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The Four Core Genotypes mouse model:
evaluating the impact of a recently discovered
translocation

Carrie B. Wiese', Barbara Soliman' and Karen Reue'”

Abstract

The Four Core Genotypes (FCG) mouse model has become a valuable model to study the mechanistic basis for bio-
logical sex differences. This model allows discrimination between influences of gonadal sex (ovaries or testes)

from those associated with genetic sex (presence of XX or XY chromosome complement). FCG mice have illuminated
distinct effects of gonadal and chromosomal sex on traits ranging from brain structure and behavior to vulnerability
to obesity, atherosclerosis, multiple sclerosis, Alzheimer's and other diseases. A recent study determined that the Yo-
chromosome used in a specific line of C57BL/6J FCG mice harbors nine genes that have been duplicated from the X
chromosome. This report raised concern that scores of publications that previously used the FCG model may there-
fore be flawed, but did not provide details regarding how studies can be evaluated for potential impact (or lack

of impact) of the translocation. Here we (1) provide a practical description of the genetic translocation for researchers
using the FCG model, (2) document that a majority of the studies cited in the recent report are unlikely to be affected
by the translocation, (3) provide a scheme for interpreting data from studies with FCG mice harboring the Y3~ trans-
location, and (4) delineate expression levels of the nine translocated genes across tissue/cell types as a filter for evalu-

ating their potential involvement in specific phenotypes.

Keywords Sex differences, X chromosome, Y chromosome, XY* mouse model, Gene expression

Background

Animal models, particularly mouse models, are widely
used to investigate the role of biological sex in both
health and disease. The recent emphasis on understand-
ing how biological sex influences physiology has led
to increased inclusion of both male and female mice in
preclinical studies, and the inclusion of sex as a biologi-
cal variable in preclinical and clinical research is now
expected by major biomedical research funding agencies
in the United States, Canada, and the European Union
[1].
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Biological sex factors include both genetic sex (XX
or XY chromosomes) and gonadal sex (the presence of
ovaries or testes) (2). A delineation of how each of these
factors contributes to sex differences is highly relevant
to human health and disease. The levels of gonadal hor-
mones are dynamic during the lifetime, with low levels
prior to puberty and after midlife. On the other hand, the
genes on the sex chromosomes are potentially active in
cells throughout the body across the lifespan. A deter-
mination of how each of these factors impacts disease at
different life stages may illuminate the mechanisms by
which one sex is more vulnerable or more protected from
specific conditions [3, 4].

As the appreciation for the importance of both chro-
mosomal and gonadal sex determinants has grown,
investigators have turned to experimental models that
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allow the discrimination of these two factors. The most
widely used model of this type is the Four Core Geno-
types (FCG) mouse model, and the origin and application
of this model has been described in detail in excellent
reviews [2, 5]. This model allows the development of
mice with four genotypes within a single mouse litter:
XX chromosomes with ovaries, XX with testes, XY with
ovaries, and XY with testes. The decoupling of chromo-
somal and gonadal type in this model derives from a Y
chromosome that lacks the Sry gene due to a sponta-
neous deletion (referred to herein as Y*?~), combined
with an Sry transgene on chromosome 3, such that testis
development is not determined by the Y chromosome.
When the four genotypes are compared in a 2X2 array,
it is possible to determine whether a trait is influenced by
gonadal type, sex chromosome complement, or an inter-
action between the two. These distinct aspects of biologi-
cal sex cannot be parsed using standard male and female
organisms. To date, scores of publications have utilized
FCG mouse models to identify mechanisms underlying
sex differences in traits ranging from brain structure and
behavior to development of obesity, atherosclerosis, mul-
tiple sclerosis, Alzheimer’s and other diseases ([2]; Sup-
plementary Table 1).

