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Abstract

Sex determination requires the commitment of bipotential gonads to either a testis or an ovarian

fate. Gene deletion of the kinase Map3k4 results in gonadal sex reversal in XY mice, and

transgenic re-expression of Map3k4 rescues the sex reversal phenotype. Map3k4 encodes a

large, multi-functional protein possessing a kinase domain and several, additional protein–protein

interaction domains. Although MAP3K4 plays a critical role in male gonadal sex determination,

it is unknown if the kinase activity of MAP3K4 is required. Here, we use mice expressing full-

length, kinase-inactive MAP3K4 from the endogenous Map3k4 locus to examine the requirement

of MAP3K4 kinase activity in sex determination. Although homozygous kinase-inactivation of

MAP3K4 (Map3k4KI/KI) is lethal, a small fraction survive to adulthood. We show Map3k4KI/KI

adults exhibit a 4:1 female-biased sex ratio. Many adult Map3k4KI/KI phenotypic females have a

Y chromosome. XY Map3k4KI/KI adults with sex reversal display female mating behavior, but do

not give rise to offspring. Reproductive organs are overtly female, but there is a broad spectrum

of ovarian phenotypes, including ovarian absence, primitive ovaries, reduced ovarian size, and

ovaries having follicles in all stages of development. Further, XY Map3k4KI/KI adults are smaller

than either male or female Map3k4WT/WT mice. Examination of the critical stage of gonadal

sex determination at E11.5 shows that loss of MAP3K4 kinase activity results in the loss of Sry

expression in XY Map3k4KI/KI embryos, indicating embryonic male gonadal sex reversal. Together,

these findings demonstrate the essential role for kinase activity of MAP3K4 in male gonadal sex

determination.

Summary sentence

Male gonadal sex determination requires the kinase activity of the multi-domain containing protein

MAP3K4.
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Introduction

The decision of mammalian bipotential gonads to differentiate into
ovaries or testes is controlled by the process of gonadal sex deter-
mination [1–3]. In XY individuals, the expression of the Y-linked
gene Sry triggers pathways that support the differentiation of the
bipotential gonads into the testes [4]. Absence of the Sry gene in
XX individuals allows the initiation of the mutually antagonistic
female developmental pathways [5–7]. Disturbances in molecular
pathways controlling sex determination can result in a sex reversal
phenotype where the sexual phenotype does not match the genetic
sex [2, 3]. For example, XY individuals can develop ovaries and a
female phenotype.

Previous studies have defined the essential role of the mitogen-
activated protein kinase (MAPK) signaling cascade during mouse
gonadal sex determination [2, 8–11]. MAPK signaling pathways are
evolutionarily conserved and modulate diverse cellular processes,
including survival, proliferation, differentiation, and inflammation
[12]. These pathways are activated in response to a wide range
of extracellular stimuli such as mitogens and cellular stresses.
MAPK cascades are composed of three cytoplasmic kinases in
which the MAPKKK (MAP3K) phosphorylates and activates the
MAPKK (MAP2K), which in turn phosphorylates and activates the
MAPK. Once activated, MAPKs phosphorylate both cytoplasmic
and nuclear substrates, controlling protein activity and regulating
gene expression. There are six subfamilies of MAPKs: extracellular

signal-regulated kinases (ERKs) 1 and 2, atypical ERK3/4, ERK5,
atypical ERK7/8, Jun amino-terminal kinases (JNKs) 1, 2, and 3,
and p38 kinase members p38α, β, γ , and δ. During embryonic
development, JNK and p38 pathways are activated by mitogen-
activated protein kinase kinase kinase 4 (MAP3K4) through
activation of MAP2K4/7 and MAP2K3/6, respectively [13–15].

MAP3K4 and components of the MAP3K4 signaling cascade
control gonadal sex determination [8–11]. Genetic deletion studies
demonstrated that loss of MAP3K4 expression results in embryonic
XY gonadal sex reversal due to reduced expression of Sry [8].
Importantly transgenic re-expression of MAP3K4 in Map3k4−/−

mice rescues sex reversal [10]. Deletion of GADD45γ , an upstream
activator of MAP3K4, causes male to female sex reversal in mouse
embryos and adults [9]. p38 MAPK signaling is disrupted in both
Map3k4−/− and Gadd45γ −/− embryonic gonads due to reduced
phosphorylation of p38 and its target GATA4 [9]. Gonadal sex
reversal is also observed in XY embryos with co-deletion of p38α−/−

and p38β−/− [9]. MAP2K3 and MAP2K6 phosphorylate and acti-
vate p38. Both MAP2K3 and MAP2K6 are activated by MAP3K4
in response to extracellular stimuli during development [15]. Mice
with deletion of Map2k3 or Map2k6 do not show overt abnormal-
ities in XY gonads in the C57BL/6 J background [11]. However,
changes in sex determination are observed with deletion of Map2k3
or Map2k6 in the C57BL/6 J.YAKR background, which is highly
sensitized to disruption of testis-determining genes due to harboring
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the weaker Sry allele (SryAKR) [11, 16, 17]. Deletion of Map2k3 in
the C57BL/6 J.YAKR background causes ovotestis formation, and
Map2k6 deletion resulted in complete sex reversal [11].

