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Abstract The postmenopausal decrease in circulat-
ing estradiol (E2) levels has been shown to contrib-
ute to several adverse physiological and psychiatric
effects. To elucidate the molecular effects of E2 on
the brain, we examined differential gene expres-
sion and DNA methylation (DNAm) patterns in the
nonhuman primate brain following ovariectomy
(Ov) and subsequent subcutaneous bioidentical E2
chronic treatment. We identified several dysregulated
molecular networks, including MAPK signaling and
dopaminergic synapse response, that are associated
with ovariectomy and shared across two different
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brain areas, the occipital cortex (OC) and prefron-
tal cortex (PFC). The finding that hypomethylation
(p=1.6x107") and upregulation (p=3.8x107%) of
UBE2M across both brain regions provide strong evi-
dence for molecular differences in the brain induced
by E2 depletion. Additionally, differential expression
(p=1.9x107%; interaction p=3.5x1072) of LTBR in
the PFC provides further support for the role E2 plays
in the brain, by demonstrating that the regulation of
some genes that are altered by ovariectomy may also
be modulated by Ov followed by hormone replace-
ment therapy (HRT). These results present real
opportunities to understand the specific biological
mechanisms that are altered with depleted E2. Given
E2’s potential role in cognitive decline and neuro-
inflammation, our findings could lead to the discov-
ery of novel therapeutics to slow cognitive decline.
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Together, this work represents a major step toward
understanding molecular changes in the brain that are
caused by ovariectomy and how E2 treatment may
revert or protect against the negative neuro-related
consequences caused by a depletion in estrogen as
women approach menopause.

Keywords Aging - DNA methylation - Estradiol -
Occipital cortex - Prefrontal cortex - RNA-Seq

Introduction

Estradiol (E2) is mainly produced by the ovaries and
is the most physiologically relevant estrogen (oth-
ers include estrone and estriol). E2 exerts control
over numerous biological functions by binding to the
intracellular estrogen receptors alpha and beta (ERa
and ERf) [1-5] and the G-protein-coupled receptor
GPR30/GPER1 [6].

E2 levels fluctuate throughout the female men-
strual cycle, and as women age and go through natu-
ral menopause, E2 levels progressively decline. As
a reflection of the broad roles of E2, adverse physi-
ological and psychiatric effects accompany the natu-
ral decline of E2 levels. These include vasomotor
symptoms (hot flashes, night sweats) [7, 8], sleep
disturbances [9], somatic symptoms (pains, aches)
[7], cognitive performance decline [10], anxiety [7],
and depression [7]. Such effects are expected given
the E2’s neural role in mediating synaptic plasticity
[11-16], increasing dendritic spine density, long-term
potentiation (LTP) [17], neuroprotective effects [18],
and improving cognitive performance [19, 20].

A lack of E2 right after menopause negatively
affects learning and memory and increases the risk of
neurodegenerative diseases, such as Alzheimer’s dis-
ease (AD) [21, 22]. The incidence of AD and related
dementias is two to three times higher in women than
in men, and premature menopause increases this risk
[23, 24]. Although surrounded by a lot of debate
[25, 26], there is much evidence to suggest that E2
replacement therapy, administered immediately at
menopause [27-35], may improve cognitive perfor-
mance and reduce risk for onset and development of
AD [3-5, 24]. These effects highlight E2’s role in
preserving cognitive function and overall well-being.

Although it does not exactly replicate the natural
decline in E2 as seen in healthy women, ovariectomy
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(Ov) and ovohysterectomy (OvH) have been widely used
in preclinical models to investigate the physiological and
neural adaptations that take place when the ovarian E2
supply is removed [18]. It should be noted that, although
there is neuronal production of E2 with important neu-
romodulator and neuroprotective functions [36, 37], its
sources are androgens, which are mostly produced by
the ovaries [38]. Ov and Ov with hormone replacement
therapy (Ov-HRT) are implemented as effective cancer
treatments and are commonly used for benign gyneco-
logic conditions in women 40 years and older [39]. Fur-
thermore, women who underwent Ov showed a higher
risk for the development of dementia, but not if they
received Ov-HRT treatment at the time of surgery [33].
Thus, preclinical surgical menopause animal systems
become excellent models in which to examine the nega-
tive impact of reduced E2 concentrations on molecular
and physiological processes, as well as the potential ben-
efits of hormonal replacement therapy (HRT), in women
who have experienced abrupt E2 removal.

Among the current preclinical models, nonhu-
man primates (NHPs) are highly valuable for this
research because of their very similar physiology
to humans and because females undergo a typical
menopausal transition, at around 25 years of age
[40]. Our own studies, and others, demonstrated that
immediate Ov-HRT in aged surgically menopausal
rhesus macaque females showed positive effects on
memory [30, 41] and favorable effects on cogni-
tion in aged females under an obesogenic diet [42].
Using brain samples from the same females, we
identified differential gene expression in the occipi-
tal (OC), prefrontal cortex (PFC), hippocampus
(HIP), and amygdala (AMG), with enrichment in
neuroinflammation in OC and HIP, but inhibition in
the AMG with Ov-HRT. Synaptogenesis, circadian
rhythm, mitochondrial dysfunction, mTOR, gluta-
mate, serotonin, GABA, dopamine, epinephrine/
norepinephrine, glucocorticoid receptor signaling,
neuronal NOS, and amyloid processing were exclu-
sively enriched in AMG. As compared to the control
group, most of these signaling pathways are down-
regulated after Ov-HRT, suggesting a protective
effect of E2 in Ov-HRT females under a Western-
style diet. A follow-up study, using the contralateral
AMG from these same females, as well as from a
separate cohort of females under a regular chow
diet, showed that Ov-HRT (immediate treatment)
had lower histological amyloid B plaque density as
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compared to placebo females [43]. Furthermore,
our own studies showed that E2 treatment clearly
improved cognitive performance in the same ani-
mals included in the current study [30]. Here, we
sought to elucidate the molecular pathways in two
cognitive-relevant cortical regions that could be
altering brain function and ultimately contributing
to such cognitive benefits.

It is well-known that E2 binds to ERa and ERp,
and through the canonical mechanism of action, the
E2-ER complex binds to estrogen-responsive ele-
ments (ERE) at promoters of target genes regulating
their expression. In addition, E2, through binding
to EREs, regulates gene expression through neuroe-
pigenetic regulation [44]. After binding to ERE, the
ligand-bound ERs recruit chromatin remodelers,
such are BAF60 or recruiting CREB-binding protein
(CBP), that regulate DNA and histone modifications
[45-49]. Intrahippocampal E2 increases DNMT3a
and 3b levels and activity, decreases HDAC2 expres-
sion, and increases H3 and H4 acetylation, alter-
ing memory in ovariectomized mice. Furthermore,
DNMT inhibition by 5-AZA inhibited recognition
memory [50, 51]. These prior findings support the
critical role of DNA methylation (DNAm) in mediat-
ing the effects of E2 in brain function.

In the present study, we characterize the transcrip-
tomic and methylomic profile of the brain between
elderly ovary intact (OI), Ov females without HRT
under a regular chow diet to determine the molecular
signatures associated with an abrupt depletion of E2
at a peri-menopausal age. We next evaluate if HRT
instituted shortly after Ov can revert any of these
changes to maintain an age-matched molecular pro-
file. We focus on two cortical brain regions associated
with cognitive function and known to be impacted in
aging and dementias. The OC is involved in visuospa-
tial processing, distance and depth perception, color
determination, object and face recognition, and mem-
ory formation [52, 53]. Damage in this area is linked
to hallucinations in dementia patients [54]. The PFC
is a central brain structure involved in working mem-
ory, temporal processing, decision-making, flexibil-
ity, and goal-oriented behavior [55]. In the context of
AD, neurodegeneration and neural damage have been
reported in the PFC and OC, in the latter case with an
association to early onset [56, 57].