Recently, it was reported that the Y5~ chromosome in
one FCG mouse strain contains nine genes that have been
duplicated and translocated from the X chromosome [6].
The article included a non-curated list of 98 publica-
tions using FCG mice (Supplemental Table 1 in [6]) that
may raise concerns that those studies are flawed without
evaluating whether the YS”~ translocation is likely to
impact the conclusions from those publications. Here we
aim: (1) to provide a practical description of the genetic
translocation for researchers using the FCG model, (2) to
document that a majority of the FCG studies cited in the
Panten et al. report are supported by additional informa-
tion that reduces the likelihood of erroneous conclusions
attributable to the YS?~ translocation, (3) to provide a
scheme for interpreting data from studies with FCG mice
considering the Y~ translocation, and (4) to assess
relative expression levels of the nine translocated genes
across tissue/cell types as a filter for evaluating their
potential involvement in specific phenotypes.

Genetic translocation identified on the Y*”~ chromosome
in a C57BL/6J Four Core Genotypes model

Panten et al. [6] performed single cell RNA-sequencing in
liver and spleen from C57BL/6] FCG mice and observed
higher expression levels (~twofold) for a set of X chro-
mosome genes in XY>?~ compared to XX mice. This was
unexpected given that most genes on the X chromosome
are expressed at similar levels between XX and XY cells
due to X chromosome inactivation, or at higher levels in
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XX cells due to escape of specific genes from X chromo-
some inactivation (3-7% of X chromosome genes in the
mouse) [7]. Panten et al. therefore investigated the basis
for higher expression of some X chromosome genes in
XY$”~ compared to XX cells and determined (using
DNA sequencing and DNA fluorescence in situ hybridi-
zation) that a 3.2 MB portion of the X chromosome had
been duplicated and inserted into the YS?~ chromosome.
The duplicated/translocated region originated from a
segment that is adjacent to the X chromosome pseudoau-
tosomal region, which may be subject to increased rates
of genetic exchange between X and Y chromosomes [8].
The practical result of the translocation in this FCG strain
is that its Y5~ chromosome harbors nine protein coding
genes that are normally present only on the X chromo-
some (described in detail in a subsequent section). The
dosage of the vast majority of the ~1000 X chromosome
genes are not affected by this alteration, and Panten et al.
also demonstrate that the duplication/translocation does
not significantly impact autosomal gene expression [6].

During the past several years, the Y~ chromosome
has been bred onto different genetic backgrounds. Many
of the early studies with FCG mice were performed on
an outbred MF1 genetic background, which Panten et al.
demonstrated does not harbor the translocation [6]. To
generate an inbred strain to enhance utility for some
types of biomedical research, the MF1 Y*?~ chromosome
was subsequently backcrossed to the inbred C57BL/6]
strain through several generations. This C57BL/6] FCG
strain was distributed to several investigators, and in 2010
was also deposited at the Jackson Laboratory (Jackson
Laboratory strain 010905). Using frozen DNA samples
from different stages of this process, it was determined
that the MF1 strain does not carry the translocation, and
that it occurred as a chance event during backcrossing
from MF1 to C57BL/6]. The MF1 strain was also used by
independent investigators to develop independent FCG
strains on other genetic backgrounds (CD1, SJL). Hav-
ing the FCG model on an inbred C57BL/6] background
is valuable, and fortunately, a C57BL/6] FCG line that
does not carry the translocation has been independently
developed [6] and has recently been made available to
the biomedical research community (Jackson Laboratory
strain 039108).

What is the impact of the C57BL/6J YS”~ translocation

on studies previously performed with the FCG model?

The FCG models have been utilized by numerous
investigators over the past two decades. Panten et al.
provide a table in their publication (Supplementary
Table 1 in [6]) that lists 98 studies performed with
FCG mice that does not include annotation or con-
text that allows the reader to evaluate whether or how
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the newly discovered translocation on the Y5~ chro-
mosome might alter the interpretation of results. In
practice, studies with FCG mouse models are seldom
performed in a vacuum, but rather are combined with
other studies to corroborate and extend the findings.
Often, studies with FCG mice are undertaken after
observing sex differences in humans or wild-type ani-
mals. The FCG model is then enlisted to reveal the
relative contributions of gonadal sex and chromosomal
sex. Results from FCG studies then ideally serve as a
gateway to further investigation of either gonadal or
chromosomal sex determinants [3, 5, 9]. When effects
of gonadal sex are identified, subsequent studies may
include the manipulation of acute gonadal hormone
levels using techniques such as surgical gonad removal,
hormone replacement, and chemical or genetic inhibi-
tion of gonadal hormone action. When chromosomal
sex is implicated in FCG studies, further studies may
assess the role of X and Y chromosome dosage with
models such as XY* (discussed below). Thus, the
results obtained in many studies with FCG models are
often supported by several additional lines of evidence.

