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Abstract Introduction: Women are at increased risk for Alzheimer’s disease (AD), but the reason why
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remains unknown. One hypothesis is that low estrogen levels at menopause increases vulnerability
to AD, but this remains unproven.
Methods: We compared neuronal genes upregulated by estrogen in ovariectomized female rhesus
macaques with a database of .17,000 diverse gene sets and applied a rare variant burden test to
exome sequencing data from 1208 female AD patients with the age of onset , 75 years and 2162
female AD controls.
Results: We found a striking overlap between genes upregulated by estrogen in macaques and genes
downregulated in the human postmortemAD brain, and we found that estrogen upregulates theAPOE
gene and that progesterone acts antagonistically to estrogen genome-wide. We also found that female
patients with AD have excess rare mutations in the early menopause gene MCM8.
Discussion: We show with genomic data that the menopausal loss of estrogen could underlie the
increased risk for AD in women.
� 2019 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Two-thirds of approximately 5.4 million Americans with
Alzheimer’s disease (AD) are women [1]. Women are at
increased risk for AD, even after adjusting for age and edu-
cation level [1–3]. Moreover, while APOE is the largest
known genetic susceptibility factor for AD [4], women
with the risk allele have much higher risk for disease than
men [5–7]. Various lines of evidence suggest that the
menopause transition underlies the increased vulnerability
[8–12]. In vitro studies suggest that estrogen is
neuroprotective against various cellular insults [13–18]
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and can also confer protection from amyloid b (Ab)
toxicity [19,20], whereas postmortem analyses reveal that
women with AD have reduced brain estrogen levels [21].
Moreover, early surgical removal of ovaries has been linked
to cognitive decline [22] and increased risk for AD-related
dementia [23].

Hormone replacement therapy (HRT) can alleviate the
adverse symptoms of menopause and has been shown to
reduce the risk for dementia [10,11,24–28]. However, the
overall outcomes are controversial due to the findings of
the Women’s Health Initiative Memory Study (WHIMS)
which showed that HRT increased the risk for dementia
[29,30]. These seemingly contradictory research findings
point to significant gaps in our understanding of the effects
of estrogen on brain function [8,9]. Many of these knowl-
edge gaps were recently highlighted by the think tank
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convened by the Women’s Alzheimer’s Research Initiative
[9] and the Society for Women’s Health Research Interdisci-
plinary Network on AD expert panel [8]. These include the
need to better understand how estrogen influences risk at the
molecular level [8], the need to resolve discrepancies be-
tween animal models and human clinical trials [8,9], the
need to understand the role of progesterone [9], and the
need to better understand how APOE confers female-
biased risk [8,9].

A recent hypothesis proposed to explain how menopause
increases vulnerability in women suggests that the perimen-
opause transition is a “bioenergetic transition state” [31–33].
This hypothesis proposes that estrogen promotes glucose
metabolism via mitochondria [34] and that the decline in es-
trogen levels during perimenopause leads to a switch away
from glucose toward ketone bodies as a fuel source [35].
Although this hypothesis is supported by a number of animal
models [32,34] and brain-imaging studies [31,36], the mech-
anism by which estrogen acts as the master regulator of
glucose uptake and mitochondrial function remains un-
known [37].

In this study, we use a unique genomic approach to
address some of the recently highlighted research gaps
[8,9]. We integrate multiple data sets to gather genomic ev-
idence for AD sex-biased risk factors. Our data identify
target genes of estrogen and progesterone action within neu-
rons, shed light on the cause of female-biased risk of APOE,
and provide support for the “bioenergetic transition state
hypothesis” [31–33] by revealing a central role for
mitochondrial function in AD.
2. Methods

2.1. Microarray gene expression data

We downloaded the data set GSE16169 from the Gene
Expression Omnibus [38]. We took the mean of the expres-
sion values across the two individuals in each treatment and
then calculated the estrogen versus placebo fold change by
dividing the mean expression values from the estrogen-
treated macaques to the mean expression values for the
placebo-treated macaques. We calculated the progesterone
versus estrogen fold change by dividing the mean expression
value of macaques treated with both estrogen and progester-
one by the mean expression value of the macaques treated
only with estrogen (Please see attached Supplementary
Material file for more details.)