The present study focused on elucidating the
molecular effects of E2 on the primate brain by exam-
ining the differential gene expression and DNAm pat-
terns in OI and following Ov and subsequent E2 treat-
ment. With this model, we have identified a number of
dysregulated molecular networks that are associated
with Ov and are shared across two different regions of
the brain, OC and PFC. The latter is particularly sus-
ceptible to age-associated neuropathologies such as
AD and frontotemporal lobar degeneration (FTLD).
Our results suggest extensive molecular differences in
the brain induced by E2 depletion. We have also iden-
tified a number of Ov-related molecular differences
that appear to be modulated by Ov-HRT treatment.
These changes offer valuable insights into the neurobi-
ological consequences of E2 deficiency and potential
alternative therapeutics that could be more targeted.

Methods
Subjects

This study was approved by the Oregon National
Primate Research Center (ONPRC) Institutional
Animal Care and Use Committee and used 18 old
(range=15.4-19.2 years, at the beginning of the study)
female rhesus macaques (Macaca mulatta). The median
lifespan of this species in captivity is~25 years [58,
59], and in the range of pre- to peri-menopausal endo-
crine status [40, 60]. The animals were socially housed
indoors in paired cages under controlled environmen-
tal conditions—24 °C temperature, 12-h light and 12-h
darkness photoperiods (lights on at 07:00 h) and were
cared for by the ONPRC Division of Comparative
Medicine in accordance with the National Research
Council’s Guide for the Care and Use of Laboratory
Animals. All females were fed a specially prepared bal-
anced and semipurified diet low in phytoestrogens, as
described [30]. The diet was prepared in the ONPRC’s
kitchen bimonthly and kept frozen until use. Daily meals
at~08:00 h and~ 15:00 h were supplemented with fresh
fruits or vegetables; fresh drinking water was available
ad libitum. Additional enrichment included watching
video programs and interactions with the Behavioral
Science Unit staff and animal care technicians.
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Ovariectomy and estradiol supplementation

Before Ov, all of the females were showing menstrual
cycles and were therefore considered to be premeno-
pausal at the beginning of the study. Except for the
ovary intact (OI, n=4) females, the rest of the ani-
mals were Ov, resulting in E2 levels below 20 pg/
mL. Half of the females (n=6, Ov-HRT) were started
on HRT ~2.5 months post-Ov in the form of subcu-
taneous E2-containing elastomer capsules, which
achieved serum E2 concentrations of 94.3 +20.5 pg/
mL; the other half (n=8) received empty capsules
(placebo), which achieved serum E2 concentrations
of <30 pg/mL on average across~48 months (age at
end of study, 19.4-23.2 years). Serum E2 was meas-
ured every 2 months and the capsule was replaced or
its size adjusted as deemed appropriate [30].

Euthanasia

After the~4-year duration of the study, a detailed
necropsy protocol previously used in our laboratory
was used to systematically collect brain tissues from
all subjects; other body tissues were made avail-
able to other investigators for unrelated postmor-
tem studies. OI females were at the follicular phase
at necropsy (based on menstrual cycle records and
terminal serum estradiol and progesterone concen-
trations). Briefly, monkeys were sedated with keta-
mine (10 mg/kg) and administered with pentobar-
bital, followed by exsanguination, as recommended
by the 2013 Edition of the American Veterinary
Medical Association Guidelines for the Euthana-
sia of Animals. Brains were quickly removed, and
the right hemisphere was dissected to isolate the

Commencement
of Study

Ovariectomy &
Estradiol Therapy

Ovariectomy (n = 14)

different brain regions. Briefly, the dorsal and ven-
tral banks of the PFC were collected around the pri-
mary sulcus. The OC was removed from the caudal
tip of the occipital lobe. All tissues were wrapped
in aluminum foil, immediately frozen in liquid nitro-
gen, and then archived at—80 °C. See Fig. 1 for the
experimental design.

DNA/RNA isolation

Genomic DNA and RNA were extracted from each
brain region using the All-Prep DNA/RNA/miRNA
Universal kit (Qiagen Sciences Inc., Germantown,
MD) following the manufacturer’s recommendations.
Briefly, each brain region was pulverized, and ~30 mg
of tissue was used for DNA/RNA isolation.

cDNA library construction

For stranded RNA-seq, cDNA libraries were pre-
pared with the TruSeq stranded mRNA library prep
Kit (cat# RS-122-2101, Illumina, San Diego, CA,
USA). The resulting libraries were sequenced on a
HiSeq 4000 (Genomics & Cell Characterization Core
Facility, University of Oregon) using a paired-end run
(2% 150 bases). A minimum of 100 M reads was gen-
erated from each library.

RNA-Seq processing and calling

Raw sequences were examined for quality using
FastQC [61]. Phred scores (probability a base was
called correctly) and GC content were observed for
abnormalities. After initial quality control of the
reads was completed, alignment was performed using

Necropsy

Ovariectomy without HRT (n = 8)

! 18 rhesus macaques

randomized into three groups
(ages: 15.4-19.2 yrs)

Fig. 1 Experimental design
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STAR two-pass alignment [62]. Reads were aligned
to the Macaca mulatta assembly (Mmul_10) and
scored on how well they corresponded to the refer-
ence genome and whether or not they map to multiple
positions across the genome. Low-scoring reads, usu-
ally short and poor-quality reads, were not retained
(mapping quality score <2). Post-alignment, reads
were quantified at the gene level using the program
featureCounts [63], and DESeq2 [64] was used to
transform gene counts and estimate fold-change val-
ues for differentially expressed genes. Genes that
had either an average read count below 5, missing
values for more than one-third of the samples, or a
coefficient of variation greater than 50 in the control
samples were dropped to remove noisy and lowly
expressed genes.

Differential expression analysis

Differential expression analysis was computed in
DESeq2 where the gene expression values were eval-
uated as the outcome in a negative binomial gener-
alized linear model [64]. Whether or not the animal
had undergone Ov was the predictor of the primary
model we computed. This analysis was computed
only in animals that had not received Ov-HRT treat-
ment. Given no significant differences in age between
animals and all of them are all much older females
(~25 years) in the same stage of life and the lim-
ited power of the study, we did not adjust for age as
a covariate. A Benjamini-Hochberg false discovery
rate (FDR) was applied to the unadjusted p-value to
account for multiple comparisons [65]. We repeated
this same analysis in animals treated with Ov-HRT. In
addition to these models, to find differences directly
related to Ov, we tested the interaction between Ov-
HRT and Ov. To enable this analysis, we replicated
the control samples (OI) into two groups, one labeled
as having received Ov-HRT treatment, and the other
as having not received HRT treatment. We recognize
that comparing both Ov groups to the same exact
set of controls (OI) will lead to false positives, but
we primarily used the test of interaction as a way
of rapidly identifying genes associated with Ov that
are potentially modified by Ov-HRT treatment. As
expected, Benjamin—-Hochberg FDR adjustment left
no interaction results, so we considered interaction
results that met an unadjusted p <0.05, particularly
because computing the interaction globally for all

genes was not our main interest. We were primarily
interested in genes that showed expression changes
related to Ov that no longer showed association with
Ov with Ov-HRT treatment. To obtain a general set
of genes that fit this criterion, we filtered the results to
include only genes that showed suggestive evidence
of Ov association (unadjusted p <0.05) without Ov-
HRT treatment and little evidence of Ov association
with Ov-HRT treatment (unadjusted p>0.1). From
this reduced set of genes, we further filtered down
to only those results that had at least suggestive evi-
dence (p <0.05) of interaction between Ov and Ov-
HRT treatment.

Differential exon usage (DEU) analysis

The DEXSeq pipeline was applied (with the default
parameters) to analyze the aligned reads and obtain
exon-level counts [66]. The exon-level counts were
loaded and inspected in R (4.1.1) as DEXSeq objects
before being normalized with DESeq2’s normaliza-
tion algorithm [64]. DEXSeq, similar to DESeq2,
computes negative binomial regression and shares
dispersion estimation across features. The program is
designed to estimate differences in exon usage within
a particular gene across conditions and will not iden-
tify genes with global differences in exon expression
across a given gene (i.e., the genes identified by DEU
analysis will be different than those identified in the
DE analysis). We computed a model where the pre-
dictors included a dummy variable for the exon, an
indicator variable for whether the animal had under-
gone Ov, as well as the interaction between the two
to assess DEU age associated with Ov. A Benja-
mini—-Hochberg FDR was applied to the unadjusted
p-value to account for multiple comparisons [65].
Results with an FDR-adjusted p <0.05 were retained
for pathway analysis. Top results were also over-
lapped with DMR genes to assess whether changes in
methylation appeared to be affecting the exon usage
of any genes.