Although deletion of MAP3K4 and several MAP3K4 signaling
cascade components results in gonadal sex reversal, it is unknown
if MAP3K4 kinase activity is required for sex determination [9].
MAP3K4 has many kinase-independent functions that do not require
MAP3K4 catalytic activity [14, 18, 19]. For example, MAP3K4
interacts with many other proteins such as TRAF4, AXIN, and
HDAC6 independent of MAP3K4 kinase activity [14, 18, 19]. In
the MAP3K4 knockout model, loss of MAP3K4 protein results
in the absence of interactions with these proteins that may also be
associated with sex determination. To determine if the kinase activity
of MAP3K4 is required for sex determination, we used a knock-
in mouse model for MAP3K4 with inactivated MAP3K4 kinase
activity through the targeted substitution of the active site lysine at
position 1361 with an arginine in the endogenous Map3k4 locus
[15]. Mice with this mutation express full-length, kinase-inactive
(KI) MAP3K4 protein, but KI MAP3K4 is unable to phosphorylate
downstream targets MAP2K3/6 and MAP2K4/7 [15]. Importantly,
KI MAP3K4 retains the ability to bind AXIN, TRAF4, and HDAC6
[14, 18, 19]. This approach allows us to maintain MAP3K4
protein–protein interactions while simultaneously examining the
role of MAP3K4 kinase activity during sex determination. Here, we
report that despite the high penetrance lethality of the homozygous
inactivation of MAP3K4 kinase activity (Map3k4KI/KI), we were
able to examine the female to male sex ratio in surviving adults.
We found that Map3k4KI/KI adults exhibited a 4:1 female-biased
sex ratio, suggesting potential problems with sex determination. We
discovered that many of Map3k4KI/KI adults with an external female
phenotype were genetically XY. Importantly, Map3k4KI/KI XY adults
with a female phenotype and gonadal sex reversal were infertile with
several defects in reproductive organs. Map3k4KI/KI XY adults with a
female phenotype were smaller in size and weight compared to either
age matched female or male Map3k4WT/WT animals. Further, we show
that E11.5 XY Map3k4KI/KI embryos failed to express Sry, consistent
with disruption of male gonadal sex determination. Gonads from
XY Map3k4KI/KI embryos at E13.5 and E14.5 displayed an ovarian
morphology and dysregulated expression of markers for ovaries
and testes. Together, our findings demonstrate the requirement of
MAP3K4 kinase activity during male gonadal sex determination in
mice.

Materials and methods

Mouse models and fertility trials

Kinase-inactive MAP3K4 mice having a point substitution of the
active site lysine at position 1361 to arginine were generated as
previously described [15]. These mice called Map3k4KI for kinase-
inactive having a mixed 129SvEv/C57BL/6 N background were
backcrossed one time with C57BL/6 N. All experimental samples
isolated and all embryos and adults shown were performed in this
genetic background. Due to the lethality of the mutation, mice
were maintained through Map3k4WT/KI heterozygote crosses. Mice
generated for mouse colony maintenance were genotyped for the KI
mutation and for their genotypic sex.

For examination of fertility, timed matings were performed. Mice
were checked each morning for fourteen days for a copulatory plug,
and then were separated. Map3k4WT/WT female mice were mated with
Map3k4WT/WT male mice. Map3k4WT/KI and Map3k4KI/KI phenotypi-
cally female mice were mated with heterozygote Map3k4WT/KI male

mice. The fertility of all Map3k4WT/WT and Map3k4WT/KI males used
in the fertility tests was demonstrated. The statistical power of these
experiments was limited by the rare survival of Map3k4KI/KI adults.
For examination of E11.5, E13.5, and E14.5 embryos, timed matings
of male and female Map3k4WT/KI mice were performed. Noon on the
day of the detected copulatory plug was considered E0.5. Pregnant
females were humanely euthanized, and embryos were isolated,
imaged, and euthanized by decapitation. Gonads were isolated as
previously described and placed together in RNAlater [20].

The ethics statement

All experiments using animals were approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of
Memphis. All experiments using animals were performed according
to institutional and National Institutes of Health guidelines and
regulations.