2.2. Exome sequencing data

To maximize the power to detect, we only considered
white Europeans because they had the largest sample size.
We extracted out white Europeans using the self-described
race and ethnicity annotation. We then removed samples
that were outliers on heterozygosity and outliers on race as
determined by principle component analysis, cryptic relat-
edness, and other quality-control metrics (Supplementary
Material). We filtered out all APOE ε4 homozygote individ-
uals and only retained cases with age of onset , 75 years.
We then extracted out singletons and filtered for deleterious
variants, which we defined as loss of function, nonsense-
mediated decay, annotated as ‘HIGH’ impact by SNPEff
(version 4.3) [39] or annotated as both missense and prob-
ably damaging by Polyphen [40]. We only retained single-
tons not present in thousand genomes [41] or EXaC [42].

We then developed a rare variant association test similar
to what was applied to copy number variations in autism
[43], but we modified it for deleterious singleton SNPs.
The female comparison involved female cases (n 5 1208)
versus female controls (n 5 2162), the male comparison
involved male cases (n 5 953) versus male controls
(n 5 1495), and total comparison involved total cases
(n 5 2161) versus total controls (n 5 3657). We calculated
false discovery rate by randomizing the case-control status
as described in the study by Pinto et al. [43] 1000 times.
The rare variant association test was applied to all protein-
coding genes after filtering out genes with less than three
samples in either cases or controls with deleterious single-
tons.
3. Results

3.1. Macaque neuronal gene expression data

Rhesus macaques have been used to model menopause
because they mimic the hormonal changes experienced by
women throughout their life course [44]. We obtained mi-
croarray gene expression data from laser-captured seroto-
nergic neurons from six female rhesus macaques (with
ovaries removed) that were deposited in the Gene Expres-
sion Omnibus [38]. In this study, two macaques received es-
trogen, two received placebo, and two received estrogen
with progesterone. We identified estrogen responsive genes
by comparing gene expression patterns in macaques
receiving estrogen with the gene expression patterns of ma-
caques receiving placebo. We performed an unbiased
genome-wide analysis to explore the role of estrogen in neu-
rons, we did this by obtaining expression values from 15,517
genes which we ranked by calculating the fold change (FC)
between estrogen and placebo treatments (Fig. 1,
Supplementary Table 1).

3.2. Estrogen upregulates genes that are downregulated in
AD

To identify any cellular and molecular pathways that may
be enriched among estrogen-regulated genes, we compared
the genes with greater than two-fold (FC . 2) upregulation
(504 genes) with all 17,779 gene sets in the MSigDB [45–
47] (a database of annotated gene sets from a variety of
biological studies). We performed a hypergeometric ratio
test to assess enrichment and found that ranked eighth,
with an adjusted P value , 4.8 ! 10212, was a data set
corresponding to genes downregulated in the hippocampus



Fig. 1. Heat map of estrogen-induced gene expression values of 15,517 genes in macaque neurons. The three columns represent placebo expression, estrogen

expression, and estrogen 1 progesterone expression: genes were ranked by fold change (FC) of estrogen-induced expression versus placebo expression. The

three panels correspond to the top 2000, middle 2000, and bottom 2000 genes ranked by FC of estrogen-treated versus placebo-treated. The figure shows pro-

gesterone to be antagonistic to estrogen in the top 2000, middle 2000, and bottom 2000 genes.
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of patients with AD [48] (Supplementary Table 2). Among
the 1027 genes identified in the AD study by Blalock et al.
[48], 84 genes overlapped with the 504 estrogen upregulated
genes (FC. 2). To assess the robustness of these results, we
performed the same analysis using genes with FC greater
than 1.5 (1222 genes) (Supplementary Table 3). This time,
the same AD data set from the study by Blalock et al.
[48], was ranked first (P value , 2.7 ! 10245), with 226
genes intersecting estrogen upregulated and AD downregu-
lated gene sets (Supplementary Table 4). We compared the
overlap of all 4 pairwise comparisons of estrogen upregu-
lated and downregulated genes with Alzheimer’s upregu-
lated and downregulated genes and confirmed that the
largest overlap was between estrogen upregulated and Alz-
heimer’s downregulated genes (P value , 8.14 ! 10215,
Supplementary Fig. 1, Supplementary Table 5). To estimate
the false discovery rate, we compared the overlap of 100 ran-
domized sets of 504 genes [45] and found that none of the
100 randomized gene sets had statistically significant (P
value, .05) overlap with the AD downregulated gene signa-
ture from the study by Blalock et al. [48]. These results
reveal that genes upregulated by estrogen are highly en-
riched for genes that are downregulated in human postmor-
tem AD brains.
3.3. Mitochondrial genes link estrogen to AD risk