Genome-wide DNA methylation profiling

Genomic DNA was checked for quality by electropho-
resis on a 0.7% agarose gel, using a NanoDrop 8000
spectrophotometer (Thermo Scientific, Wilmington,
DE, USA) and quantified using a Qubit (Thermo
Scientific, Wilmington, DE, USA). A total of 50 ng
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of genomic DNA was sheared using a Bioruptor
UCD200 (Diagenode, Denville, NJ, USA), generating
fragments of ~180 bp. The Illumina TruSeq Methyl
Capture EPIC library prep kit (Illumina, Santa Clara,
CA, USA) was used following the manufacturer’s
instructions. The EPIC probes interrogate > 3.3 mil-
lion individual CpG sites per sample at a single-
nucleotide resolution. After end repair, 3’ A-tailing,
and adaptor ligation, libraries were pooled in groups
of four, followed by two rounds of hybridization and
capture using the EPIC probes, bisulfite conversion,
and final amplification. After library quantification
using a 2100 Bioanalyzer (Agilent Technologies),
DNA libraries were sequenced (3 libraries per 150PE
lane) on an [llumina HiSeq4000 at the University of
Oregon Genomics and Cell Characterization Core
Facility (GC3F). Subsequently, 5% PhiX DNA (Illu-
mina Inc.) was added to each library pool during clus-
ter amplification to boost diversity. Cases and con-
trol samples were mixed within lanes and sequenced
together on the same flow-cell to reduce the impact of
batch effects on data. The quality of the bisulfite-con-
verted sequencing reads was assessed with FastQC
[61]. Reads were trimmed and aligned to the macaque
reference genome (Mmull0), and then the bisulfite
conversion rates were evaluated, insuring all librar-
ies were>98% converted, and CpG methylation was
evaluated using Bismark [67]. The methylation rates
were calculated as the ratio of methylated reads over
the total number of reads. Methylation rates for CpGs
with fewer than 10 reads were excluded from further
analysis. We next removed CpG sites on sex chro-
mosomes. The remaining~2.8 to 3.0 million CpGs
per sample (OC and PFC, respectively) post-filtering
were used for downstream analyses.

The differential methylation analysis was carried
out by applying a generalized linear mixed effects
model (GLMM) implemented in R package PQLseq
(version 1.2.1) [68, 69] separately for each CpG site.
PQLseq models the technical sampling variation in
bisulfite sequencing data with a binomial distribu-
tion. The methylation values were modeled as the
outcome, and the predictor was whether or not an
animal had undergone Ov. The relatedness of the ani-
mals was accounted for by modeling the relatedness
as random effects, and for the test of interaction, we
also modeled Ov-HRT status as an additional predic-
tor and computed the interaction between Ov and Ov-
HRT. Consistent with what was done with the gene
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expression data, the OI samples were replicated and
relabeled with Ov-HRT and non-Ov-HRT categories
to allow for the test of interaction. The most common
methylation proportion values are 0 and 1, which are
problematic in the context of generalized linear mod-
els with the logit link function (infinite in the logit-
transformed space). We used a common pseudo-count
transformation to avoid both extremes, as recom-
mended, for example, by the developers of PQLseq
[70]. This was done after adding+ 1 to the number
of methylated reads and+2 to the total number of
reads to avoid modeling methylation proportions that
are exactly O or 1, as recommended by the authors of
PQLseq [70]. This pseudo-count transformation was
only applied to non-missing values (coverage > 10 X).

Each nominal p-value was corrected for multiple
comparisons by the Benjamini-Hochberg FDR [65].
In parallel, the nominal p-value was used as input for
Comb-p [71] analysis to identify differentially methyl-
ated regions (DMRs) between OI, Ov, and Ov-HRT as
previously described [72]. The Comb-p method uses a
sliding window correction where each Wilcoxon p-value
is adjusted by applying the Stouffer—Liptak—Kechris
(slk) method [73-75] of neighboring p-values as
weighted according to the observed autocorrelation
(ACEF) at the appropriate lag. Briefly, Comb-p calculates
the ACF at varying distance lags, and then the ACF is
used to perform the slk correction where each p-value
is adjusted according to adjacent p-values as weighted
according to the ACF. Thus, a given p-value will be
pulled lower if its neighbors also have low p-values and
likely remain insignificant if the neighboring p-values
are also high. Next, a g-value score based on the Benja-
mini—Hochberg FDR correction is calculated. The peak-
finding algorithm is used to find enrichment regions.
Once the regions are identified, a p-value for each
region can be assigned using the Stouffer—Liptak cor-
rection. Then, the false discovery rate g-value is used to
define the extent of the region, whereas the slk-corrected
p-value and the one-step Sidak multiple-testing correc-
tion [76] are used to define the significance of the region.
Parameters for Combwere DIST =300, STEP=60, and
THRESHOLD=0.05.

Network analysis
Significant DMRs that had gene annotations, as

well as DE genes and genes demonstrating DEU,
were combined for each brain region. Those gene
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lists were again combined across brain regions to
identify significantly altered genes that replicated
across both OC and PFC. Genes that were DE in
both tissues were only retained if they were altered
in consistent directions across both brain regions.
Results were analyzed in KEGG, STRING,
and MCODE to find biological pathways enriched
between groups (Fig. 2; Figs. S2 and S3) [77, 78].
STRING was used to obtain protein—protein interac-
tions for all genes that met our filtering criteria for
each omic analysis. STRING was applied to find
only “high confidence” protein—protein interactions
with options for “text mining” and “neighborhood”
disabled [77]. MCODE was applied to the remaining
interactions to obtain a set of highly interconnected
gene clusters [78], and the biological functions of
each cluster with MCODE scores greater than 4.0
were identified through the KEGG pathways [79].

Functional promoter/enhancer assay

To determine the promoter or enhancer activ-
ity capacity of two DMRs located in the promoter

MAPK Signaling
(p = 2.37x101°)

Dopaminergic
Synapse

(p = 2.37x10°6) 't*”?

: @ ® ampk
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/- = o sl (P = 2:96x107)

and overlapping with exon 1 of the rhesus macaque
LTBR and overlapping with the last exon of MZFI
and in the promoter of UBE2M genes, we cloned
the corresponding macaque DMR regions (LTBR
(PFC), chr11:6,528,520-6,529,383; UBE2M (PFC),
chr19:58,128,610-58,130,108; and (OC), chrl9:
58,128,532-58,130,175) in the luciferase reporter
vector pGL3 (Promega) and transfected HEK293
cells (HEK 293, obtained from the Wake Core Repos-
itory). In addition, we transfected cells with the basic
and control pGL3 as negative and positive controls;
respectively. HEK293 cells were seeded in 96-well
plates at 10,000 cells/well density and cultured in
Dulbecco’s modified Eagle medium (DMEM) con-
taining high glucose (4.5 g/L) supplemented with
10% fetal bovine serum (FBS) and maintained at
37 °C and 5% CO,. Twenty-four hours later, cells
were transfected using 90 ng of each corresponding
vector diluted in 10 pL of opti-medium and 0.3 pL
of X-treme GENE HP DNA Transfection Reagent
(Roche). Subsequently, 10 ng of Renilla vector (Pro-
mega) was co-transfected and used for normalization.
After 48 h of transfection, Dual-Glo® reagent equal
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Fig. 2 Biological networks of ovariectomy-related changes in
gene expression and DNA methylation. Protein interactions
were obtained from STRING’s protein interaction database.
MCODE was used to find tightly connected clusters of interac-
tions that are labeled according to functions defined in Gene
Ontology biological processes (enrichment p-value listed). The
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O Both
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color of the nodes reflects the tissue where the gene was identi-
fied while the shape of the nodes reflects which omics analysis
the gene was identified in. The size of the node reflects statis-
tical significance with larger nodes, like UBE2M, being more
significant
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to the volume of culture medium was added to each
well. After 10 min, firefly luminescence was meas-
ured in a luminometer (SpectraMax iD3).