Map3k4KI mutation genotyping

Genomic DNA was isolated from adult mouse tail snips using a salt
and ethanol extraction method. Each 1 mm tail snip was digested
overnight at 55 ◦C using 600 μL of TNES (50 mM Tris, 0.4 M
NaCl, 100 mM EDTA, 0.5% SDS) and 0.58 mg/mL Proteinase K.
On the next day, 167 μL of saturated NaCl was added and the
solution was spun at 16 200 x g for 30 min at room temperature.
The supernatant was transferred to a new tube, an equal volume
of 100% ethanol was added, and centrifugation was performed at
16 200 x g for 30 min at 4 ◦C. The ethanol was decanted, the
DNA pellet was washed with 500 μL of 70% ethanol, and spun
at 16 200 x g for 5 min at 4 ◦C. Residual ethanol was removed,
and the DNA was resuspended in water. The samples were placed
in a heat block at 60 ◦C for 10 min to evaporate any residual
ethanol. Genomic DNA was isolated from embryos according to
the manufacturer instructions using the QIAamp DNA Micro Kit.
Genotyping for the Map3k4KI mutation was performed using PCR
and Platinum Taq DNA polymerase (Invitrogen). PCR conditions
consisted of one cycle of initial denaturation for 3 min at 94 ◦C
followed by 32 cycles at 94 ◦C for 20 s, 61 ◦C for 1 min, and 72 ◦C
for 3 min with a final extension for 3 min at 72 ◦C. Primers designed
to detect Map3k4 and the neomycin insertion in Map3k4KI are listed
in Supplementary Table S1. Amplified PCR products were resolved
in a 1% agarose gel using ethidium bromide for detection and the
Bio-Rad Chemidoc Touch for imaging.

Sex genotyping

Adult mice and embryos were chromosomally sexed using PCR
and primers that amplify Ube1y1 and Ube1x genes simultaneously
(Supplementary Table S1) [21]. PCR conditions consisted of one
cycle of initial denaturation for 3 min at 95 ◦C followed by 32 cycles
at 95 ◦C for 20 s, 57 ◦C for 1 min, and 72 ◦C for 30 s with a final
extension for 3 min at 72 ◦C using Platinum Taq DNA polymerase
(Invitrogen). Amplified PCR products were resolved in a 2% agarose
gel using ethidium bromide for detection and the Bio-Rad Chemidoc
Touch for imaging.

Cell lysis and Western blotting

Whole-cell lysates from trophoblast stem cells were prepared as
previously described [15, 22]. Briefly, whole cell lysates were
harvested using buffer A (20 mM Tris pH 7.4, 150 mM NaCl,
1 mM EDTA, 1 mM EGTA and 1% Triton) with protease inhibitors
(1 mM PMSF and 100 KIU/ml aprotinin) and phosphatase inhibitors
(2 mM sodium vanadate and 20 mM sodium fluoride). Samples were

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab083#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab083#supplementary-data
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analyzed using SDS-PAGE and Western blotting. The following
antibodies were used: mouse anti-MAP3K4 (Sigma #M7194,
1:3000, AB_477232), rabbit anti-Phospho-p38 (Cell Signaling
#9211, 1:1000, AB_331641), rabbit anti-p38 (Cell Signaling #8690,
1:1000, AB_10999090), mouse anti-α-tubulin (Sigma #T9026,
1:5000, AB_477593), rabbit anti-Phospho-MKK3/6 (Cell Signaling
#12280, 1:1000, AB_2797868), and rabbit anti-MKK3 (Cell
Signaling #8535, 1:1000, AB_11220233).

Real-time quantitative PCR

Total cellular RNA was isolated at E11.5 and E13.5 from combined
gonads per embryo using an RNeasy Plus Micro Kit (QIAGEN),
and cDNA was prepared from total gonad RNA using the High-
Capacity cDNA reverse transcription kit (ThermoFisher Scientific) as
previously described [20, 23]. Gene expression was measured using
iTaq Universal SYBR Green Supermix (Bio-Rad) and the Bio-Rad
CFX96 Touch. Gene expression levels were calculated using 2−��CT

method and normalized to the reference gene Hprt1. Primers used
are specified in Supplementary Table S1.

Evaluation of reproductive tracts

Reproductive tracts were dissected, assessed for the absence or
presence of a complete, intact reproductive tract, and imaged using
a Leica stereomicroscope. Two of the XY Map3k4KI/KI adults had
only one uterine horn and one ovary. The female reproductive tracts
of the remaining XY Map3k4KI/KI adults were complete. Reproduc-
tive tracts were fixed in 10% formalin and processed for paraffin
embedding and sectioning. Sections were stained with hematoxylin
and eosin (H&E) and evaluated by a veterinary pathologist. Serial
sections of both ovaries per animal were evaluated for size, morphol-
ogy, and the presence of follicles.

Statistics and reproducibility

Statistical analyses were performed using Prism7 (version 7.0,
GraphPad software). Prism7 was used to perform a two-tailed
unpaired Student t test. P < 0.05 was considered statistically
significant.

