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Abstract: Estrogens play a crucial role in sexual development and fertility as well as many other
physiological processes, and it is estrogen receptors that mediate the physiological responses. To
study the role of the estrogen receptors in these processes, several genetic mouse models have been
developed using different strategies, which also in some cases yield different results. Here, we
summarize the models that have been made and their impact on fertility in relation to known cases
of human estrogen receptor mutations.
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1. Introduction

In this review, we focus on genetic animal models that have been created to study
estrogen signaling and how fertility is affected in these models. The first generation of
animal models targeting estrogen receptors were made by insertion of a neomycin cassette
into a coding exon to interrupt the coding region; however, this strategy is not efficient,
since there is a risk that the neomycin cassette can be spliced out, leaving partial receptor
activity. Later mouse models developed have used the Cre/loxP system [1] to delete a
specific exon to cause premature stop codons or delete specific domains from the receptor.
This system can be used either to make germline deletions or conditional deletions. Several
knock-in mouse lines with specific point mutations have also been made to determine
the function of specific amino acids in the estrogen receptors. Recently, the CRISPR/Cas9
system [2] has been used to make large or specific deletions in the estrogen receptor genes.
We will discuss how these different strategies to genetically target estrogen receptors yield
different effects on male and female fertility in rodents in relation to known cases of human
estrogen receptor mutations.

2. Estrogen Receptors
2.1. Overview

Physiological responses to estrogen are mediated by the two classic estrogen receptors,
estrogen receptor alpha (ERo, NR3A1) and estrogen receptor beta (ER(3, NR3A2), and the
G protein-coupled receptor 1 (GPER1) [3]. GPER1 mediates rapid non-genomic effects of
estradiol (E2) but does not affect fertility in mice [4]. The human ER« gene, ESRI, was
cloned in 1985 [5], and the ER(3 gene, ESR2, was discovered in the laboratory of Jan-Ake
Gustafsson and cloned from rat prostate in 1996 [6].

ERx and ERf are nuclear receptors (NR) and belong to the nuclear hormone receptor
superfamily of ligand-regulated transcription factors. Humans have 48 NRs and mice
49, and the ligands for NRs are generally small hydrophobic molecules, such as steroid
hormones, retinoids, or metabolic intermediates, and regulate all aspects of life [7]. Ligand
binding results in conformational changes that allow DNA binding and interaction with
coregulator proteins, which affects gene transcription either positively or negatively, as
reviewed in [8].
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NRs have a conserved domain structure with a variable N-terminal domain that
contains a constitutively active transcriptional activation function (AF-1) region, a DNA-
binding domain (DBD), a flexible hinge region, and a ligand-binding domain (LBD), with
a ligand-dependent AF-2 region in the C-terminal domain, as reviewed in [9]. The DBD
consists of two zinc finger motifs that facilitate binding to specific regions in the genome,
called hormone response elements (HRE). Steroid hormone receptors bind as homodimers,
while most other NRs bind as heterodimers with the retinoid X receptor (RXR). Sequences
responsible for dimerization are localized both in the DBD and the LBD. The LBD has a
structurally conserved fold that upon agonist binding stabilizes a transcriptionally active
conformation of the receptor, exposing a docking site for coactivators, that can modify the
chromatin structure or interact directly with the transcription pre-initiation complex to
facilitate transcription. In the absence of ligands or bound to antagonists, the LBD recruits
corepressors that repress transcription [10]. The LBD is about 56% similar between ERo
and ERf, and both receptors bind E2 with high affinity. ERs can also bind to other estro-
gen metabolites and plant estrogens, called phytoestrogens, as well as synthetic ligands,
although the affinity is lower than for E2 [11]. The DBD is 97% identical between ERx and
ERp and it directs binding to estrogen response elements (EREs) located in promoter and
enhancer regions. The mouse ER«x protein is 599 amino acids long with the DBD located
at positions 184-265 and the LBD/AF2 at 315-599. Mouse ERf3 contains 530 amino acids,
with the DBD and LBD/AF2 at positions 149-214 and 264-530, respectively.