Results
Differential expression analysis

In the OC, 14,842 genes met the filtering criteria
while 14,590 genes met the filtering criteria in the
PFC. After computing association testing with each
gene from each of those sets, we identified 150 and
128 differentially expressed (DE) genes associated
with Ov (FDR<0.05) in the OC and PFC, respec-
tively (Table S1).

To explore if Ov-HRT treatment modulates the
effect of Ov, we computed an interaction test between
Ov-HRT treatment and Ov status. Instead of glob-
ally testing for an interaction between Ov-HRT and
Ov status, we were primarily interested in genes
that showed significant expression changes related
to Ov that no longer showed a statistical association
with Ov once the animals received Ov-HRT treat-
ment. To obtain a general set of genes that fit this
criterion, we filtered the results to include only genes
that showed suggestive evidence of Ov association
(unadjusted p <0.05) without Ov-HRT treatment and
little evidence of Ov association with Ov-HRT treat-
ment (unadjusted p>0.1). From this reduced set of
884 (PFC) and 663 genes (OC), we further filtered
down to only those results that had suggestive evi-
dence (p<0.05) of interaction between Ov and Ov-
HRT treatment. In the OC and PFC, we identified 19
and 10 genes, respectively, with suggestive evidence
for Ov-HRT effects (Table 1). Ten of these genes are
known to interact with the estrogen receptors or their
expression being associated with the levels of estro-
gen. These include the transient receptor potential
vanilloid 6 (TRVP6), adrenomedullin (ADM), the glu-
cose transporter 12 (SLC2A12), supervillin (SVIL),
acyl-CoA synthetase 2 (ACSF2), lymphotoxin-B
receptor (LTBR), the hematopoietic PBX-interacting
protein 1 (PBXIP1I), the fucosyltransferase 1 (FUTI),
neuromedin U (NMU), and the Purkinje cell protein
4 (PCP4). Furthermore, TRVP6 is known to contain
estrogen-responsive elements in its promoter. In the
OC-specific network, ADM was part of the insulin
secretion pathway. And in the OC/PFC combined
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network, PBXIP1 was a member of the AMPK sign-
aling pathway.

Differential exon usage analysis

These represent a unique set of genes that are being
alternatively spliced in Ov animals and are mutually
exclusive from the set of DE genes. Among these
genes, HADHB, MDH?2, and ELMO]I are known to
interact with ERs and/or have EREs (i.e., ELMOI).
No exons were identified as significant in the test of
interaction between Ov and Ov-HTR after correc-
tion for a FDR. Given the massive number of tests
computed, the smaller sample size of the study, and
the additional degrees of freedom needed to test the
interaction between exon and Ov status (see “Meth-
ods” section), it is likely that we are underpowered
to compute DEU analysis at this scale. Nonethe-
less, the 15 unique genes demonstrating significant
DEU were included in the network analysis (Fig. 2).
BMSI, CACNA2D3, DAPKI, and RGS6 clustered
into the MAPK signaling and ribosome biogenesis
networks (Fig. 2). In addition, we overlapped each of
the 15 DEU genes with significant DMRs in the OC
(FDR <0.05 and Sidak <0.05) because exon usage
can often be influenced by DNAm. We did not iden-
tify any overlapping results between the genes that
were mapped to our significant DMRs and the DEU
genes.

Differential methylation analysis

In the OC and PFC, 2.6 million and 2.9 million CpGs
met the filtering (no missing values across sam-
ples and standard deviation of CpG methylation rate
across all samples less than 5%), respectively. After
computing association testing with each CpG from
each of those sets, and aggregating the CpG results
into DMRs, we identified 254 (OC) and 457 (PFC)
significant (Sidak’s p<0.05) DMRs associated with
Ov (Table S1). 24 DMRs were shared across both
brain regions (Table 2). All of them showed the
same direction of change in DNAm, except for the
E3 ubiquitin-protein ligase, TRIM36, and the SH3-
binding kinase 1, SBKI, that were hypomethylated
in OC. Furthermore, SBKI is both hypermethyl-
ated and downregulated in the PFC. In the PFC, 5
DMRs showed overlap with DE genes (Table 2). The
UBEM?2 (ubiquitin-conjugating enzyme 2) DMR is
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Table 1 Interaction results. Genes that demonstrate suggestive evidence (p <0.05) for a modifying estradiol result

Ensembl gene symbol Gene name  Ov log2FC Ovp Ov-HRT log2FC ~ Ov-HRT p  Interaction p  Tissue
ENSMMUGO00000008260  P2RX1* —1.65 6.10E-05 0.37 5.81E-01 9.64E-04 oC
ENSMMUGO00000016219  TRPV6 0.93 1.58E-02 —-0.43 4.67E-01 2.00E-03 oC
ENSMMUGO00000049314  DUSP2 0.61 1.27E-02 -0.13 6.35E-01 2.46E-03 oC
ENSMMUGO00000015308  CAPN6 -0.92 295E-02 0.96 6.39E-02 3.03E-03 PFC
ENSMMUG00000020213  LTBR -0.72 2.90E-03 0.18 6.06E-01 4.09E-03 oC
ENSMMUGO00000011426 ~ TIMP1 —0.40 297E-02  0.23 1.66E-01 4.16E-03 PFC
ENSMMUGO00000063192  SOX17 -0.98 8.29E-03  0.08 8.63E-01 7.62E-03 oC
ENSMMUGO00000000662  GBP3 -0.43 6.81E-03  0.45 1.51E-01 1.10E-02 PFC
ENSMMUGO00000007604  PODN -0.77 2.92E-02 0.52 3.32E-01 1.14E-02 oC
ENSMMUGO00000016387  ADM 0.61 431E-02 -0.18 5.82E-01 1.29E-02 oC
ENSMMUGO00000016027  SERTADI 0.49 3.25E-02  0.02 9.32E-01 1.63E-02 oC
ENSMMUGO00000017327  SLAMF7 -1.72 1.62E-02  0.35 6.04E-01 1.79E-02 PFC
ENSMMUGO00000022921  SLC2AI12 -0.44 1.41E-02  0.06 7.74E-01 1.81E-02 ocC
ENSMMUG00000002422  AEBP1 -0.93 5.65E-03  0.43 3.82E-01 2.63E-02 ocC
ENSMMUGO00000047632  NA 3.69 1.94E-03 1.44 6.97E-02 2.71E-02 oC
ENSMMUGO00000001545  NA 0.64 1.22E-02  -0.02 9.47E-01 2.94E-02 oC
ENSMMUG00000020346 ~ CPXM2 -1.15 3.70E-03  0.24 5.62E-01 2.99E-02 oC
ENSMMUG00000025057  SNORD14  0.70 3.37E-02 -0.30 4.81E-01 3.10E-02 PFC
ENSMMUGO00000064609  LIN28B 0.87 1.51E-03  0.11 7.45E-01 3.15E-02 PFC
ENSMMUG00000022741 ~ WFIKKN2 -0.94 7.49E-03  0.07 8.89E-01 3.33E-02 oC
ENSMMUG00000001374  SVIL -0.47 2.61E-02 0.13 6.37E-01 3.56E-02 oC
ENSMMUGO00000017236 ~ ACSF2 -0.31 2.90E-02 0.19 4.00E-01 3.58E-02 PFC
ENSMMUG00000020213  LTBR* —-0.86 1.90E-04 -0.04 9.01E-01 3.59E-02 PFC
ENSMMUGO00000006576 ~ PBXIPI* -0.59 1.35E-04 -0.12 5.76E-01 4.08E-02 PFC
ENSMMUGO00000004020  FUTI 0.58 457E-02  -0.12 6.88E-01 4.19E-02 oC
ENSMMUGO00000043692 NMU 1.30 1.41E-03  0.36 1.74E-01 4.21E-02 oC
ENSMMUGO00000041181  PCP4 0.72 3.37E-02  -0.05 8.57E-01 4.36E-02 ocC
ENSMMUG00000000984  VILL 1.07 1.81E-02 0.21 5.86E-01 4.51E-02 ocC
ENSMMUGO00000017360  NT5DC2 -0.30 3.20E-02 0.19 4.20E-01 4.54E-02 PFC

Genes in bold were differentially expressed and/or differentially methylated across brain areas

FC fold change, Ov ovariectomized, Ov-HRT ovariectomiced with hormone replacement therapy, PFC prefrontal cortex, OC occipi-

tal cortex

very strongly replicated across both brain regions,
which again suggests this is unlikely to be a false pos-
itive (Fig. 3). UBE2M also shows suggestive evidence
of differential expression in the OC (Fig. 3). In this
case, the DMR (OC, 157 DMCs; PFC, 145 DMCs) is
hypomethylated in both brain areas with Ov as com-
pared to OI, and the gene is upregulated in the OC of
Ov with or without HRT. The DMR is located ~3 kb
upstream of the UBE2M transcription start site and
mapping to the last exon of the MZFI gene. Differ-
ential expression was detected for UBE2M but not
for the MZF1 gene. According to the reporter assay

results, the subregion within this DMR has promoter
activity (Fig. S1), as shown by an increased luciferase
relative light units (RLUs) as compared to the control
vectors (PGL3 enhancer vector, Fig. S1).