We propose that existing publications related to
studies in FCG mice (e.g., from Supplementary Table 1
in [6]) must be examined carefully to determine
whether the results could be influenced by the Y57~
translocation. We have previously presented general
schema for the analysis of sex determinants using the
FCG mouse model [3, 4, 9]. Here, we present a flow
chart that can be used to evaluate whether results from
previous studies with FCG mice may be influenced by
the presence of the translocation of X chromosome
genes to the Y~ chromosome (Fig. 1). Using the logic
tree in Fig. 1 to evaluate studies that are cited in Sup-
plementary Table 1 from Panten et al., we found that
the majority of those studies are unlikely to be affected
by the translocation, and we annotate the reasons for
this in Supplementary Table 1. These include studies
that were performed in MF1 FCG mice (which do not
harbor the translocation), studies that identified only
gonadal sex effects, studies that used additional mouse
models to assess sex chromosome effects observed
in FCG mice, and studies that identified specific sex
chromosome genes that influence the trait. It is nota-
ble that despite the translocation, the C57BL/6] FCG
model has provided critical data that has led to the
identification of specific X and Y chromosome genes
that influence neurological, autoimmune, cardiovas-
cular, and metabolic diseases [10—15]. It is difficult to
imagine how this would have occurred without valu-
able tools such as the FCG model.
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A practical guide to X and Y chromosome gene dosage

in the C57BL/6J FCG and XY* strains

Here we suggest a scheme that may be employed to visu-
alize the gene dosage on X and Y chromosomes in FCG
and related mouse models, including the X genes that
were translocated to the Y~ chromosome (Fig. 2).

Wild-type female and male X and Y gene dosage

and expression

In wild-type female and male mammals, females carry
two alleles for X chromosome genes compared to one
allele in XY males (Fig. 2A). The inactivation of one X in
XX cells (Xi, X inactive) leads to similar expression levels
for the vast majority of X chromosome genes in XX and
XY cells. One exception is the small proportion of genes
that escape X inactivation, which have higher expression
levels in XX compared to XY cells; the degree of escape
must be determined experimentally and differs by gene,
cell type, age, disease status, and potentially environment
and other factors [7, 16]. Only males express genes from
the Y chromosome, which encodes ~80 protein cod-
ing genes. These include several genes involved in male
reproduction and some orthologs of X chromosome
genes that have diverged after specialization of the sex
chromosomes occurred and X-Y recombination in non-
pseudoautosomal regions ceased [17].

C57BL/6J FCG mouse X and Y gene dosage and expression
The FCG model is typically employed after sex differ-
ences are observed in standard female and male mice to
interrogate the mechanism. The FCG sex chromosomes,
including the Y5~ translocation characterized by Panten
et al. [6], are represented in Fig. 2B. In the relevant
C57BL/6] line of FCG mice, nine genes that reside on the
X chromosome adjacent to the pseudoautosomal region
are duplicated on the Y chromosome. This results in a
copy of these genes on each type of X and Y chromosome
present in the FCG animals (i.e., 2 genomic copies for
each genotype, Fig. 2B). However, due to X inactivation,
most of these genes are likely expressed at lower levels in
XX (expressed from 1 allele) compared to XY genotypes
(expressed from 2 alleles).