2.2. Genes

In mice, ERx and ERJ, encoded by the Esrl and Esr2 genes, respectively, share a
common genomic organization with the start codon in exon 2, according to the most used
nomenclature, although alternative exons are present in both genes (Figure 1A,B). The
sequences encoding the DBD are in exon 3 and exon 4, with one zinc finger in each of these
exons [12]. Both Esr1 and Esr2 produce alternatively spliced mRNA transcripts [13,14].
Mouse Esr1 produce several mRNA variants with different 5'-untranslated regions by
alternative promoter usage and alternative splicing [15]. The most common alternatively
spliced Esr2 variant in mice and rats is ER3-2, also called ERB-ins, that has an extra exon
in the region encoding the LBD, resulting in a lower affinity for ligands, and functions as
a dominant negative receptor that represses estrogen signaling [16-18]. In humans, the
splice variant ER(3-2, also called ER(3-cx, has a similar role [19]. The mouse Esr1 gene is
localized on chromosome 10 and human ESR1 on chromosome 6, while the mouse Esr2
gene is localized on chromosome 12 and the human ortholog is on chromosome 14.
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Figure 1. Genomic structure of the Esr1 and Esr2 genes. Start and stop codons are indicated and the
exons encoding the DBD and LBD are underlined. (A) The Esr1 gene is localized on chromosome 10
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and spans 394 kb and 9 exons (E1-E9) according to reference sequence NM_007956.5, Esr1 transcript
variant 1. The start codon (ATG) is located in exon 2 and the stop codon in exon 9. (B) The Esr2 gene
is localized on chromosome 12 and spans 57 kb and contains 10 exons (E1-E10) according to reference
sequence NM_207707.1, Esr2 transcript variant 1. This variant produces a protein with an insertion of
18 amino acids that results in decreased ligand-binding affinity. Esr2 transcript variant 2, that lacks
exon 7, is the variant that has the highest transcriptional activation activity.

2.3. Expression Patterns of Esr1 and Esr2

Esr1 is expressed in reproductive organs, including the uterus, ovary, and testis, as
well as several non-reproductive organs, including the pituitary, liver, mammary gland,
bone, and hypothalamus [20,21]. The expression of mouse Esr2 is more restricted, with the
highest protein levels in granulosa cells in the ovary and parts of the brain [22-27]. Rat
and human ESR? is expressed in more tissues, including prostate [6,23], and in humans the
testis is the organ that expresses the highest levels of ER3 [22], suggesting species-specific
functions of this receptor.

3. Animal Models

Several mouse models with disrupted Esr1 and Esr2 genes, resulting in compromised
Esr expression, have been generated, and the mice are viable and grossly normal, but
fertility is affected in both Esr1 and Esr2 null mutated mice. In addition, many Esr1 knock-
in mouse lines have been developed. In these, mutations have been introduced in different
parts of the Esr1 gene, resulting in different reproductive phenotypes. A summary of
genetic mouse models with information about the roles of Esr1 and Esr2 on fertility is
provided in Table 1.

3.1. Esrl Mouse Models

The first Esr1 knockout mice were generated by insertion of a neomycin cassette into
exon 3 and showed that female mice were infertile and male mice had reduced fertility [28].
More recent mouse models have used the Cre/LoxP system to excise Esrl exon 3, that
produces a frame-shift mRNA transcript with a premature stop codon short after the deleted
exon, and the putative translated truncated protein lacks both the DBD and the LBD [29-32].
This mutation results in infertility in both male and female mice. The infertility in male
knockout mice has been determined to be due to reduced expression of the Na®™ /H™
exchanger and water channel genes in the efferent ducts that connect the rete testis to the
proximal portion of the duct of the epididymis, resulting in disrupted fluid reabsorption,
causing a harmful environment, with increased pH and decreased luminal osmolality,
that kills sperm [33-35]. Female knockout mice have increased E2 levels, no estrous cycle,
a hypoplastic uterus, and hemorrhagic cysts in the ovaries. Esr1 knockout mice do not
produce oocytes in response to superovulation [29]. The ovarian phenotype has been
proposed to be due to elevated luteinizing hormone (LH) levels and hyperstimulation of
the ovary as a result of aberrant estradiol feedback inhibition in the pituitary [36].