To explore if Ov-HRT treatment modulates
the effect of Ov, we also computed an interaction
test between Ov-HRT treatment and Ov status.
As expected for the sample size and the nature of
combining CpGs to build DMRs, FDR adjustment
left no DMRs. LTBR, as mentioned above, is a DE
gene that is also a significant DMR in the PFC
(Fig. 4). The DMR contains 57 DMCs and maps to
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Table 2 Overlapping
results. Genes that
demonstrate either
differential expression or
methylation across both
the occipital cortex and
the prefrontal cortex with
ovariectomy

Gene name Occipital cortex Prefrontal cortex

Effect Adjusted p Dataset Effect Adjusted p Dataset
UBE2M -0.17 1.65E-51 DMR -0.13 9.63E-32 DMR
PLD6 -0.16 1.16E-20 DMR -0.11 5.08E-03 DMR
KCNG?2 -0.08 4.74E-19 DMR -0.05 1.33E-08 DMR
RNF157 -0.14 5.94E-12 DMR -0.42 1.34E-02 DEG
PPIAL4G -0.15 9.66E-11 DMR -0.24 5.36E-15 DMR
PTPRU 0.24 2.43E-06 DMR 0.11 7.68E-11 DMR
CHSYI 0.10 4.88E-05 DMR 0.08 8.27E-05 DMR
STX2 —-0.06 6.29E-05 DMR -0.13 2.70E-03 DMR
TRIM36 -0.95 2.78E-04 DEG 0.12 1.03E-02 DMR
KLK4 0.16 8.52E-04 DMR 0.09 1.44E-03 DMR
NCOR2 -0.08 1.11E-03 DMR -0.08 1.37E-03 DMR
SBK1 -0.10 1.19E-03 DMR 0.10 1.54E-05 DEG & DMR
KIFAP3 0.03 1.35E-03 DMR 0.05 8.88E-03 DMR
GAS6 -0.22 2.77E-03 DMR —-0.06 8.21E-03 DMR
HAPLN4 0.15 3.58E-03 DMR 0.10 2.02E-04 DMR
RABI2 -0.13 5.24E-03 DMR -0.08 1.90E-03 DMR
TAFIB 0.11 6.58E-03 DMR 0.12 1.84E-16 DMR
ADGRDI1 0.10 7.40E-03 DMR 0.10 2.84E-03 DMR
SGTA 0.07 1.73E-02 DMR 0.09 3.24E-02 DMR
ZBTB7A -0.12 2.30E-02 DMR -0.83 3.62E-02 DEG
CEP170 -0.58 3.98E-02 DEG -0.15 4.78E-24 DMR
AURKC 0.16 4.21E-02 DMR 0.10 6.35E-05 DMR
NUDTIO 0.82 4.29E-02 DEG 1.00 3.82E-02 DEG
MEIS2 -0.11 4.94E-02 DMR -0.09 1.76E-02 DMR

“Effect” stands for either a log,(fold-change) or a difference in methylation rates. A positive
effect is indicative of an increase with ovariectomy, while a negative effect indicates a decrease
with ovariectomy. “Adjusted p” is the p-value adjusted for multiple comparisons, either an FDR
adjustment for DEGs or Sidak’s adjustment for DMRs. For results that are both a DEG and a
DMR in the same tissue, the DMR effect and p-value are listed

DMR differentially methylated region, DEG differentially expressed gene

the promoter and the first alternative exons of this
gene. The DMR is significantly hypermethylated
in Ov samples as compared to OI samples (aver-
age DNAM=27% vs 14%; respectively), while in
Ov-HRT, the methylation level was not different to
OI or Ov (average DNAm=20%). The promoter/
enhancer assays and the position of the DMR sug-
gest that this DMR is functioning as a promoter
(Fig. S1). In agreement with this DMR function-
ing as a promoter, we observed a downregulation
of LTBR with the hypermethylated DMR in Ov
(Fig. 4), while the expression in OI and Ov-HRT
did not differ.
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Network analysis

Network analysis for each brain region was completed
independently for each tissue. In the OC, we identi-
fied 150 DE genes and 254 DMRs, while we identi-
fied 128 DE genes and 457 DMRs significantly asso-
ciated with Ov in the PFC (Table S1). In the OC, 23
genes clustered into 3 MCODE clusters (MCODE
score >4.0), and in the PFC, 48 genes clustered into
5 MCODE clusters (MCODE score >4.0) (Figs. S2
and S3). Pathway analysis shows different pathways
enriched in a tissue-specific manner, highlighting the
particular function of each brain region. For instance,
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Fig. 3 Ovariectomy-related changes in gene expression and
methylation of UBE2M. UBE2M was a gene that demonstrated
significant differences in methylation across both brain regions.
In addition, it demonstrated significant differences in expres-
sion in the OC. The DMR and CpG island that was annotated

in the OC, there was an enrichment in the regulation
of insulin secretion, with UBE2M and ADM being
hypermethylated and the estrogen receptor ESR2
being hypomethylated in Ov. In the PFC, there was
an enrichment in GPCR signaling, which included
the pro-opiomelanocortin POMC, the G-protein sign-
aling 17 (RGS17) or the G-protein subunit gamma 2
and 7 (GNG2 and GNG?7), among others. The ankyrin
signaling pathway and the HSP90 chaperone-medi-
ated activation of steroid hormone receptors were
also enriched in the PFC with Ov. These pathways
included ANKI and ANK3, several dyneins (DYNLL2,
DYNLT3, and DYNCILI2), and the FK506-binding
protein 4 (FKBP4).

Given that the different brain regions under study
play critical roles in processing cognitive functions,
after filtering and manual curation to identify genes
that were replicated across brain regions for omics,
891 total genes were submitted for global integrated

to UBE2M resides upstream of UBE2M in the same genomic
region as the MZF1 gene and appears to be hypo-methylated
with ovariectomy. Expression of UBE2M increases with ova-
riectomy, regardless of E2 treatment, and average DNA meth-
ylation rates are not significantly altered with E2 treatment

network analysis (Fig. 2). Of the 891 genes, 127
genes clustered in 7 MCODE clusters (MCODE
score>4.0). The largest of the clusters contained 67
genes and was strongly enriched for “MAPK signal-
ing”. Genes with differential expression and methyla-
tion from both brain regions are similarly represented
in this pathway. For instance, and within the regula-
tors of the G-protein signaling (RGS) subcluster, all
three members of the R12 family (RGS10, 12, and
14) were hypermethylated in Ov in the PFC. Exon 24
of the RGS6 was downregulated in the OC leading to
the production of different RGS6 transcripts under
Ov conditions (Fig. S4). This brain specificity in the
expression of RGS members may suggest activation/
inhibition of different intracellular signaling cascades
by brain region. One of the strongest results from the
DNAm analyses, UBE2M, appears to play a key role
in the regulation of this network (Fig. 2). UBE2M
interestingly links into the pathway through the
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Fig. 4 Ovariectomy-related changes in gene expression and
methylation of LTBR. LTBR was a gene that demonstrated
differences in expression associated with ovariectomy across
both brain regions. In addition, it demonstrated significant dif-
ferences in methylation in the PFC (but no significant DMR
was identified in the OC). The DMR and CpG island that was
annotated to LTBR resides just upstream of LTBR and appears
to be hypermethylated with ovariectomy. With average meth-

17B-estradiol receptor, ESR2, which is hypermethyl-
ated in Ov in the OC. Other key networks worth high-
lighting include those that were enriched for “AMPK
signaling” and several signaling pathways involved
in transcription and translation regulation (i.e., ribo-
some biogenesis; Fig. 2). Interestingly, an enrichment
in “dopaminergic synapse” was, almost exclusively,
found in the PFC. Within this network, the family of
kinesin motor proteins, KIF, were primarily down-
regulated (KIF5A-C; KIFIB, KIF4A, KIFAP3) in Ov.
Among this family, KIF26B was hypermethylated in
Ov, but DNAm levels went down with Ov-HRT, more
similar to the levels in OL.