If results from FCG mice show a difference between
mice with ovaries and those with testes, the interpreta-
tion is not likely to be affected by the translocation. A
potential exception to this is cases in which there is an
interaction between gonadal and chromosomal sex. If
a trait is influenced by XX or XY chromosome comple-
ment, it may be due to: (a) a difference in the dosage of
X or Y chromosome genes as occurs in wild-type mice,
or (b) a higher expression level of one/some of the nine
genes translocated to the YS= chromosome. However,
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Are the FCG mice derived from the C57BL/6 FCG line?
¢ - N
[ ||

Mice are expected to have the Mice are not expected to have
translocation. the translocation.

~

Is there a sex chromosome effect
(or chromosome—gonad interaction) in the FCG mice?

A

v v

[ | [ |

Translocated genes may impact
a sex chromosome effect.

Translocated genes unlikely to
impact a gonadal sex effect.

<

Is the FCG sex chromosome effect consistent with those
in wildtype female and male mice?*

A
¢

}

Translocated genes are not likely Translocated genes may impact
to have an effect. phenotype.
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Does the FCG sex chromosome effect align with an X
chromosome dosage effect in the XY* mouse model?

¢

:

Translocated genes may impact A'Y chromosome dosage effect
an X chromosome dosage effect. can not be caused by
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The 4 translocated genes
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Fig. 1 Flow diagram to evaluate potential influence of Y~ chromosome translocation in existing studies performed with Four Core Genotypes
mice. Decision tree used to evaluate published FCG mouse studies cited in Panten et al. for possible influence by the Y*”~ chromosome
translocation. Using this logic tree and additional published data, we identified studies shown in Supplementary Table 1 as likely exempt

from complications that could arise from the translocation. *FCG XX vs. XY mice show same relationship as wild-type female (XX with ovaries) vs.
male (XY with testes) mice. Figure was created with BioRender.com released under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0
International License
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additional clues may rule out condition (b). In particular,
it is unlikely that the translocated genes are responsible
for a difference in FCG mice if there is an FCG sex chro-
mosome effect that is consistent with sex chromosomes
in wild-type mice [for example, FCG XX vs. FCG XY
mice show the same relationship as wild-type female (XX
with ovaries) vs. wild-type male (XY with testes) mice].
This is because wild-type XY male mice do not have the
translocated genes on the Y chromosome, so those genes
are unlikely to be the reason for the segregation of the
traits by XX and XY chromosome in FCG mice. Addi-
tionally, prioritizing potential candidates from the nine
duplicated genes can be performed by considering the
relevance of their cell type expression with the phenotype
of interest (discussed in a subsequent section).

Panten et al. [6] made special mention of the TIr7 (toll-
like receptor 7) gene in the Y~ translocation, apparently
because this gene has been implicated in autoimmune
diseases such as lupus, which show a female bias. Of the
nine genes translocated to the Y~ chromosome, it is
noteworthy that 7/r7 and T/r8 both escape from X chro-
mosome inactivation in specific immune cells that have
roles in autoimmunity (B cells, monocytes, and plasma-
cytoid dendritic cell populations) [18, 19]. As such, these
genes may be expressed from both the active and inactive
X chromosomes in some immune cells of XX mice, thus
reducing the dosage difference between XX and XY~
cells. The end result might be to make it less likely that
Tlr7 or TIr8 underlie XX vs. XY differences detected in
C57BL/6 FCG mice. Other genes within the translocation
may escape X inactivation in specific cell types, though
this has not been well established.

XY* mouse model X and Y gene dosage and expression

Many investigators who detect sex chromosome effects
in FCG mice perform follow-up studies to determine
whether the number of X or number of Y chromosomes
is likely to be the determinant. This is valuable as it also

(See figure on next page.)
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points towards specific candidate genes on either the X
or Y chromosome. The XY* model contains a Y chro-
mosome (known as Y*) with a duplication of part of the
pseudoautosomal region; this allows unusual recombi-
nation events with the X chromosome to generate mice
with nearly the equivalent of XX and XO genotypes (with
ovaries) and XY and XXY genotypes (with testes) [2, 20]
(Fig. 2C).