To gain insight into underlying mechanisms linking estro-
gen to AD risk, we compared the 84 genes that intersect es-
trogen upregulated and AD downregulated genes to
pathways in MSigDB [45] and found enrichment for mito-
chondrial function. Ten pathways were annotated to
mitochondrial-related descriptions including oxidative
phosphorylation (P value , 2.8 ! 10206), mitochondrial
databases (P value , 7.6 ! 1025), and the tricarboxylic
acid cycle (P value , .001) (Supplementary Table 6). To



Table 1

Top 15 estrogen upregulated genes in macaque neurons

Log2 (fold change) Gene Placebo Estrogen

5.475 CCT7 18.388 817.972

4.740 RPL3 169.050 4519.695

4.437 APOE 153.891 3333.896

4.377 EXOSC5 12.298 255.57

4.318 ANXA2 22.690 452.592

4.098 OGN 55.492 950.043

4.088 SLC1A6 24.018 408.522

3.964 RPL8 121.042 1889.565

3.946 ARF5 29.451 454.037
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confirm that this enrichment is driven by genes downregu-
lated in AD, we compared the overlap of estrogen upregu-
lated genes (FC . 2) with mitochondrial genes, which we
obtained from MitoCarta [49] (Supplementary Table 7),
and found that the proportion of mitochondrial genes in
the 84 intersecting genes was much greater than the propor-
tion of mitochondrial genes in the 504 estrogen upregulated
genes (26% vs. 11%, P value , .0007, Supplementary
Material, Supplementary Table 7). These results suggest
that mitochondrial pathways are an important mechanism
linking estrogen loss to AD risk.
3.928 STOML2 35.393 538.624

3.823 ZFP91 72.352 1024.249

3.788 NUDT1 19.980 276.067

3.765 MPZ 60.006 815.877

3.740 CRMP1 80.719 1079.099

3.722 RPS10 450.882 5952.8

NOTE. This table shows the log2 fold change for the top 15 genes, with

the highest estrogen-induced fold change in the neurons of estrogen-treated

versus placebo-treated ovariectomized female rhesus macaques. There were

15,517 genes in total (The full list is in Supplementary Table 1). This table

shows that the gene with the highest estrogen-induced expression is the

microtubule gene CCT7, and it shows APOE has the third highest increase

in expression with a log2 fold change of 4.44.
3.4. Estrogen upregulates APOE and other synapse genes

We found estrogen upregulates several amyloid and
synapse-related genes. Ranked third in estrogen-induced
fold change out of the 15,517 genes, with a log2(fold change)
of 4.44, was the AD susceptibility gene APOE (Table1).
Because a key feature of AD is synapse loss [50,51], we hy-
pothesized that estrogen responsive genes may be enriched
for synaptic function. To test this, we compared synaptic
genes (obtained from SynaptomeDB [52,53], number of
genes 5 1644) with the 504 estrogen upregulated genes
(FC . 2) (Supplementary Table 4) and found a significant
overlap of 140 genes (28%, P value , 2.2e216), which re-
mained significant even after randomization. We also quan-
tified the overlap between the mitochondrial and synapse
enrichment and found that synapse genes (n 5 1644) over-
lapped with mitochondrial genes (n 5 988) by 253 genes,
which is statistically significant with a hypergeometric ratio
test (P value, 6.17e244). This suggests that estrogen’s role
in synapse function could at least in part be mediated by the
mitochondria.
3.5. Progesterone acts antagonistically to estrogen
genome-wide