Using the 29 genes from the interaction analy-
sis across both brain regions, pathway enrichment
suggests only two potential networks, HIF-1 sign-
aling (p=0.0088, LTBR, TIMP1) and neuroactive
ligand-receptor interaction (p=0.0096, P2RXI,
NMU, ADM), suggesting that these genes and path-
ways may be working together in mediating the
effects of HRT in Ov (Table 1).

Twenty-four genes showed overlap in consist-
ent directions either across the two brain regions
or both omics. These genes replicated across both
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ylation rates, it appears that the hypermethylation in this region
that is caused by Ov is modulated by estradiol treatment. The
corresponding expression of LTBR decreases with ovariectomy
but appears to be rescued to some degree with E2 treatment,
particularly in the occipital cortex. Near the same region of the
DMR lie a number of cis-acting eQTLs associated with LTBR
expression that are also known GWAS variants for a variety of
disorders—many of which are related to immune disorders

regions or showed significant methylation and
expression effects (Table 2). The network analy-
sis highlights UBE2M, AURKC, SGTA, RABI2,
KIFAP3, NCOR2, TAFIB, ZBTB7A, and KCNG?2
as genes with potentially key biological importance
related to Ov across both brain regions (Fig. 2).

Discussion
Overall goals

This study examined the molecular effects of estro-
gen depletion at an older age on two different corti-
cal regions, the OC and PFC, implicated in cognitive
function. The OC controls visuospatial processing,
distance and depth perception, color determination,
object and face recognition, and memory forma-
tion [52, 53]. While the PFC is involved in working
memory, temporal processing, decision-making, flex-
ibility, and goal-oriented behavior [55]. Damage to
these brain regions contributes to cognitive decline in
dementia patients. While limited in sample size, this
study leveraged an NHP model that was sufficiently
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powered to detect significant differences in gene
expression and DNAm because of our ability to
tightly regulate the environment and obtain high-qual-
ity and highly reproducible brain samples. With this
NHP model of middle-aged female rhesus macaques,
we identified highly translatable molecular changes in
the brain that are linked with the E2 depletion associ-
ated with Ov. Given the natural depletion of E2 that
occurs with age, these results present a novel under-
standing of the role E2 plays in the aging brain and
how long-term immediate HRT treatment (~4 years)
can reverse or palliate those changes to maintain the
brain in an age-matched molecular profile.

Because of the established relationship between E2
levels, its broad molecular regulatory function, and cog-
nition [20, 30], we expected to identify robust molecu-
lar differences in these cognitive-relevant brain regions
associated with Ov. For this reason, we completed
RNA-sequencing to determine the genes that were DE
and genome-wide DNAm sequencing to determine
the genomic regions that were differentially methyl-
ated in the brains of animals that had undergone Ov
for ~4 years prior to necropsy. As expected, we detected
a large number of DMRs as well as DE genes—some-
times genes that were both DE and differentially meth-
ylated in their respective promoter/enhancer regions
(Figs. 2 and 3, S1). We note, however, that because
these results are derived from heterogeneous bulk tissue
that contains many cell types, we are unable to attrib-
ute these differences to actual changes in the cell-type
molecular mechanisms linked to Ov. Instead, it is pos-
sible that the changes we identify are driven by differ-
ences in the proportions of particular cell types. For
example, LTBR is a gene that is primarily expressed in
microglial cells. The differences we see in DNAm and
expression between groups may either be attributed to
a change in the abundance of microglia seen between
groups or an actual shift in DNAm levels across cell
types (or even just a large DNAm shift in microglia). A
follow-up study using single-cell RNA-Seq would need
to be completed to determine what the real drivers are
in most of these cases.

Ov is associated with dramatic changes in neural
signaling pathways

Pathway analysis revealed several networks of genes
that changed with Ov (Fig. 2) in both brain regions.
Importantly, all the identified networks had at least

one gene that was DE and/or differentially methyl-
ated in both brain regions, suggesting a common link
to the same pathways across them. These include the
voltage-gated potassium channel encoded by KCNG2
(proteasome, p=2.53x 107%), the TATA-box-binding
protein-associated factor (TAFIB, ribosome biogen-
esis, p=8.41x107°), the nuclear receptor corepres-
sor 2 (NCOR2, NOTCH signaling, p=2.65x1072),
the Ras-related protein 12 (RABI2, AMPK signaling,
p=2.96x1072), and the kinesin-associated protein
3 (KIFAP3, dopaminergic synapse, p=2.37x107%).
Interestingly, KIFAP3 was downregulated in the PFC
of Ov-HRT females under a chronic obesogenic diet
[80]. In the current study, KIFAP3 was hypermeth-
ylated in the PFC with Ov as compared to OI, while
the DNAm levels were similar to the group receiving
HRT. These results highlight the role of this gene in
the PFC and its responsiveness to the presence of E2,
independently of the diet. Within the basal transcrip-
tion factors network (p=4.43x107%), the zinc finger
and BTB domain-containing 7A factor (ZBTB7A) are
known to transcriptionally upregulate ERa expression
by directly binding to the ESR] promoter. In addition,
ERa potentiates ZBTB7A expression via a positive
loop in breast cancer [81]. In the PFC, ZBTB7A was
downregulated, probably due to the absence of E2
in Ov, and, given the role of this transcription factor
in metabolism [82], this downregulation could have
implications in the regulation of brain metabolism.