If a trait analyzed in XY* mice is influenced by Y chro-
mosome dosage, animals with a Y (XY and XXY) will dif-
fer from those lacking a Y chromosome (XX and XO). If
a trait is influenced by X chromosome dosage, animals
with two X chromosomes (XX and XXY) will differ from
those with one X (XY and XO). There is a slight compli-
cation in interpreting the latter results because four X
chromosome genes (Msl3, Arhgap6, Amelx, and Hccs)
are included in the pseudoautosomal duplication of the
Y* chromosome (3). This results in a copy of these genes
on each type of X and Y chromosome in XY* animals
(i.e., 2 genomic copies for each genotype, Fig. 2C). How-
ever, due to X inactivation, the expression of these genes
may be lower in XX and XXY genotypes (expressed from
1 allele) than in XO and XY genotypes (expressed from
2 alleles). Thus, if X chromosome dosage is implicated,
the potential involvement of these four genes should be
considered. Additional clues about whether any of the
four genes are likely candidates for a particular trait can
be derived by assessing the tissue/cell types that express
these genes (discussed in a subsequent section).

A key value of identifying whether X or Y chromosome
dosage is critical for a sex difference is that it suggests
candidate genes on either the X or Y that may be associ-
ated with the trait of interest. If X chromosome dosage is
implicated, some likely candidates are genes that exhibit
differential expression levels in XX compared to XY cells,
such as genes that escape X inactivation. Conversely, if
studies from the XY* model implicate Y chromosome
dosage, then Y-specific genes are likely candidates [17].

Fig. 2 Chromosomal gene dosage and relative expression levels of X chromosome genes translocated to a C57BL/6J Y~ chromosome. Schemes
show sex chromosome and gonadal type in A wildtype female and male mice, B C57BL/6J Four Core Genotypes mice that carry the Y°”~
translocation, and € XY* mice. X chromosome genes that are duplicated on the Y*¥~ chromosome (FCG model) or the Y* chromosome (XY* model)
are shown in blue and yellow boxes, respectively. For each mouse model, the diagram shows sex chromosome and gonadal composition, the X
and Y dosage, and expected gene expression levels for the X chromosome genes that are duplicated on the Y chromosome. The designation

of “>"under genotypes with two X chromosomes refers to potential expression of some boxed genes from both X alleles due to escape from X
inactivation in specific cell types, which is known to occur for Tir7 and TIr8 (and potentially other boxed genes). Full names of the genes are
provided in Fig. 3. PAR, pseudoautosomal region; ASry, deletion of Sry gene; Xa, active X chromosome; Xi, inactive X chromosome; XXov, XX
chromosomes with ovaries, XXte, XX chromosomes with testes; XYov, XY chromosomes with ovaries; XYte, XY chromosomes with testes; Y*7~, Y
chromosome lacking Sry and containing translocation of 9 genes from the X chromosome; Tg*”, Sry contained on a transgene within an autosome
(not depicted in the diagram); Y*, Y™, and X" represent variants of the Y chromosome that occur in the XY* model and have the genetic
composition illustrated in the diagram. Figure was created with BioRender.com released under a Creative Commons Attribution-NonCommercial-N

oDerivs 4.0 International License
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As indicated in Supplementary Table 1, multiple stud-
ies that used FCG mice and/or XY* mice to identify a
role for X chromosome dosage subsequently progressed
to identify a specific X chromosome gene with differ-
ential expression levels in females compared to males
that influences the trait. These include the prominent
X escape genes Kdmé6a (Alzheimer’s disease resilience,
multiple sclerosis, viral infection outcomes) and KdmSc
(obesity, vulnerability to drug adverse effects) [10-12,
14, 15]. As verified in these studies, both of these genes
escape X inactivation in a wide array of tissues, and both
encode epigenetic regulators (histone demethylases)
that influence chromatin accessibility and expression of
numerous genes. Importantly, these genes also escape X
inactivation in humans, and their association with similar
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phenotypes in human cells and tissues has been demon-
strated in some of the studies [11, 12, 15].