Results

Female-biased sex ratio in Map3k4KI/KI mice and

embryonic lethality at E13.5

Components of the MAP3K4 signaling cascade have previously been
shown to be required during sex determination [8–11]. MAP3K4
has both kinase-dependent and kinase-independent functions, and
it is unknown if the kinase activity of MAP3K4 is essential for
sex determination. To define the role of MAP3K4 kinase activity
during sex determination, we used KI MAP3K4 mice having a point
substitution of the active site lysine at position 1361 to arginine
[15]. Cells isolated from Map3k4KI/KI embryos expressed full-length
kinase-inactive MAP3K4 that failed to phosphorylate downstream
targets MAP2K3 and MAP2K6 resulting in loss of phosphorylation
of p38 (Figure 1A). Mice generated from Map3k4WT/KI heterozygote
crosses were genotyped for the KI mutation. A non-Mendelian ratio
of mouse adults homozygous for Map3k4KI/KI was observed with
only 4.5% of the adult mice being homozygous for Map3k4KI/KI,
suggesting potential embryonic lethality with MAP3K4 kinase
inactivation (Table 1). Examination of embryos isolated at E13.5
from timed matings of male and female heterozygote Map3k4WT/KI

mice showed that only 13.5% of embryos were homozygous for

Map3k4KI/KI (Table 2). This number represents half of the expected
Mendelian ratio for Map3k4KI/KI embryos (Table 2). Of these
Map3k4KI/KI embryos, 71.4% exhibited neural tube defects including
spina bifida and exencephaly (Table 2). The high percentage of
embryonic resorptions detected at E13.5 was consistent with the loss
of half of the Map3k4KI/KI embryos at earlier stages of development
(Table 2). Together, these data suggest that loss of Map3k4KI/KI

embryos and mice at multiple stages of development is due to
MAP3K4 kinase inactivation. In addition to these developmental
defects, examination of surviving adult Map3k4KI/KI mice showed a
4:1 female-biased sex ratio, suggesting that MAP3K4 kinase activity
may play an important role during sex determination (Table 1).

Loss of MAP3K4 kinase activity causes a sex reversal

phenotype in XY Map3k4KI/KI mice

The chromosomal sex of phenotypically male and female Map3k4KI/KI

mice was examined (Supplementary Figure S1A). We found that
many of the Map3k4KI/KI phenotypic females were positive for
the Y chromosome. Importantly, these adult XY Map3k4KI/KI

individuals showed external genitalia comparable to Map3k4WT/WT

female controls (Figure 1B). Average anogenital distance (AGD) of
XY Map3k4KI/KI mice with sex reversal was significantly different
than XY Map3k4WT/WT phenotypic males (Figure 1C). Importantly,
the AGD of XY Map3k4KI/KI mice with sex reversal was not
significantly different from XX Map3k4WT/WT and Map3k4KI/KI

females (Figure 1C). These data demonstrate that loss of MAP3K4
kinase activity resulted in sex reversal in the majority of XY mice
homozygous for MAP3K4 inactivation.

Reduced size and weight of XY Map3k4KI/KI mice with

sex reversal

Examination of XY Map3k4KI/KI mice with a female phenotype
revealed significant differences in body size. As expected, XY
Map3k4KI/KI mice with a female phenotype were smaller than XY
Map3k4WT/WT males (Figure 2A–C). Figure 2A–C shows the body
size of three different XY Map3k4KI/KI mice with a female phenotype
relative to Map3k4WT/WT females and males. Comparison of average
weight showed significant decreases in the weight of XY Map3k4KI/KI

mice with a female phenotype relative to XY Map3k4WT/WT males
measured at either 4 or 6 months (Figure 2D and E). Surprisingly,
the average weight of the XY Map3k4KI/KI adult mice with sex
reversal was also significantly less than the average weight of
XX Map3k4WT/WT females measured at either 4 or 6 months
(Figure 2D and E). In addition, XY Map3k4KI/KI adult mice with sex
reversal weighed less than XX Map3k4KI/KI females measured at 6
months (Figure 2E). In contrast, there were no statistically significant
differences in the weights of XX Map3k4WT/WT and XX Map3k4KI/KI

females (Figure 2E and Supplementary Figure S1B). These data
suggest that loss of MAP3K4 kinase activity in XY Map3k4KI/KI mice
with a sex reversal phenotype disrupts both growth and weight.