HRT often includes a progesterone component, although
not much is known about how progesterone influences gene
expression in the brain. Interestingly, we found that estrogen
downregulates the progesterone receptor (PGR) by nearly 6-
fold (Fig. 2, Supplementary Table 1), and when we
compared the expression values of macaques treated with
both estrogen and progesterone with macaques treated
with estrogen only, we found that adding progesterone
antagonized estrogen-induced gene expression on a
genome-wide scale (Figure 1, Fig. 3). The mean expression
of the 504 estrogen upregulated genes nearly halved after
adding progesterone (t-test P value 5 6.968e214), and the
mean expression of the estrogen downregulated genes
increased by more than two-fold after adding progesterone
(t-test P value 5 .001277). We found that progesterone
antagonized the expression of APOE, other known AD risk
genes [54] (Supplementary Material), the 84 genes intersect-
ing estrogen upregulated and Alzheimer’s downregulated
gene sets, and mitochondrial [49] and synapse genes
[52,53] (Fig. 3).
3.6. Rare variant burden test on exome sequencing data

By linking APOE, mitochondrial, and synapse genes to
estrogen action in neurons, the macaque experiment pro-
vided insight into the mechanism by which estrogen loss
at menopause could increase vulnerability to AD in
women. To validate our genomic evidence linking meno-
pause to AD risk, we sought to analyze an independent
genomic data set. We obtained exome sequencing data
from the Alzheimer’s disease sequencing project [55].
Our aim was to assess whether any differences in mutation
patterns in female AD cases compared with female AD
controls could link menopause to increased vulnerability
to AD in women. To enrich for AD cases with a strong ge-
netic component, we only considered cases with the age of
onset ,75 years, which left us with a total of 2161 cases
and 3657 controls, in which 1208 were female cases and
2162 were female controls.

To maximize our chances of uncovering genes that
disrupt core biology, we focused on ultra-rare mutations
known as singletons (mutations only seen once within the
data set). These mutations are likely to exert strong biolog-
ical effects because they have been kept at low frequency
by purifying selection.We applied rigorous filtering on these
singletons to enrich for causal mutations, which we defined
as loss of function, nonsense-mediated decay, annotated as
‘HIGH’ impact by SNPEff (version 4.3) [39] or annotated
as both missense and probably damaging by PolyPhen [40]
(Please see Supplementary Tables for mutation coordinates).



Fig. 2. Fold change of estrogen-induced expression in macaque neurons plotted against placebo expression (We only show genes with placebo expression

value , 25,000.). Shown in red are genes previously identified through genome-wide association studies to be associated with AD risk [54]

(SupplementaryMaterial). The progesterone receptor (PGR) gene is shown in blue. The plot showsAPOE to have the third highest estrogen-induced fold change

and PGR to have the fourth largest decrease in expression. It also shows APP and SORL1 to have estrogen-induced log2 fold change of . 2.
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We developed a rare variant collapsing burden test similar to
that applied to copy number variations in autism [43] but
modified it for deleterious singleton single-nucleotide vari-
ants (Supplementary Table 8). Currently, many sequencing
studies use the optimal test within the family of sequence
kernel association tests [56,57] to identify disease-
associated genes; however, we chose to use our rare variant
collapsing burden test because simulations have shown that
when most variants are likely to be causal, the collapsing
burden test outperforms the optimal test within the family
of sequence kernel association tests [56,57].

3.7. Validation of our ultra-rare variant association test

We first aimed to validate our rare variant burden test by
performing it on all AD cases (n5 2161) and all AD controls
(n 5 3657). When we did this, we found our top hit to be
SORL1 and our third top hit to be ABCA7 (Fig. 4,
Supplementary Table 9). This finding confirmed the validity
of our method because both SORL1 and ABCA7 are well-
known AD risk loci [54,58,59]. Interestingly, our macaque
neuronal gene expression data also identified SORL1 to be
highly regulated by estrogen (Fig. 2, Supplementary
Table 1).