Table 1. Selected mouse lines with Esr mutations that affect fertility.

Mouse Line Mutation Cell Type/Effect Fertility References
ERKO Neo insertion into Global KO F: infertile [28]

Esrl exon 3 M: reduced
ERaKO, Ex3aERKO Deletion of Esr1 exon 3 Global KO F: infertile [29-32]
ERx ™/~ M: infertile
ERaf/!;CamKIIx-Cre Deletion of Esrl exon 3 Neurons F: infertile [37]
aP2-CreERo /1l Deletion of Esrl exon 3 Adipocytes and F: infertile [38]

hypothalamus M: fertile
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Table 1. Cont.

Mouse Line Mutation Cell Type/Effect Fertility References
ERaflox/flox o Ggyere Deletion of Esr1 exon 3 pituitary gonadotroph F: infertile [39]
UtEpicERKO Deletion of Esr1 exon 3 uterine epithelial cells F: infertile [40]
WEY/d(Wnt7a-Cre) Deletion of Esr1 exon 3 uterine cells F: infertile [41]
Amhr2€te/+;Esp1t/ — Deletion of Esrl exon 3 uterine stromal cells F: reduced [42]
NERKI+/— E207A/G208A in ERx no DNA binding, DN F: infertile [43]
M: fertile
ERo(gAAE) Y201E/K210A /K214A /R215E no DNA binding F: infertile [44]
in ERx M: infertile
ENERKI G525L in ER«x no E2 binding F: infertile [45]
M: sub-fertile
AF2ERKI L543A /L544A in ERx no E2 binding F: infertile [46]
M: fertile
ERx C451A, NOER C451A in ERx no membrane ERx F: infertile [47-49]
M: sub-fertile
ESR1Y%415 /8 Actin-Cre Y541S, inducible constitutively active F: infertile [50]
M: infertile
ERB—/— Neo insertion into Global F: reduced [51]
Esr2 exon 3 M: fertile
ErpKO Replacement of Esr2 exon 3 Global F: reduced [29]
with Neo M: fertile
ERpBgr~/L—, Ex3BERKO Deletion of Esr1 exon 3 Global F: reduced * [52-55]
ERp-Aex3, CERBKO M: fertile *
Esr2AEL-10 Deletion of Esr2 exon 1-10 Global F: sub-fertile [24]
M: fertile
Esr2Y55F/Y55F Y55F in ERf reduced activity F: reduced [56]
«BERKO Esrl/Esr2 double knockout Global F: infertile [57]
ERKO x ERB—/— M: infertile
ERxBKO Esr1/Esr2 double knockout Global F: infertile [29]

ERaKO x ERBKO

M: infertile

F, Female; M, Male; DN, dominant-negative function; * infertility has been reported.

For neuron-specific Esr1 deletion, ERxfl/fl CamKIIx-Cre mice have demonstrated a
critical role for ERo in the estrogen positive feedback on gonadotropin-releasing hormone
(GnRH) neurons, where the lack of ER« results in infertility due to the absence of the pre-
ovulatory gonadotropin surge [37]. In addition, an increased serum E2 level and infertility
have been reported as a consequence of deletion of Esr1 in the hypothalamus using aP2-Cre
or RIP-Cre transgenic mice, which directs Cre expression to adipocytes or the pancreas
and hypothalamus [38,58]. Uterine-specific knockout mice that lack ER« in epithelial cells
are infertile due to a lack of implantation [40,41], and mice with Esr1 deleted from uterine
stromal cells have reduced fertility [42]. Finally, a critical role for ERx in the pituitary
was further demonstrated since female pituitary-specific Esr1 knockout mice, ER 10X/ flox
aGSU™®, lack estrus cyclicity and the LH surge and are infertile [39]. In conclusion, studies
indicate that it is ERx-mediated functions in the brain on several levels, in the uterus, and
in the pituitary that are responsible for the infertility, rather than ER«’s effects on the ovary.