Characterization of reproductive capacity and gonadal

phenotype in adult XY Map3k4KI/KI mice with sex

reversal

Next, we examined the impact of loss of MAP3K4 kinase activity
on the reproductive capacity of both XX and XY Map3k4KI/KI

phenotypic females. Timed matings of XX or XY Map3k4KI/KI

phenotypic female mice with Map3k4WT/KI males were performed.
Mice were assessed daily for 14 days for the presence of a copulatory
plug. Then, mice were separated and examined daily for signs of

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab083#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab083#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab083#supplementary-data
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Figure 1. Sex reversal phenotype in XY Map3k4KI/KI adult mice. (A) Cells isolated from Map3k4KI/KI embryos express full-length kinase-inactive MAP3K4 but

have reduced phosphorylation (p) of MAP2K3/6 and p38 MAPK. Western blots are representative images from three biologically independent experiments. (B)

Phenotypic comparison of external genitalia of adult mice. Anogenital distance (AGD) of representative XY Map3k4KI/KI mouse with sex reversal is comparable

to XX Map3k4WT/WT female. AGD is indicated using square brackets. (C) Average AGD was quantified in Map3k4WT/WT, Map3k4WT/KI, and Map3k4KI/KI male

and female mice. Data are displayed as box plots and each individual is plotted as one dot. (B-C) Map3k4 genotype, sex phenotype, and sex genotype are

indicated below each panel. Statistical analyses were performed relative to XY Map3k4WT/WT mice where the lowercase letters indicates statistically significant

differences: c, P < 0.001; d, P < 0.0001; Student t test; n.d., not determined due to only two individuals; XY Map3k4WT/KI mice were not significantly different

from XY Map3k4WT/WT mice.

Table 1. Female-biased sex ratios in adult mice deficient in MAP3K4 kinase activity.

Map3k4 Genotype Male Female Total

WT/WT 40 (16.3%) 31 (12.6%) 71 (28.86%)
WT/KI 76 (30.9%) 88 (35.8%) 164 (66.66%)
KI/KI 2 (0.8%) 9 (3.7%) 11 (4.5%)
Total 118 (48.0%) 128 (52.0%) 246 (100%)

Table 2. Reduced numbers of Map3k4KI/KI kinase-inactive embryos at E13.5 indicating embryonic lethality.

Map3k4 Genotype % of total embryos % with neural tube defects n of embryos

WT/WT 28.8 0 15
WT/KI 44.2 0 23
KI/KI 13.5 71.4 7
Resorption 13.5 0 7
Total 100 NA 52
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Figure 2. Reduced body size and weight in XY Map3k4KI/KI adult mice having a gonadal sex reversal phenotype. (A-C) Body size of three individual representative

XY Map3k4KI/KI mice with sex reversal compared to Map3k4WT/WT female and male mice. (A) Aged 6 months. (B-C) Aged 5 months. (D, E) Reduced average

body weight of XY Map3k4KI/KI adult mice with sex reversal compared to phenotypic male and female Map3k4WT/WT mice at 4 months (D) or 6 months (E).

(D, E) Data are displayed as box plots, and each dot represents one individual. The lowercase letters indicate statistically significant differences: a, P < 0.05; b,

P < 0.01; c, P < 0.001; d, P < 0.0001; Student t test.

pregnancy and the birth of pups. These results were compared to
timed matings of Map3k4WT/WT females with Map3k4WT/WT males
and timed matings of Map3k4WT/KI females with Map3k4WT/KI males.
Importantly, the fertility of Map3k4WT/WT and Map3k4WT/KI males
used in these experiments was validated. With the exception of one
female, all Map3k4WT/WT females had a copulatory plug within the
first 7 days of pairing (Supplementary Table S2). All Map3k4WT/WT

females were pregnant and had offspring, regardless of the detec-
tion of the plug (Supplementary Table S2). XX Map3k4WT/KI and
XX Map3k4KI/KI females required more days to plug. Out of nine
mated XX Map3k4WT/KI females, seven individuals had copulatory
plugs, and only six of them gave offspring. Only one of the two
examined XX Map3k4KI/KI female mice had offspring, and all the
offspring died at birth due to severe developmental defects, including
exencephaly and spina bifida. These data suggest that heterozygous
and homozygous loss of MAP3K4 kinase activity in XX individuals
resulted in reduced reproductive capacity. Importantly, sex-reversed
XY Map3k4KI/KI mice were able to mate and had copulatory plugs
in 60% of the examined animals, indicating female mating behavior.
However, they were infertile, showing no signs of pregnancy and
yielding no offspring (Supplementary Table S2). Although these data
are consistent with reduced fertility of XX Map3k4KI/KI mice and XY
Map3k4KI/KI mice with sex reversal, the limited numbers of viable

Map3k4KI/KI mice were too low to definitively demonstrate reduced
fertility.