3.8. Identification of MCM8 as a female-specific risk
factor

To identify female-specific risk factors, we performed our
rare variant burden test to compare female AD cases
(n5 1208) with female AD controls (n5 2162). We identi-
fied 50 genes with both false discovery rate and P
value , .05 (Table 2, Supplementary Table 10). Of these
50 genes, 45 contained excess mutations in cases and 5 con-
tained excess mutations in controls. The genes with excess
mutations in cases included MCM8, which we found to
have five missense variants predicted to be damaging by Pol-
yPhen [40] (Supplementary Table 11, Fig. 4). This finding
provides robust independent support that menopause could
underlie AD vulnerability in women because MCM8 has
been strongly associated with primary ovarian insufficiency
[60] and early menopause in women [61]. We also found
excess mutations in female AD cases in the CCT7 and
MCAT genes; which is interesting because our macaque
data reveal CCT7 to have the highest estrogen-induced
fold change in neurons(Table 1, Supplementary Table 1)
and MCAT is a mitochondrial enzyme. To identify potential
protective factors, we looked for genes with excess muta-
tions in controls and found the brain size gene ASPM, which
had eight missense variants predicted by PolyPhen to be
damaging [40] and one stop-gain mutation (Fig. 4,
Supplementary Table 12). We also performed our rare
variant burden test on male cases (n 5 953) and male con-
trols (n 5 1495) (Supplementary Table 13) and did not
detect statistically significant excess of deleterious single-
tons in MCM8, ASPM, CCT7, or MCAT.
4. Discussion

Here, we use a unique genomic approach to uncover
evidence consistent with estrogen loss at menopause un-
derlying increased vulnerability to AD in women. We
link estrogen to mitochondrial and synapse function and



Figure 3. Antagonistic impact of progesterone in various gene sets. (A) GWAs identified AD risk genes [54] (Supplementary Material). (B) 84 genes intersect-

ing estrogen upregulated and Alzheimer downregulated. (C) Synapse genes [52, 53]. (D) Mitochondrial genes [49].

A. Ratnakumar et al. / Alzheimer’s & Dementia: Translational Research & Clinical Interventions 5 (2019) 906-917 911



Excess Deleterious Singletons in Total Cases

Excess Deleterious Singletons in Female Cases

Excess Deleterious Singletons in Female Controls

Fig. 4. Deleterious singletons identified in SORL1, ABCA7,MCM8, and ASPM. (Genes are not drawn to scale.) We developed a rare variant collapsing burden

test similar to what was applied to copy number variations in autism [43] but modified for deleterious singleton SNPs. We compared female cases (n5 1208)

with female controls (n 5 2162) and compared total cases (n 5 2161) with total controls (n 5 3657). The genes depicted above have both FDR , .05 and P

value , .05. Abbreviations: SNPs, single-nucleotide polymorphism; FDR, false discovery rate. (Please see Supplementary Tables for mutation coordinates).

A. Ratnakumar et al. / Alzheimer’s & Dementia: Translational Research & Clinical Interventions 5 (2019) 906-917912
demonstrate that estrogen upregulates APOE and show
that progesterone acts antagonistically to estrogen
genome-wide. Finally, we use an independent exome
sequencing data set to demonstrate that female AD cases
have excess rare, deleterious mutations in the early meno-
pause gene MCM8.

AD is a disorder of the synapse [50,51]. In fact, cognitive
decline has been shown to correlate most closely with syn-
apse loss [51]. Our finding that estrogen upregulates syn-
apse genes fits with those of prior imaging studies, which
reveal that hippocampal size correlates with estrogen levels
throughout the menstrual cycle [62,63]. Our data also reveal
a central role for mitochondria. We show that estrogen up-
regulates mitochondrial genes, and our exome data reveal
excess mutations in the mitochondrial enzyme MCAT
(Table 2), which is also associated with the reduction of am-
yloid b production [64]. These findings are consistent with
the bioenergetic state transition hypothesis [31–33], which
links metabolism deficits in the brains of postmenopausal
women [31]. Importantly, our data also reveal a conver-
gence of mitochondrial and synapse genes, which is consis-
tent with the notion that mitochondria could influence
synapse growth [65], possibly to help meet synaptic ATP re-
quirements [66].

One of the strengths of our study is that we reveal the
target genes of estrogen and progesterone action within neu-
rons. These data reveal both APOE and SORL1 to be highly
estrogen responsive (Fig. 2) and, curiously, both APOE and
SORL1 are associated with female-specific risk for AD [5–
7,67]—suggesting that estrogen may interact with genetic
mutations to confer sex-biased risk.