The dopaminergic synapse pathway contained the
KIFAP3 gene which was hypermethylated in both
brain regions and contained a number of other mem-
bers of the kinesin heavy-chain proteins (i.e., KIFIB,
4A, 5A, 5B, and 5C were all downregulated in the
PFC). Kinesins are molecular motors that transport
cargo along microtubules [83]. These kinesin mem-
bers are involved in transporting mitochondria, amy-
loid precursor protein vesicles, GABA and dopamine
receptors, lysosomes, choline acetyltransferase, and
dopamine [84-90]. Our results suggest that with Ov,
there is a downregulation in kinesin expression that
could be contributing to alterations in intracellular
protein trafficking, for instance, dopamine receptors,
that could impact synaptic function. A meta-analysis
showed that AD patients had lower levels of dopa-
mine and dopamine receptors (DRD1 and DRD2) as
compared to controls, which could be contributing to
dysregulation of mood and emotional stability as well
as memory dysfunction [91].
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One of the strongest biological pathways
enriched in Ov was the MAPK signaling (enrich-
ment p=2.3x107'%. Prior evidence showed that
E2 alters cellular components required for maintain-
ing the balance between active and inactive MAPKs.
For example, crosstalk between phosphorylation and
ubiquitination pathways can exert long-term changes
in cellular processes through multiple feedback loops
that ultimately impact apoptosis and cell proliferation
[92]. Among the members of the MAPK signaling
pathway, the ERK 1 gene (MAPK3) and the ubiquit-
ination gene UBE2M were hypomethylated, and sev-
eral RGS proteins (RGS 10, 12, and 14) were hyper-
methylated in the PFC with Ov. Activation of ERK
1/2 subjected to G-protein-coupled receptor-mediated
signaling is regulated through RGS proteins [93, 94].
Although additional studies analyzing protein levels
and activation/inhibition ratio of these molecules are
needed, our results suggest that RGS protein activ-
ity might be downregulated, leading to less inhibition
of ERK 1, which would be consequently upregulated
(supported by the hypomethylated DMR mapping to
MAPK3). In addition, three genes are differentially
methylated in both brain regions, UBE2M, SGTA, and
AURKC. While little is known about the neural func-
tion of aurora kinase C (AURKC), the SGTA (small
glutamine-rich  tetratricopeptide-repeat-containing
protein alpha) encodes for a molecular co-chaperone
that interacts with steroid receptors and heat shock
chaperone proteins, i.e., HSP90OAA1 (Fig. 2), to reg-
ulate steroid receptor signaling, protein folding and
conformation state, receptor stability, subcellular
localization, and intracellular trafficking [95]. A study
in yeast showed that Hsp90 functions to maintain the
estrogen receptors in a high-affinity hormone-binding
conformation [96]. Interestingly, UBE2M involve-
ment in the MAPK signaling network is through
its interaction with the ERP gene (ESR2), that was
hypermethylated in Ov (Fig. 2). Given its robust asso-
ciation with Ov across both brain regions and both
the transcriptome and methylome, UBE2M is a strong
result that should be heavily considered for further
investigation. We confirmed that the DMR proximal
to UBE2M functions as a promoter (Fig. S1), sug-
gesting that changes in DNAm in this DMR may
contribute to regulating its expression. Alterations
in the ubiquitination system have been extensively
linked to AD, with mutations in UBB+ 1 gene trig-
gering neuronal degeneration [97, 98] and linked to
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spatial memory impairment [99]. UBE2M’s primary
function is as a ubiquitin-protein transferase, involved
in protein neddylation, which is a post-translational
ubiquitin-like protein modification that plays piv-
otal roles in protein quality control and homeostasis.
Neddylation, involving UBE2M and other enzymes,
is a critical mechanism for targeting and degrading
misfolded or damaged proteins, helping to main-
tain protein quality control within brain cells [100].
For instance, during the initial stages of AD, ubig-
uitin—proteasome proteolysis degrades the abnormal
amyloid B peptides and hyperphosphorylated tau.
However, as the disease progresses, ubiquitination
becomes ineffective at degrading the accumulating
insoluble proteins [101], and neddylation seems to
contribute to the degradation of these abnormal pro-
teins. In AD patients, neddylation mechanisms are
dysregulated [102], and neurons show accumulation
of the neddylation enzyme NEDDS in the cytoplasm
and colocalization with ubiquitin and proteasome
components in protein inclusions in the brain [102,
103]. Our results showed hypomethylation in both
brain regions and upregulation of UBE2M in the OC.
While additional studies are needed to determine the
cellular localization of UBE2M and its role in pro-
tein neddylation, our results suggest that dysregula-
tion of UBE2M, as well as the proteasome pathway
(Fig. 2), that is associated with E2 depletion may be
a key player mediating the negative effects that lack
of E2 has on brain function [104]. In agreement with
this hypothesis, our recently published analysis of the
amygdala of these same females showed an increased
accumulation of AP plaques in Ov females relative
to those receiving E2 [105]. It remains to be deter-
mined wether similar differential expression of Af
plaques also occurs in the OC and PFC. Together,
these results emphasize SGTA and UBE2M, through
their direct (ESR2) or indirect connections with the
estrogen system, as critical mediators of a network of
signaling pathways connected to protein degradation
(i.e., proteasome and ubiquitination), synaptic func-
tion (i.e., dopamine), neuroinflammation, and neuro-
degeneration across brain regions [106—109].

Immediate estradiol supplementation ameliorates
molecular alterations linked to Ov

After identifying molecular changes associated with
Ov, we were interested in understanding whether
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immediate (right after Ov) and long-term (over
4 years) E2 treatment reverse any of the changes
linked to Ov. By identifying Ov-linked effects ame-
liorated by E2 treatment, the biological pathways
that are directly impacted by estrogen levels become
clearer. While E2 treatment ameliorates some of the
behavioral and physiological changes seen following
menopause in humans, the effects of E2 treatment
on cognitive performance are still mixed [18]. Such
inconclusive results could be due to the differences
in HRT timing, diet, and other confounding vari-
ables common in human studies. Contrarily, results
in NHPs on the beneficial effects of HRT on cogni-
tion are more consistent [30, 41], probably due to the
controlled experimental conditions. For instance, a
battery of behavioral testing conducted in the same
females starting at 1 week following Ov and con-
tinuing for 12 months into the experimental design
showed performance recovery in delayed response
and visuospatial cueing tasks following E2 supple-
mentation [30]. Thus, by understanding the specific
genes altered by E2 in the brain with this animal
model, we can begin to understand the biological
pathways estrogen impacts and thereby develop more
targeted therapeutics that specifically improve brain
function and ultimately cognitive performance.

In the OC and PFC, we identified 19 and 10 genes,
respectively, with suggestive evidence for E2 effects,
where E2 appears to restore expression levels to a
level that is similar to OI (Table 1). Among these 29
genes, the following are known to interact with the
estrogen receptors, or its expression being associated
with the levels of estrogen. TRPV6 is a Ca>*-selective
channel that contains an ERE in its promoter [110],
and its regulation by estrogen has been proposed in
peripheral tissues [111] and the CNS, including the
cortex [112]. TRPs participate in neurite outgrowth,
receptor signaling, and excitotoxic cell death in
the CNS. Furthermore, in mice, hypothalamic lev-
els of Trpv6 are susceptible to estradiol oscillations
through the estrous cycle, with higher Trpv6 levels
at the proestrous phase where estrogen levels are at
their highest [112]. Upregulation of intracellular Ca®*
and elevated Ca>* influx via voltage-dependent Ca**
channels have been reported to cause age-related
alterations in neuronal activation. The diverse func-
tions of neurons are dependent on Ca’* signaling,
which is influenced by the influx of Ca?* from the
extracellular environment or the release of Ca** from

intracellular stocks in the endoplasmic reticulum. The
concentration of Ca* in the cytosol is relatively low
at the resting stage but shows a gradual increase after
activation [113]. However, sustained intracellular
Ca”" disturbances are immediate causes of neurode-
generative diseases [114]. TRPVI has been associ-
ated with inflammation in AD; however, no informa-
tion on the role of TRPV6 in aging is available. In the
OC, TRPV6 was upregulated with Ov, and the levels
decreased with HRT. These results disagree with pre-
viously reported findings in the hippocampus [112]
and could stem from brain region—specific differences
in TRPV6 regulation. Nonetheless, our results suggest
that without E2, there is an upregulation in TRPV6,
and given its higher permeability to Ca>* [115], this
could lead to neuroinflammation. Importantly, E2
supplementation returns these levels to those of age-
matched controls.

Adrenomedullin (ADM) is a peptide exerting
important functions in the periphery and CNS. In
the uterus, studies revealed that ADM promoter is
recognized by the ER in a ligand-dependent man-
ner and that there is a positive correlation between
estrogen levels and ADM gene expression [116-119].
In the CNS, ADM is widely expressed through the
brain [120], and its plasma levels increase with nor-
mal aging [121]. ADM is known to contribute to the
activation of the hypothalamic—pituitary—adrenal
(HPA) axis through the release of CRH [122], thus
contributing to regulating hormonal responses to
stress. Moreover, it acts as a neuromodulator through
mechanisms dependent and independent of NMDA
receptors [123]. In the brain of AD patients and in
mouse models of AD, ADM seems to be associated
with activated astrocytes in the vicinity of A plaques
[124, 125]. In the OC, ADM-relative expression lev-
els increased after Ov, but its levels showed no sig-
nificant differences from Ov-HRT, suggesting that a
hypothetical reduction in Ap plaques with E2 would
then result in lower ADM levels.