Mouse lines with entire ERox domains have been developed and showed that removal
of the exons coding for the AF-1 domain or DBD or LBD results in infertility in both male
and female mutated mice, as reviewed in [59]. Several mouse lines with Esr1 germline
point mutations have been generated which display severe fertility deficits. A knock-in
mouse line termed NERKI with mutations in Esrl, ERx E207A /G208A, that make ER«x
unable to bind to DNA, displayed infertility in female heterozygous mice. This mouse
model showed the importance of the classical pathway, where ERs binds to DNA, but also
nonclassical pathways, since the phenotype differed from the global ERx most strikingly in
the uterus which displayed hyperplasia [43]. Another ERx DBD mutant knock-in mouse
line termed EAAE, with the mutations Y201E, K210A, K214A, and R215E, displayed a
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phenotype similar to the global ERx knockout mice with infertility in both sexes when
homozygous for the mutation [44]. Furthermore, ERx LBD is also needed for fertility,
exemplified by an estrogen-non-responsive ERo knock-in mice (ENERKI) model with a
point mutation in the LBD coding region, G525L [45]. This mutation resulted in a reduced
response to endogenous estrogens and showed an anovulatory and hemorrhagic cystic
follicle phenotype in female homozygous mice that in turn resulted in infertility [45].
Interestingly, the ENERKI mice do respond to the ERa-selective agonist propyl pyrazole
triol (PPT), and treatment prevented the formation of hemorrhagic cysts.

A different ERx LBD knock-in mouse model, AF2ERKI, with the ERx mutations L543A
and L544A, displayed infertility in both male and female mice with similar phenotypes
as in global ERx knockout mice [46,60]. Interestingly, this mutation changes antagonists
to agonists and the male infertility can be restored by Tamoxifen treatment [46]. A mouse
line with a Cre-inducible germline point mutation in the Esr1 LBD coding region, Y541S,
corresponding to the human metastatic breast cancer mutation ESR1Y>%S, resulted in
constitutive activation of the receptor, which led to severe developmental defects in the
reproductive organs that in turn resulted in infertility in both male and female mice
and cysts detected in the uterus [50]. ERa non-genomic functions are mediated by a
cell membrane-bound form of ER« that is directed to the cell membrane by the post-
translational modification palmitoylation of a cysteine at position 451 in ER«x, and position
447 in human ERa. The membrane-bound fraction of ER«x interacts with the membrane
protein caveolin-1 and acts together with membrane-associated kinases to mediate rapid
effects of E2 [61]. Knock-in mouse models with a mutation of ERx cysteine 451 to alanine
have been made independently by two research groups, and these two mouse lines, termed
ERx C451A [47] and NOER [48], display severe effects on fertility in both female and male
mice [47-49]. The female mice are infertile with ovaries lacking corpora lutea and have an
excess of hemorrhagic follicles and increased luteinizing hormone levels. The phenotype
of uteri was reported to be normal in ERoxc C451A mice but hypoplastic in NOER mice.
The male phenotype is milder than the global ERx knockout and young males produce
litters [49]. Finally, a targeted mutation, using the CRISPR/Cas9 technique, that specifically
reduces the expression of an ovary-, uterus-, and pituitary-specific long variant of ERo
(ERx-66), resulted in subfertility, an irregular estrus cycle, and defects in maintaining
litters, although no obvious morphological or pathological changes were observed in the
reproductive organs [62].