We used genomic data spanning multiple data types to
cross validate our findings on estrogen loss and AD
risk. We found excess deleterious singleton mutations in
the ovarian failure [60,68–71] and early menopause
[61,72–76] gene MCM8 (Table 2, Supplementary
Table 11), providing robust support for our hypothesis that
estrogen loss at menopause confers increased vulnerability
to AD in women. This finding fits with previous studies
that have linked surgical menopause to doubled lifetime
risk for dementia [23], increased risk for AD neuropathology
[22] and cognitive decline [22].

Our method also provided the opportunity to identify po-
tential protective genetic factors. Our finding of excess rare,



Table 2

Genes with excess deleterious singletons in female cases or female controls

Gene FDR Cases Controls Type

SORL1 0 13 4 Excess cases

DNAH2 0.002 11 3 Excess cases

METTL13 0.002 6 0 Excess cases

INTS7 0.003 7 1 Excess cases

KDM5A 0.005 8 2 Excess cases

SMG7 0.005 5 0 Excess cases

OBSCN 0.007 6 34 Excess controls

ADSSL1 0.007 5 0 Excess cases

MCM8 0.007 5 0 Excess cases

LCTL 0.009 5 0 Excess cases

WDFY4 0.009 10 4 Excess cases

KIF20B 0.009 6 1 Excess cases

NLRC5 0.01 4 0 Excess cases

MUC2 0.011 6 1 Excess cases

ZNF780B 0.011 4 0 Excess cases

PTPN13 0.012 0 11 Excess controls

MCAT 0.012 4 0 Excess cases

RPP40 0.012 4 0 Excess cases

ABCA7 0.013 7 2 Excess cases

CALCR 0.013 4 0 Excess cases

CNGA4 0.013 4 0 Excess cases

INTU 0.013 4 0 Excess cases

BTRC 0.014 4 0 Excess cases

PLEKHH3 0.014 4 0 Excess cases

ELMSAN1 0.015 4 0 Excess cases

ASPM 0.015 0 9 Excess controls

TANC2 0.016 7 2 Excess cases

PTPRC 0.016 5 1 Excess cases

CTH 0.017 4 0 Excess cases

SPHK1 0.017 4 0 Excess cases

AASDH 0.019 4 0 Excess cases

SLC39A4 0.019 5 1 Excess cases

NFRKB 0.019 6 2 Excess cases

CCT7 0.02 4 0 Excess cases

PGBD4 0.02 5 1 Excess cases

FGA 0.021 4 0 Excess cases

KLHL17 0.023 1 13 Excess controls

SCN3A 0.025 5 1 Excess cases

RP1L1 0.027 6 2 Excess cases

KDM5B 0.028 5 1 Excess cases

KCTD19 0.029 5 1 Excess cases

KIAA1211 0.029 6 2 Excess cases

C7orf57 0.03 5 1 Excess cases

FAT4 0.032 2 17 Excess controls

IQGAP1 0.032 6 2 Excess cases

TTC28 0.032 10 6 Excess cases

FBN2 0.032 7 3 Excess cases

GOLGB1 0.033 7 3 Excess cases

KMT2E 0.04 7 3 Excess cases

SIGLEC1 0.049 7 3 Excess cases

NOTE. This table shows the significant genes identified from the delete-

rious singletons association test applied to female cases with the age of onset

,75 years (n 5 1208) versus female controls (n 5 2162). The association

test is similar to what was applied to copy number variations in autism [43]

but modified for deleterious singleton SNPs. The FDR was calculated by

randomizing the case-control status as described in the study by Pinto

et al. [43] 1000 times. A total of 50 genes were identified to have both P

value , .05 and FDR , .05. After ranking by FDR, and then P value, the

most associated gene is SORL1, although MCM8, MCAT, ABCA7, ASPM,

and CCT7 genes are also significant. The third and fourth columns show

how many deleterious singletons were identified in female cases and female

controls. The fifth column highlights whether the gene had excess mutations

in female cases or female controls. A total of 45 genes had excess mutations

in female cases, and five genes had excess mutations in female controls.

ASPM is an example of a gene with excess mutations in female controls

(Please see Supplementary Tables for mutation coordinates).

Abbreviations: SNP, single-nucleotide polymorphism; FDR, false discov-

ery rate.