AD is characterized by cerebral glucose hypome-
tabolism. Glucose transporters are integral membrane
proteins responsible for moving glucose from the
bloodstream into cells. Extensive evidence has shown
that non-vascular glucose transporters are altered in
AD brains, causing glucose starvation and acceler-
ated cognitive decline. In breast cancer cell lines, the
insulin-sensitive glucose transporter 12 (SLC2A12)
protein levels are increased with E2 [126], suggesting
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a regulatory effect of estradiol on glucose metabo-
lism. In the OC, SLC2A12 (or GLUTI2), which is
expressed in cortical astrocytes [127], was found to
be downregulated with Ov but normalized after E2
treatment. These results suggest that the lack of E2
may lead to glucose dysregulation and impairment
in cognitive function. In addition to using glucose
as an energy source, intracellular glucose is used for
N-linked glycan biosynthesis, which is an under-
studied part of neural glucose metabolism. These
N-glycans are terminal modifications in proteins (i.e.,
voltage-gated ion channels) that are required for pro-
tein function, from regulating action potential, neuro-
transmitter release, and synaptic transmission [128,
129], through the turnover and stability of brain gly-
coproteins such as synapsin 1[130]. The fucosyltrans-
ferase 1 (FUTI), which expression is mediated by the
E2 [131], is one of the glycosylation enzymes that
are required for synapse formation and neurite out-
growth. Global changes in N-linked glycoprotein pro-
files have been identified in CSF from AD patients,
leading to its potential use as a biomarker for AD pro-
gression [132]. In our study, FUTI was upregulated
in the OC with Ov, but normalized in Ov-HRT; sug-
gesting that Ov may be associated with aberrations in
the N-glycoproteome.

Neuromedin U (NMU) is a gonadal peptide, which
receptor, neuromedin U2 is expressed throughout
the brain [133]. It is suggested that NMU has a pro-
tective role in neurodegenerative diseases [134]. In
particular, NMU protects neuronal cell viability and
inhibits inflammation-induced memory impairments
[134]. Others have shown that estradiol levels follow-
ing Ov in rats resulted in alterations in NMU levels
in the brain [135, 136]. Although this effect seems to
be estradiol dose-dependent, with low estradiol lev-
els increasing NMU expression levels, this increment
was only previously observed with progesterone sup-
plementation [135, 136]. Our results show the same
trend, with higher levels of NMU in Ov, but lower
levels in the group receiving E2. A possible explana-
tion for these results could be that if there is higher
neuroinflammation with Ov, NMU might be upregu-
lated to counteract that inflammation.

The Purkinje cell protein 4 (PCP4) is a calmo-
dulin-binding anti-apoptotic peptide in neural cells
and an estrogen-inducible peptide in breast cancer
cell lines [137]. A recent study showed that PCP4
was upregulated in transgenic mice, and PCP4
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promoted the synthesis of Af, increased A deposi-
tion, plaque formation, affected AP protein precur-
sor processing, and worsened learning and memory
impairment in the transgenic AD mouse model
[138]. Our results identified an upregulated PCP4
in Ov, which would support the development of Af
pathology, while Ov-HRT females had lower levels
of PCP4, suggesting that E2 offers some protection.

The hematopoietic PBX-interacting protein 1
(PBXIP1I) is a transcription factor involved in extra-
cellular matrix organization and chromatin regula-
tion. It is an ER-interacting protein that regulates
estrogen-mediated breast cancer cell prolifera-
tion and tumorigenesis [139]. A recent integrative
multi-omics analysis on the human PFC found
PBXIPI being statistically associated with the three
main neuropathological AD traits (extracellular
AP plaques, phosphorylated-tau neuronal tangles,
and their density). It has been suggested that these
effects are mediated through PBXIP1I’s role in astro-
cytes [140, 141] and hippocampal neurons where
its expression is linked to neuronal degeneration in
postmenopausal women [142]. Indeed, some stud-
ies have demonstrated that PBXIP] is a scaffolding
protein that can bind ERs and regulate E2 signal-
ing cascades [47, 50]. Short-term E2 treatment
enhanced ER interaction with the PBXIPI-micro-
tubule complex and resulted in cytoplasmic locali-
zation, while microtubule depolymerization dis-
rupted the PBXIPI-ER-microtubule complex and
increased ER nuclear transcriptional activity, sug-
gesting that ER interaction with PBXIPI promotes
cytoplasmic localization of ERs [25, 48, 51]. In our
study, PBXIPI was downregulated by Ov (Fig. 2)
but normalized in Ov-HRT, suggesting that when
E2 is present in sufficient amounts, PBXIP] is criti-
cal to shuttling E2 between the nucleus and cytosol
[48] so that E2 can exert its functions.

While the specific function of these genes in the
cortex and how E2 is regulating their function remain
to be investigated, our results indicate that Ov might
be leading to neuroinflammation, AP plaque forma-
tion, and cognitive decline through glucose metabo-
lism, intracellular Ca%* levels, and microtubule and
N-glycosylation disruptions, importantly. Ov-HRT
treatment might delay/prevent AD-related pathol-
ogy by altering the expression levels of these genes
(and likely associated pathways) to normalize them to
those levels of age-matched controls.
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Enrichment analysis of these 29 DE genes revealed
two small networks that were significant: HIF-1 sign-
aling (p=0.0088, LTBR, TIMPI) and neuroactive
ligand-receptor interaction (p=0.0096, P2RX1, NMU,
ADM). HIF-1 signaling has been previously linked to
estradiol [143] and has been shown to regulate neu-
roinflammation in traumatic brain injury [144]. This
network contains the LTBR), which is one of our
most promising results that demonstrates differential
expression effects in both brain areas. We also iden-
tified a DMR mapping to LTBR in the PFC (Fig. 3).
We confirmed that the DMR proximal to LTBR is a
promoter (Fig. S2). LTBR has been mostly studied
in lymphoid tissues, with data supporting its role as
a regulator of inflammation [145], a process known
to be modulated by estrogen as well [146]. In fact,
LTBR signaling can activate both canonical and alter-
native NF-kf signaling to induce proinflammatory
chemokines and cytokines [147]. Although studies
on the role of LTBR in brain function remain mostly
unexplored, a recent transcriptomic study identified
LTBR as a neuroinflammatory biomarker of AD [148].
More specifically, it has been recently shown that
LTBR is upregulated in microglia of aged (mean age
of 94 years) brains as compared to middle-aged (mean
age of 53 years) human brains [149], which could sug-
gest that upregulated LTBR levels might be mediat-
ing age-related neuroinflammation through microglial
function. However, the relationship between LTBR
expression/function and microglial activation status
remains unknown, and additional studies are needed to
determine how or whether LTBR mediates microglial
activation. Others have shown that estrogen can inac-
tivate microglia through the ERf [150]. Our results
show increased DNAm levels and decreased levels of
LTBR expression with Ov (Fig. 3), with LTBR expres-
sion levels reverting to OI levels with HRT. As dis-
cussed earlier, it is possible that the changes in DNAm
and gene expression seen with Ov-HRT are associated
with a change in the proportions of cell types, namely
microglia, with Ov-HRT. This is a limitation in this
study, and we cannot exclude that such molecular
changes are due to a change in the number of micro-
glia present, their activation status, or a combination
of all. Nonetheless, it is evident from our results that
understanding the role of LTBR in microglia func-
tion would be of critical importance to understanding
estrogen’s relationship to brain function.

Conclusions

This work highlights the importance of multiple
omics across multiple brain regions to identify robust
molecular signals linked to E2 regulation in the aging
brain. By including multiple omics and more than
one brain area, we were able to home in on biological
effects that replicated across brain regions and thereby
reduce noise from false positives. Importantly, this
work represents a major step toward understand-
ing molecular changes in the brain that are linked to
Ov and how HRT may revert or protect against the
negative consequences of a depletion in E2. Our find-
ings indicate that the molecular profile of the cortical
regions (OC and PFC) in the absence of E2 may lead
to neuroinflammation and neuropathology compatible
with AD disease by the dysregulation of intracellular
axonal protein trafficking, protein ubiquitination, glu-
cose metabolism, intracellular Ca2* levels, and micro-
tubule and N-glycosylation disruptions that are nec-
essary for proper function of brain cells. Immediate
HRT reverted these effects, at least partially, by bring-
ing the epigenetic/transcriptomic profile of genes
involved in neuroinflammation and other unknown
functions, to that profile of age-matched OI females.
It remains to be known if the molecular profile of the
brain after HRT is more similar to that of younger OI
brains, which we are currently investigating. Nonethe-
less, our results present real opportunities to discover
novel therapeutics to slow cognitive decline caused
by the lack of E2. Although our work needs further
validation with larger cohorts, it also requires focused
investigations of some of the genes we identified with
very robust effects like LTBR and UBE2M. Moreover,
because our studies were performed in an NHP pre-
clinical animal model of human aging, the findings
may have more immediate translational potential for
clinical studies involving postmenopausal women.
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