Cell and tissue expression of nine X chromosome genes
present on the Y5~ chromosome

As delineated above and in Fig. 2, there are some circum-
stances in which the presence of the Y?~ translocation
could implicate nine X chromosome genes as contribu-
tors to the difference between XX and XY mice. In these
cases, an additional consideration is whether the gene
is likely to influence the phenotype of interest based on
its tissue pattern of expression. An analysis of single cell
gene expression data from Tabula Muris [21] reveals that
some of the genes have very low or limited tissue expres-
sion patterns (e.g., Amelx, Frmpd4; Fig. 3). These genes
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Amelx (Amelogenin X-linked)—extracellular matrix protein involved in tooth and bone mineralization

Arhgap6 (Rho GTPase activating protein 6)—regulates interactions between signaling molecules and cytoskeleton
Frmpd4 (FERM and PDZ domain containing 4)—dendritic spine morphogenesis

Hcces (Holocytochrome C synthase)—lyase that links heme group to cytochrome C

MsI3 (MSL complex subunit 3}—chromatin remodeling and histone acetylation

Prps2 (Phosphoribosyl pyrophosphate synthetase 2)—purine and pyrimidine synthesis

Tir7 (Toll like receptor 7)—pathogen recognition and activation of innate immunity

Tir8 (Toll like receptor 8)— pathogen recognition and activation of innate immunity

Tmsb4x (Thymosin beta 4 X-linked)—regulation of actin polymerization and cell migration

Fig. 3 Tissue-type expression of nine X chromosome genes present on the Y*”~ chromosome. Single-cell RNA-seq data from FACS sorted cells of 20
tissue types were downloaded from the Tabula Muris Consortium [21]. Data were pooled from 3 month-old C57BL/6JN male and female mice. Gene
expression values for the nine genes contained in the Y°¥~ translocation were normalized for sequencing depth per cell, and the average expression
across each cell type within a tissue was calculated. A low expression cutoff of <1 cpm/cell was applied. Values from redundant cell types

within a single tissue type (i.e, same cell type name but different clusters) were averaged and are represented as a single value for the specified cell
type. A plot of log, ,(normalized expression) per cell type across tissues was generated with ggplot2 in R. Gene names and function are denoted

beneath the plot
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would be relevant candidates only for phenotypes involv-
ing specific cell types in specialized tissues. As expected,
Tlr7 and Tir8 are only expressed in specific immune cell
populations; as described above, these genes also escape
X inactivation in some immune cells, which might make
them less likely to be responsible for differences observed
between XX and XY FCG mice that carry the Y7~ trans-
location. The most widely and strongly expressed gene is
Tmsb4x, which appears to be expressed at similar levels
across numerous tissues. Thus, the involvement of genes
on the translocated Y~ chromosome as candidates for
a sex chromosome effect can be prioritized based on
whether they are expressed in a tissue pattern that cor-
responds with the phenotype.

Perspective and significance

Panten et al. [6] have presented an important new piece
of information regarding the genomic sequence of the
Y57~ chromosome in a specific C57BL/6] FCG mouse
strain. Animals with this chromosome have been used
by researchers across fields for the past two decades. As
sometimes happens with the availability of new tech-
nology that was not routine when the FCG model was
developed (in this case, RNA-sequencing and long-read
genome sequencing), new details are revealed. Here, we
have sought to provide clarity and transparency regard-
ing the potential impact of this finding on studies that
have used the FCG model.

As we illustrate in Supplementary Table 1, numerous
studies that have identified sex chromosome effects using
the FCG model augmented those findings with addi-
tional analyses, in some cases narrowing down effects
to a single gene using mice with specific gene knockout
alleles. Through these methods, many of the studies have
ruled out artifactual findings that could result from the
presence of the nine gene translocation. Furthermore, a
number of additional studies cited by Panten et al. were
performed with FCG mice on non-C57BL/6] genetic
backgrounds (primarily MF1) that do not carry the trans-
location. Thus, while it is critical for investigators using
these mouse models to be aware of the new findings by
Panten et al, it is also critical that data from previous
studies be evaluated on a case-by-case basis and taking
into account all evidence supporting their conclusions.