3.2. Esr2 Mouse Models

The first Esr2 knockout mouse line was made in the laboratories of Jan-Ake Gustafsson
and Oliver Smithies by insertion of a neomycin cassette and stop codons into exon 3,
encoding the DBD. These mice lack expression of full-length ER3 mRNA and displayed
reduced female fertility, while male mice remained fertile [51]. Subsequent mouse models
have used the Cre/loxP system to target exon 3, similar to what was done to generate Esr1
knockout mice [29,52-55]. Since targeting exon 3 may still produce low amounts of ERf3
mRNA splice variants, later strategies have used the CRISPR/Cas9 system to delete the
entire gene [24,63]. The overall conclusion from these studies is that male Esr2 knockout
mice are fertile and female mice are sub-fertile, with fewer litters and reduced litter sizes.
Interestingly, the complete deletion of the Esr2 gene results in not only female subfertility
but also premature female infertility at around 6 months of age [24]. Transplantation
experiments in which ovaries were transplanted from WT into Esr2 knockout mice restored
the fertility in knockout females [64], which strongly supports that ERp in the ovary is
responsible for the effects on fertility and is in line with high levels of ERf in the granulosa
cells of the mouse ovary. Serum levels of E2 are normal in Esr2 knockout mice, but at
the diestrus/proestrus stage of the estrous cycle, the levels have been reported to be
lower than in WT mice [24,55,64] and it is likely that this affects the LH surge that is
blunted in Esr2 knockout mice [55,64]. Furthermore, the ovaries of the Esr2 knockout
mice display a reduced number of corpora lutea, a sign of reduced ovulation, as the most
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striking phenotype [24,29,51,55]. Analysis of gene expression in follicles and granulosa
cells from Esr2 knockout mice have identified several genes with reduced expression that
might explain the fertility defects. These include Cyp19a1, encoding the aromatase enzyme
responsible for final stages of E2 biosynthesis, and after gonadotropin stimulation, the
Lhegr, Cypllal, and Ptgs2 genes were expressed at lower levels [53,65].

In superovulation experiments, Esr2 knockout mice produce less ovulating follicles in
response to gonadotropin injections compared to their WT littermates [29,51,53,66]. Surpris-
ingly, mice with a complete deletion of Esr2 do not show such superovulation deficits [24],
which may suggest that the ovarian response to gonadotropins is not compromised upon
total deletion of Esr2, and that the previous Esr2 knockout models targeting the exon 3
produce ovarian artefacts. ER(3 has also been reported as expressed in GnRH-releasing
neurons in the hypothalamus [67] that receive input from ERa- and Kiss1-positive afferent
neurons. However, a clear role of ERf3 in GnRH neurons has so far not been established,
and likely the effect of ER( on fertility is not mediated via its function in the adult brain.

In contrast to the many Esr1 knock-in mouse models, only one Esr2 knock-in model
has been generated to our knowledge (Table 1). This mouse line has a point mutation in a
tyrosine phosphorylation site in the N-terminal AF1 domain, Esr2Y>F/Y55F and displays
reduced female fertility and ovarian size [56]. The mutation was shown to reduce the
Erf3 chromatin binding to promoter regions. The involvement of Esr2 LBD or DBD in
rodent fertility is, however, still not well-established, since there are no mice with point
mutations in these regions. However, data from human patients with point mutations in
the ESR2 gene suggest that both the LBD and DBD participate in male and female gonadal
development and fertility (discussed in Section 4).

3.3. Esr1/Esr2 Double Knockouts

Mice that lack both Esr1 and Esr2, Esr1/Esr2 double knockouts, are viable, but both
male and female mice are infertile with an ovarian phenotype different from the single
knockouts, with structures similar to seminiferous tubules of the testis [29,57]. Interestingly,
the adult, but not prepuberal, ovary exhibits follicles that lack oocytes but contain what
appears to be seminiferous tube-like structures and Sertoli cells, normally found in testis,
suggesting trans-differentiated follicles and a potential sex reversal [57]. Thus, a combined
role of Esrl and Esr2 may be needed to maintain oocyte integrity and prevent follicular
degeneration.

3.4. Rat Esr1 and Esr2 Knockout Models

Knockout models of Esr1 and Esr2 have been made in rats using zinc finger nuclease
genome targeting [68,69]. Both these models targeted and deleted exon 3, which encodes
the DBD, similar to the mouse exon 3, and creates premature stop codons. The Esrl
rat knockout displays many phenotypes similar to the mouse Esr1 knockout, including
infertility in both sexes, increased serum E2 levels, a hypoplastic uterus, and hemorrhagic
cysts in the ovaries [68]. The phenotype in the null mutated rat Esr2 line is more severe than
in mice, since females are infertile and do not produce oocytes in response to gonadotropin
stimulation, while the males are fertile [69]. In addition, an exon 4-deleted rat model was
made that mimics an endogenous splice variant encoding a transcript that lacks DNA-
binding capacity. This rat model displays a similar phenotype as the null mutated rat,
indicating that the regulation of female fertility depends on ERf3 acting through binding to
ERE motifs [69].