To further assess the reproductive status of kinase-inactive
MAP3K4 mice, necropsies were performed. During this 24-month
study, only two adult phenotypically male XY Map3k4KI/KI mice
were obtained. Unlike littermate Map3k4WT/WT males that showed
overtly normal reproductive tracts, both XY Map3k4KI/KI phenotypic
male mice displayed cryptorchidism (Supplementary Figure S2A–C).
Testis size was reduced in XY Map3k4KI/KI mice relative to
Map3k4WT/WT littermates (Supplementary Figure S2D). Due to
the rare survival of XY Map3k4KI/KI phenotypic male adults, we
were unable to determine the frequency of this phenotype or
the statistical significance of the changes in body size or weight
(Supplementary Figure S2E).

Necropsies were also performed on phenotypically female mice.
Figure 3 shows macroscopic images and histological sections from
four different XY Map3k4KI/KI mice individuals with sex reversal
compared to two XX Map3k4WT/WT females. All XX Map3k4WT/WT

females displayed normal reproductive tracts with identifiable
ovaries and uterine structures (Figure 3A). H&E staining of ovarian
sections from XX Map3k4WT/WT females showed numerous corpus
lutea and examples of follicles at all stages of development
(Figure 3B). Similar to Map3k4WT/WT, all three XX Map3k4KI/KI

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab083#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab083#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab083#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab083#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab083#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab083#supplementary-data
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Figure 3. Gonadal sex reversal phenotype in XY Map3k4KI/KI adult mice. (A) Representative macroscopic images of adult reproductive tracts and enlarged images

of ovaries from adult XX Map3k4WT/WT and XY Map3k4KI/KI mice. White arrows indicate location of primitive gonads. Black arrow indicates position of uterine

structure. (B) Histological examination of H&E stained paraffin sections of XX Map3k4WT/WT and XY Map3k4KI/KI adult ovaries.

female mice displayed overtly normal reproductive tracts, and
ovaries showed all stages of follicle development (data not shown).
Uterine and ovarian morphology was extremely variable among
the XY Map3k4KI/KI mice with sex reversal. Figure 3 shows four
examples of different phenotypes observed. Two XY Map3k4KI/KI

mice were missing one ovary and one uterine horn, suggesting
disruption of reproductive tract development (Figure 3 and data
not shown). One XY Map3k4KI/KI mouse had very primitive gonads,
completely lacking any evidence of follicle development (Figure 3).
Although there were differences in ovarian size, the remaining XY
Map3k4KI/KI mice displayed evidence of corpus lutea and follicles at
many stages of development (Figure 3B). Together, these data suggest
that XY Map3k4KI/KI mice with gonadal sex reversal are infertile,
and infertility is due in part to reproductive tract defects.

Gonadal sex reversal phenotype in embryos

homozygous for MAP3K4 kinase inactivation

The impact of MAP3K4 kinase inactivation on gonadal sex deter-
mination in developing bipotential gonads was examined using

embryos isolated from timed matings of male and female heterozy-
gote Map3k4WT/KI mice. Embryos were examined for Map3k4 and
sex genotypes. First, we examined the gonadal sex determining stage
of E11.5. Unlike E13.5 that showed a 50% reduction in Map3k4KI/KI

embryos, Map3k4KI/KI embryos were present at Mendelian ratios at
E11.5 (Tables 2 and 3). However, three of the eight XY Map3k4KI/KI

embryos isolated at E11.5 were developmentally delayed, lack-
ing hindlimb buds (data not shown). Although the majority of
XY Map3k4KI/KI embryos isolated at E11.5 were at developmental
stages similar to Map3k4WT/WT littermates, many showed neural
tube defects, including exencephaly and open posterior neuropore
(Figure 4A–E). Sry transcript expression was measured at E11.5 in
embryos that were not developmentally delayed. Loss of Sry expres-
sion was observed in all five XY Map3k4KI/KI embryos (Figure 4F).
These data suggested that MAP3K4 kinase activity is required for
Sry expression.

SRY promotes the expression of Sertoli cell markers like Sox9
and Dhh. The expression of Sox9 and Dhh are required for driving
testis development in XY individuals and antagonizing the ovary-
determining pathways [8, 24, 25]. Gonads were dissected from
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Table 3. Map3k4 and sex chromosome genotyping of embryos isolated at E11.5 from Map3k4WT/KI heterozygote crosses.

Map3k4 Genotype Male XY Female XX Total

WT/WT 4 (9.8%) 6 (14.6%) 10 (24.4%)
WT/KI 13 (31.7%) 7 (17.1%) 20 (48.8%)
KI/KI 8 (19.5%) 3 (7.3%) 11 (26.8%)
Total 25 (61%) 16 (39%) 41 (100%)

Six resorptions were detected.