Moving to the future, as Panten et al. indicate, it will
be possible to obtain a C57BL/6] FCG strain that has
been verified to have the expected and desired genome
sequence from a commercial vendor [6]. The FCG model
has been extremely valuable in revealing significant
roles for sex chromosome dosage in numerous physi-
ological processes that extend far beyond their role as
determinants of testis/ovary development. Given the
demonstrated predisposition for recombination in
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regions of the sex chromosomes near the pseudoauto-
somal regions, it is recommended that routine genetic
monitoring of FCG (and XY*) strains be performed, as
is currently done with inbred strains at leading mouse
vendors [22]. With conscious attention to rigorous main-
tenance and independent confirmation of findings, the
FCG model will continue to be a valuable tool to illumi-
nate roles for sex chromosome dosage in numerous phys-
iological processes.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513293-024-00665-5.

[ Additional file 1. }

Acknowledgements

We acknowledge Dr. Arthur Arnold for valuable discussions and Drs. Arnold
and Duncan Odom for sharing updates to the publicly deposited version of
the Panten et al. manuscript prior to publication. We a grateful for support
from U54 HL170326 from the National Heart Lung and Blood Institute/Office
of Research on Women's Health (KR), ROT DK128898 from the National Institute
of Diabetes and Digestive and Kidney Disease (KR), F32 DK134148 (CBW),

and American Heart Association Career Development Award 24CDA 1269864
(CBW).

Author contributions

CBW.and KR. designed and wrote the manuscript. C.B.W. and KR. designed
and prepared the figures. CBW. and B.S. researched and prepared Supple-
mentary Table 1. All authors reviewed the manuscript.

Funding

This work was supported by National Institute of Diabetes and Digestive and
Kidney Diseases (Grant nos. F32 DK134148 and RO1 DK128898), American
Heart Association (Grant no. 24CDA1269864), and National Heart, Lung, and
Blood Institute (Grant no. U54 HL170326). The funders had no role in the study
design, data collection or interpretation or the decision to submit the work for
publication.

Availability data and materials

No datasets were generated or analysed during the current study. This study
did not generate new reagents. Information about all data that is presented or
reanalyzed from other sources is available from the authors.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

The authors declare no competing interests.

Received: 24 July 2024 Accepted: 21 October 2024
Published online: 31 October 2024


https://doi.org/10.1186/s13293-024-00665-5
https://doi.org/10.1186/s13293-024-00665-5

Wiese et al. Biology of Sex Differences (2024) 15:90

References

1.

20.

21

22.

Gompers A, Oliver MT, Maney DL. Training in the implementation of sex
and gender research policies: an evaluation of publicly available online
courses. Biol Sex Differ. 2024;15:32.

Arnold AP. Four Core Genotypes and XY* mouse models: update on
impact on SABV research. Neurosci Biobehav Rev. 2020;119:1-8.

Wiese CB, Avetisyan R, Reue K. The impact of chromosomal sex on cardio-
metabolic health and disease. Trends Endocrinol Metab. 2023;34:652-65.
Reue K, Wiese CB. llluminating the mechanisms underlying sex differ-
ences in cardiovascular disease. Circ Res. 2022;130:1747-62.

Burgoyne PS, Arnold AP. A primer on the use of mouse models for
identifying direct sex chromosome effects that cause sex differences in
non-gonadal tissues. Biol Sex Differ. 2016;7:68.

Panten J, Del Prete S, Cleland JP, Saunders LM, van Riet J, Schneider A,

et al. Four-Core Genotypes mice harbour a 3.2 MB X-Y translocation that
perturbs TIr7 dosage. Nat Commun. 2024;15:8814.

Berletch JB, Ma W, Yang F, Shendure J, Noble WS, Disteche CM, et al.
Escape from X inactivation varies in mouse tissues. PLoS Genet. 2015;11:
€1005079.

Morgan AP, Gatti DM, Najarian ML, Keane TM, Galante RJ, Pack Al, et al.
Structural variation shapes the landscape of recombination in mouse.
Genetics. 2017;206:603-19.

