 5-to 6-month-old mice was analyzed by quantitative real-time

PCR (n=6-8 mice per group). The 4 NGLN genes were compared. (a) NGLN1: two-way analysis of variance (ANOVA) showed a significant effect
of sex (F(1,26) = 16.754, P < 0.001), but no significant effect of genotype (P=0.561). Fisher’s LSD post hoc test revealed a significant difference
between male mice compared with female mice for both ADNP** and ADNP™~ ("P <0.05). (b) NGLN2: two-way ANOVA showed no
significant effect of sex (P=0.777) and no significant effect of genotype (P=0.450). (c) NGLN3: two-way ANOVA showed a significant effect of
sex (F(1,24)=7.800, P=0.010), but no significant effect of genotype (P=0.771). Fisher’s LSD post hoc test revealed a significant difference
between ADNP*~ male mice compared with ADNP*~ female mice (*P < 0.05). (d) NGLN4: two-way ANOVA showed a significant effect of sex
(F(1,25)=12.258, P=0.002), but no significant effect of genotype (P=0.482). Fisher’s LSD post hoc test revealed a significant difference
between ADNP*~ male mice compared with ADNP*'~ female mice (*P < 0.05). (e) Nine-month-old male mice, NGLN1: no specific genotype
effect, like (a) 5- to 6-month old. (f) Nine-month-old male mice, NGLN2. (g) Nine-month-old male mice, NGLN3. (h) Nine-month-old male mice,

NGLN4. ADNP, activity-dependent neuroprotective protein; LSD, least significant difference.

haploinsufficiency resulted in a severe cognitive impairment in the
males with somewhat spared females in the object recognition
test, mimicking the findings in children with ADNP mutations with
the four female patients showing mild intellectual disability, while
most of the males (five out of six) showing severe intellectual
disability.®

It is also important to bear in mind that our colony, outbred
with ICR mice, is still showing dramatic behavioral effects in the
ADNP™~ males, which implicates a strong genotype effect, as
predicted from human studies. These findings are also reproduced

in the females, with ADNP™ ™ mice only insignificantly trending to
prefer mice over objects in the social recognition test, unlike the
ADNP** females and males. The sex difference in hippocampal
ADNP expression is even more striking when comparing it with
previous findings in the arcuate nucleus of the hypothalamus
showing an opposite finding, with ADNP decreased expression in
males and regulation by the estrous cycle involving estrogen
effects.® In this respect, ADNP is part of the SWI/SNF chromatin
remodeling complex®” including BAF57 that specifically regulates
estrogen receptora (ERa)-mediated transcription*® and ADNP was
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shown to regulate its own expression.'**? Furthermore, the ADNP-
interacting SWI/SNF member, BRG1, also interacts with endogen-
ous androgen receptor-responsive promoters®® and both BRG1
and BAF57 are involved in the enhancement of androgen receptor
activity.>' Our studies suggest direct interaction of ADNP in these
processes, explaining in part the sexual divergence associated
with ADNP-deficient genotype.

The human study on autistic children showing de novo
mutations in ADNP referred to ADNP as an SWI/SNF member®
with predominant nuclear localization, as indicated by our original
studies.*” We are now showing an interaction of ADNP with the
cytoplasmic elF4E and increased elF4E expression in the
hippocampus of the 5- to 6-month-old ADNP™~ male mouse,
which has been suggested as causal for ASD.*? Interestingly, this
increased elF4E expression did not persist at 9 months of age,
which was coupled to an overall decreased elFAE expression in the
older mice. These findings may be related to the fact that overall
protein synthesis decreases with brain aging®*>* coupled to the
fact that autism is an early onset disorder associated with
deregulation during development.

Besides elF4E, ADNP interacts with several other proteins,
including PSF (a tau splicing factor)** and both PSF and elF4E are
phosphorylated by Mnk kinase.>®> Thus, ADNP binding to either
protein may affect the phosphorylation and activation state of
elF4E, which is associated with the regulation of translation.

Sexual dimorphism was also found at the level of neuroligin
expression, shown to be regulated by elF4E.** Further, dramatic
sexual dimorphism was identified in the expression of ApoE
suggesting a broader effect of ADNP on autism and AD-related
genes. With ApoE being the major risk gene for AD, a connection
is made for a higher AD risk in autistic individuals.

The highly significant increase of ApoE expression in the female
hippocampus coupled to further increase in the ADNP™~ female
may be correlated with increased prevalence of AD in women
compared with men.®> Furthermore, neuroligin1 (doubled in the
female mouse hippocampus compared with males) interacts with
amyloid beta peptide to increase the formation of amyloid beta
oligomers,*® a major pathology in AD. Interestingly, in older mice
(9 vs 5-6 months of age), a significant reduction in the NLGN1
transcript was found suggesting that increases in neuroligin1 may
be related to the initial stages of AD.

The second major pathology in AD, tau hyperphosphorylation
and accumulation of tau neurofibrillary tangles has been shown to
be a part of the pathology of ADNP-deficient mice."? In addition,
an initial increase in ADNP expression, followed by an aging-
associated dramatic decrease, predict tau pathology in mice with
ADNP interacting with tau mRNA splicing.>*” As indicated above,
comprehensive proteomics identified ADNP as the only protein
decreased in the serum of AD patients compared with controls.>

The current study puts ADNP replacement therapy as a major
drug target. The ADNP-derived, eight amino acid neuroprotective
peptide NAP (davunetide), protected against ADNP-deficiency
outcomes in the inbred ADNP*'~ mouse, that is, tau pathology
and cognitive impairments'? and has shown positive indications
of increasing cognitive scores in aging mild cognitive impairment
patients.>®%° Although NAP (davunetide) showed activity in mild
cognitive impairment, its clinical results in progressive supra-
nuclear palsy patients were disappointing.®’ In contrast, in
schizophrenia patients, NAP (davunetide) treatment indicated
protection of activities of daily living® and brain cell function
(magnetic resonance spectroscopy measurements).®> The current
findings set the stage with a paradigm of ADNP deficiency that
provides a new model for (1) better understanding of the pivotal
role of ADNP in neurodevelopment and neuroprotection in males
and females and paves the path to (2) optimizing and improving
NAP (davunetide) and related compounds'®>7 for potential future
clinical development in ASD and prevention of later onset of AD,
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while paying attention to the dramatic sex differences toward
precise medical intervention/rational translational psychiatry.
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