Figure 4. Sry expression is absent in most XY Map3k4KI/KI embryos at E11.5. (A-E) Representative images of E11.5 embryos generated from crosses of Map3k4WT/KI

mice. White arrowhead indicates exencephaly, and white arrow indicates open posterior neuropore. (F) Relative Sry expression in E11.5 embryos generated from

crosses of Map3k4WT/KI mice. Transcript expression in E11.5 gonads measured by qPCR was normalized to Hprt1. Data are expressed as a fold change relative

to XY Map3k4WT/WT. Data shown are the mean ± SEM, and each point represents one embryo. Statistical analyses were performed relative to XY Map3k4WT/WT

embryos where the lowercase letter a indicates P < 0.05; Student t test; XY Map3k4WT/KI embryos were not significantly different from XY Map3k4WT/WT embryos.

XY and XX Map3k4WT/WT and Map3k4KI/KI E13.5 embryos and
examined for the transcript expression of Sertoli cell markers (Sox9
and Dhh), ovarian marker (Irx3) and the meiosis marker (Stra8)
using qPCR. Sox9 and Dhh transcripts were expressed at higher
levels in control XY Map3k4WT/WT E13.5 embryonic gonads relative
to XX Map3k4WT/WT and XX Map3k4KI/KI gonads (Figure 5A). XY
Map3k4KI/KI gonads showed a 44% and 95% decrease in expression
of Sox9 and Dhh, respectively, compared to XY Map3k4WT/WT

gonads (Figure 5A). Irx3 and Stra8 are expressed during ovarian
development [26, 27]. XX Map3k4WT/WT and XX Map3k4KI/KI E13.5
ovaries expressed higher transcript levels of Irx3 and Stra8 com-
pared to XY Map3k4WT/WT E13.5 gonads (Figure 5A). In contrast,
E13.5 XY Map3k4KI/KI gonads showed a 2.9-fold increase in Irx3
compared to XY Map3k4WT/WT gonads (Figure 5A). The statistical
power of these experiments was severely limited due to the difficulty
in obtaining viable Map3k4KI/KI embryos at E13.5. Seven of the



MAP3K4 activity is required for sex determination, 2021, Vol. 105, No. 2 499

52 conceptuses from six litters examined were resorptions, having
severely decayed embryos that could not be genotyped (Table 2). Of
the seven viable Map3k4KI/KI embryos, two were extremely devel-
opmentally delayed, and we were unable to isolate their gonads.
One XY Map3k4KI/KI embryo had only one gonad, and was not
analyzed further. These data suggest that inactivation of MAP3K4
kinase activity results in loss of molecular pathways driving testis
development.

The impact of MAP3K4 kinase activity was examined on gonadal
morphology in embryos isolated at E14.5. Although three litters were
examined, only one litter had XY Map3k4KI/KI embryos. Gonads
from control littermate XY Map3k4WT/KI embryos showed the pres-
ence of testis cords, and gonads from XX Map3k4WT/KI embryos
showed normal ovarian morphology (Figure 5B). XX Map3k4KI/KI

gonads were similar to XX Map3k4WT/WT controls (data not shown).
Of the three obtained XY Map3k4KI/KI embryos, all gonads lacked
testis cords and displayed an overt ovarian morphology (Figure 5B).
These effects on gonadal morphology were consistent with the loss of
Sry expression at E11.5 and the loss of Sox9 expression at E13.5 in
gonads from XY Map3k4KI/KI embryos. Together, these data support
the critical role of MAP3K4 kinase activity in male gonadal sex
determination pathways during gonadal development.

Discussion

MAP3K4 has both kinase-dependent and kinase-independent func-
tions. Although the absence of MAP3K4 protein has been shown to
result in gonadal sex reversal, these studies were unable to formally
exclude the possibility that it may result from the loss of MAP3K4
kinase-independent functions [8, 9]. Further, it has been difficult
to study the impact of the absence of MAP3K4 in adult animals,
due to the lethality resulting from loss of MAP3K4 protein [8, 9,
15]. Here, we demonstrate the critical role of the kinase activity
of MAP3K4 during gonadal sex determination. XY Map3k4KI/KI

embryos expressing full-length kinase-inactive MAP3K4 lack expres-
sion of the testis determining gene, Sry. In addition, XY Map3k4KI/KI

embryos have reduced expression of SRY regulated genes like Sox9
and increased expression of ovarian markers, indicating gonadal sex
reversal. Examination of gonadal morphology at E14.5 showed the
lack of testis cords in XY Map3k4KI/KI gonads. Due to the survival of
approximately 18% of the Map3k4KI/KI embryos to adulthood, we
were able to examine adult Map3k4KI/KI mice, finding the majority
of XY Map3k4KI/KI adult mice display a female phenotype based
on external genitalia. Although these XY adult Map3k4KI/KI mice
with gonadal sex reversal display female mating behavior, they are
infertile. Necropsies of Map3k4KI/KI mice with sex reversal reveal
the presence of female reproductive tracts. However, these tracts
showed defects, including the partial absence of some components
and the presence of very primitive gonads. Together, our work defines
the requirement of MAP3K4 kinase activity during gonadal sex
determination.