A. Ratnakumar et al. / Alzheimer’s & Dementia: Translational Research & Clinical Interventions 5 (2019) 906-917 913
deleterious singletons in the brain size gene ASPM [77]
(Supplementary Tables 10,12) is interesting because ASPM
has also been linked to the human-specific evolution of brain
size [78,79] and because ASPM may represent a neural sub-
strate [80] for the “brain reserve” hypothesis [81–84], which
reasons that large brain size can protect against cognitive
decline [83].

Our finding that progesterone acts antagonistically to
estrogen genome-wide is particularly provocative. Cell
culture studies have suggested progesterone to be antago-
nistic [85–87], but our data highlight that the antagonism
may be genome-wide. The seemingly contradictory find-
ings from longitudinal studies of HRT use may be
resolved by the consideration that progesterone acts
antagonistically to estrogen. For instance, a large Finnish
study of 230,580 women [88] found HRT containing both
estrogen and progesterone seemed to increase risk for de-
mentia, whereas estrogen-only HRT reduced the risk. This
is consistent with the recent analyses [89] of two clinical
trials, the Kronos Early Estrogen Prevention Study–
Cognitive and Affective Study (KEEPS-Cogs) and the
Early vs. Late Intervention Trial with Estradiol-
Cognitive Endpoints (ELITE-Cog) [89], which found
that taking HRT between the ages of 50 and 54 years is
not cognitively detrimental, whereas taking HRT between
the ages of 65 and 79 years was associated with reduc-
tions in global cognition, working memory, and executive
function [89].
4.1. Limitations

Our data are valuable for gaining much needed clarity
on the role of estrogen in AD risk; however, there are
some limitations. First, we relied on macaque gene
expression data to understand estrogen response in the
human brain—human data would have been better, but
no such datasets exist, and the experiments required to
get such datasets mean they are unlikely to exist in the
future. Macaques are preferable [90] to rodents because
nonhuman primates more accurately recapitulate AD-
relevant gene expression in the human brain [91].
Another potential limitation is the limited sample size
of each treatment, which is why we focused on fold
change, as other statistical tests were not feasible. How-
ever, although our sample size may be limiting, the
APOE gene signal was captured by three probes, and
the data were obtained from laser-captured neurons, so
are unlikely to be confounded by expression from other
cell types. Another potential limitation could be the
different sample sizes in the exome data for men
compared with women, which may lead to differential
power to detect. We focused our analysis on females,
which actually had more samples than males, however,
not finding an association in males, may be due to
decreased power to detect rather than an actual biological
difference.



A. Ratnakumar et al. / Alzheimer’s & Dementia: Translational Research & Clinical Interventions 5 (2019) 906-917914
4.2. Future work

Our study is timely as it fits well with recent reports that
have linked longer reproductive periods and more months
being pregnant with reduced risk for AD [89]. Future
work in this field may include stratifying female samples
by HRT use to quantify the proportion of risk attributed
to genetic mutations versus loss of estrogen and performing
genome-wide association studies to uncover any associa-
tion between common variants in MCM8 and AD risk in
women.

4.3. Conclusions

Here, we endeavored to use genomic data to address
the knowledge gaps surrounding why women have
increased risk for AD, and in doing so, we address the
controversy initiated by the Women’s Health Initiative
Memory Study [29,30]. Our comprehensive, integrative,
genomic analyses lead us to conclude that estrogen loss
is likely to contribute to AD vulnerability—suggesting
that increased risk for AD in women may be attributed
to menopause.
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RESEARCH IN CONTEXT

1. Systematic review: We searched the literature, recent
conference abstracts, YouTube, and review papers by
the think tank convened by theWomen’s Alzheimer’s
Research Initiative and the Society for Women’s
Health Research Interdisciplinary Network on Alz-
heimer’s disease (AD) to evaluate the accumulated
knowledge related to whether estrogen loss contrib-
utes to AD risk in women.

2. Interpretation: Previous findings have been based on
observational and randomized control studies. We
took a different approach of gene expression and ge-
netic mutation data. Our findings provide quantita-
tive evidence for the role of estrogen in AD risk,
with particular emphasis on mitochondrial function.

3. Future directions: Future work can involve strati-
fying women by HRT use to determine whether the
genetic signal is stronger in women without HRT
and performing genome-wide association studies to
see if common variants in MCM8 confer increased
risk for AD.
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