Mauvais-Jarvis F, Arnold AP, Reue K. A Guide for the design of pre-clinical
studies on sex differences in metabolism. Cell Metab. 2017;25:1216-30.
Davis EJ, Broestl L, Williams G, Garay BI, Lobach |, Devidze N, et al. A
second X chromosome contributes to resilience in a mouse model of
Alzheimer’s disease. Sci Transl Med. 2020;12:eaaz5677.

. Link JC, Wiese CB, Chen X, Avetisyan R, Ronquillo E, Ma F, et al. X chromo-

some dosage of histone demethylase KDM5C determines sex differences
in adiposity. J Clin Invest. 2020;130:5688-702.

Cheng M|, Li JH, Riggan L, Chen B, Tafti RY, Chin S, et al. The X-linked
epigenetic regulator UTX controls NK cell-intrinsic sex differences. Nat
Immunol. 2023;24:780-91.

Cunningham CM, Li M, Ruffenach G, Doshi M, Aryan L, Hong J, et al.
Y-chromosome gene, uty, protects against pulmonary hypertension

by reducing proinflammatory chemokines. Am J Respir Crit Care Med.
2022;206:186-96.

Itoh Y, Golden LC, Itoh N, Matsukawa MA, Ren E, Tse V, et al. The X-linked
histone demethylase Kdméa in CD4* T lymphocytes modulates autoim-
munity. J Clin Invest. 2019;129:3852-63.

Zhang P, Munier JJ, Wiese CB, Vergnes L, Link JC, Abbasi F, et al. X chromo-
some dosage drives statin-induced dysglycemia and mitochondrial
dysfunction. Nat Commun. 2024;15:5571.

Tukiainen T, Villani AC, Yen A, Rivas MA, Marshall JL, Satija R, et al.
Landscape of X chromosome inactivation across human tissues. Nature.
2017;550:244-8.

Bellott DW, Hughes JF, Skaletsky H, Brown LG, Pyntikova T, Cho T-J, et al.
Mammalian Y chromosomes retain widely expressed dosage-sensitive
regulators. Nature. 2014,508:494-9.

Souyris M, Mejia JE, Chaumeil J, Guéry JC. Female predisposition to TLR7-
driven autoimmunity: gene dosage and the escape from X chromosome
inactivation. Semin Immunopathol. 2019;41:153-64.

Youness A, Miquel CH, Guéry JC. Escape from X chromosome inactivation
and the female predominance in autoimmune diseases. Int J Mol Sci.
2021;22:1114.

Eicher EM, Hale DW, Hunt PA, Lee BK, Tucker PK, King TR, et al. The mouse
Y* chromosome involves a complex rearrangement, including interstitial
positioning of the pseudoautosomal region. Cytogenet Cell Genet.
1991,57:221-30.

Schaum N, Karkanias J, Neff NF, May AP, Quake SR, Wyss-Coray T, et al.
Single-cell transcriptomics of 20 mouse organs creates a Tabula Muris.
Nature. 2018;562:367-72.

Benavides F, Rilicke T, Prins JB, Bussell J, Scavizzi F, Cinelli P, et al. Genetic
quality assurance and genetic monitoring of laboratory mice and rats:
FELASA working group report. Lab Anim. 2020;54:135-48.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 9 of 9



	The Four Core Genotypes mouse model: evaluating the impact of a recently discovered translocation
	Abstract 
	Background
	Genetic translocation identified on the YSry− chromosome in a C57BL6J Four Core Genotypes model
	What is the impact of the C57BL6J YSry− translocation on studies previously performed with the FCG model?
	A practical guide to X and Y chromosome gene dosage in the C57BL6J FCG and XY* strains
	Wild-type female and male X and Y gene dosage and expression
	C57BL6J FCG mouse X and Y gene dosage and expression
	XY* mouse model X and Y gene dosage and expression

	Cell and tissue expression of nine X chromosome genes present on the YSry− chromosome

	Perspective and significance
	Acknowledgements
	References