4. Human Mutations in ESR1 and ESR2

Data on human loss-of-function ESR1 or ESR2 mutations are sparse, but identified
cases confirm a role for these receptors in human reproduction. A male patient with
a homozygous point mutation causing a premature stop codon before the sequences
encoding the DBD in ESR1 has been identified [70]. The mutation resulted in abnormal
bone maturation and mineralization, but seemingly normal testosterone levels and sperm
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count, although a lower sperm viability [70]. A female patient with a homozygous loss-of-
function ESR1 variant, Q375H, affecting the LBD, was identified in 2013, with a lack of breast
development, pelvic pain, increased serum E2 levels, and hemorrhagic ovarian cysts [71].
This phenotype resembles that of female Esrl knockout mice. Similar phenotypes were
reported from a family with another homozygous loss-of-function ESRI mutation, R394H,
affecting the LBD [72]. Recently, two sisters were identified with a homozygous loss-of-
function ESR1 variant in the LBD, E385V, but displaying different severities of their ovarian
and hormonal phenotypes, suggesting that different compensating mechanisms exist [73].
Three case studies with ESR2 mutations have been reported. The first study identifies a
heterozygous ESR2 missense variant, A432D, in an exon encoding the LBD in a girl with
primary amenorrhea [74]. The second describes a female patient with a heterozygous
missense ESR2 mutation in the LBD, K314R, that was shown to produce a dominant
negative form of ER{3 that also affects the activity of ER« [75]. This patient displayed
complete ovarian failure and a lack of puberty, as well as juvenile uterus, small ovaries,
and severe osteoporosis due to the lack of E2-producing ovary function. Interestingly, E2
supplementation resulted in menarche and regular menses, as well as in an increased uterus
volume and ovarian growth, however with a lack of follicles [75], which contrasts with
E2 supplementation in ESRI mutant females. This confirms animal model data showing
that ERf is important for fertility via its ovarian function rather than via any direct effect
on the hypothalamus or pituitary. The third case study describes three patients with
disorders or differences of sex development (46,XY DSD) [76]. One of these patients had a
germline homozygous 3 bp deletion in the DBD encoding region of ESR2, N181del, and
displayed an absence of gonads. The other two patients displayed different heterozygous
missense mutations in the N-terminal region, G84V, and the LBD, L426R, coding sequence.
However, the association of ESR2 variants with 46,XY DSD remains to be established since
the clinical outcomes are different and the functions of the different ER variants are not
fully understood [77]. Although these human studies confirm a role for ERs in human
reproduction, they also suggest important species differences, where ESR2 mutations in
humans appear to yield a more severe gonadal phenotype than in mouse models.

5. Conclusions and Future Perspectives

Estrogen signaling via ERoc and ERp plays a key role for fertility in mice, rats, and
humans. Null mutations of Esr1 lead to infertility in both mice and rats and in both males
and females, and the phenotypes are comparable to what has been described in patients
with homozygous loss-of-function mutations. Esr2 null mutations lead to reduced fertility
in female mice and infertility in female rats. ESR2 mutations identified in patients suggest
a more critical function of ESR2 on fertility in humans than in rodents. Thus, it appears that
important species differences exist regarding ERf3’s role on fertility. However, this needs
to be verified since the number of human cases is low and the function of most of these
mutated variants is not fully understood when it comes to interactions with ERc or their
transcriptional activity. The results from the 46,XY DSD patients suggest a role for ER(3
in male gonadal development that is not seen in mouse models, and one explanation for
this difference could be that humans express high levels of ER{ in testis that is not seen
in rodents [22]. Identifying ER[3 target genes in the ovary that can explain the reduced
ovulation in ERf3-KO mice is an important future step to clarify the role of ERf in fertility,
and this may identify new targets for fertility treatment. Techniques such as Chip-Seq or
single-cell sequencing may hold great promise to advance knowledge in this field. The
roles of ER splice variants in fertility are not known, but the presence of two variants, that
can either activate or repress E2-regulated transcriptional responses, suggests an important
role for these in regulating fertility since the results from mouse models have shown that
both enhanced and reduced estrogenic signaling affect fertility.
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