MAP3K4 is a large 180 kDa protein with a single catalytic
domain and multiple interaction domains that have been shown
to bind RAC, CDC42, TRAF4, CIN85, CCD1, AXIN, GSK3β,
HDAC6, and GADD45α, −β, and –γ [13, 14, 18, 19, 28–31].
Therefore, it was unknown if the sex reversal phenotype observed
with the loss of MAP3K4 protein is due to loss of MAP3K4 kinase-
dependent or independent function in Map3k4 knockout mice.
Using mice expressing full-length, kinase-inactive MAP3K4 from
the endogenous Map3k4 locus, we show the requirement of kinase

activity of MAP3K4 during male gonadal sex determination [15].
KI MAP3K4 retains the ability to interact with almost all of its
binding partners [14, 18, 19]. It has been difficult to examine the
impact of MAP3K4 inactivation in adults due to the poor survival
of mice homozygous for MAP3K4 inactivation (Map3k4KI/KI) [15].
In an attempt to overcome this problem, heterozygous Map3k4WT/KI

mice were backcrossed one time with C57BL/6 N mice creating a
mixed 129SvEv/C57BL/6 N background. Similar to Map3k4 knock-
out embryos, loss of MAP3K4 activity was sufficient to result
in a sex reversal phenotype in the majority of Map3k4KI/KI XY
embryos on the mixed 129SvEv/C57BL/6 N background. Although,
the survival rate of adult Map3k4KI/KI mice remained poor, we
were able to examine surviving adults for a sex reversal pheno-
type. Although the majority of Map3k4KI/KI XY embryos and adult
mice examined in this study showed gonadal sex reversal, two
surviving Map3k4KI/KI XY adult mice with a male phenotype were
obtained. It is likely that this incomplete penetrance is due to
the mixed genetic background that includes the 129SvEv back-
ground. The C57BL/6 J background is permissive to disruption of
testis determination due in part to delayed expression of testis-
determining genes and increased expression of ovary-determining
genes [32–34]. However, we did not observe any sex reversal in XY
Map3k4WT/WT controls. We also did not observe any sex reversal
in adult Map3k4KI/KI XY mice on the 129SvEv background (data
not shown). Similar to the C57BL/6 N, there is very low frequency
of survival of Map3k4KI/KI adult mice on the 129SvEv background
[22]. As expected, the sex reversal phenotype was maintained during
backcrossing of mixed 129SvEv/C57BL/6 N background for five
generations onto the C57BL/6 N background. However, no adult
Map3k4KI/KI XY mice displaying a male phenotype were obtained
from heterozygote mating of any of these backcrosses. Interestingly,
Map3k4KI/KI XY adult mice with sex reversal displayed reduced size
and average weight in comparison to XY and XX Map3k4WT/WT and
XX Map3k4KI/KI littermates. The impact of loss of MAP3K4 kinase
activity on adult mice has not previously been examined.

Previous studies have established the critical role of MAP3K4
and MAP3K4 signaling cascade components in gonadal sex deter-
mination. In seminal studies using an N-ethyl-N-nitrosurea (ENU)
mutagenesis screen, Bogani et al. discovered a recessive mutation in
Map3k4 that they called boygirl (byg) [8]. The Map3k4byg mutation
created a premature stop codon, resulting in a predicted 382 amino
acid fragment of the 1597 amino acid full-length MAP3K4 protein
that lacks the kinase domain [8]. The protein stability and expression
of this fragment is unknown [8]. Embryos with the Map3k4byg muta-
tion display embryonic gonadal sex reversal in XY individuals in a
C57BL/6 J background demonstrating the essential role of MAP3K4
during male sex determination [8]. T-associated sex reversal (Tas)
mice have a large deletion in chromosome 17 that includes the
Map3k4 locus [35–37]. Tas mice also display gonadal sex rever-
sal [35–37]. Importantly, transgenic re-expression of MAP3K4 in
either the Map3k4 knockout or the Tas mice prevented gonadal sex
reversal [10]. Several studies have dissected the individual roles of
MAP3K4 signaling cascade components during sex determination.
Knockout of GADD45γ , an upstream regulator of MAP3K4, results
in formation of ovaries in XY embryos and adults [9]. Deletion
of MAP3K4 direct downstream targets, MAP2K3 and MAP2K6,
disrupts testis determination, but only in gonads of XY embryos on
a sensitized C57BL/6 J YAKR background [11]. XY embryos homozy-
gous for co-deletion of p38α and p38β exhibit complete gonadal sex
reversal due to disruption of the p38 dependent testis-determining
pathway GATA4-SRY-SOX9 [4, 9]. These studies defining the role
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Figure 5. XY Map3k4KI/KI embryos display a gonadal sex reversal phenotype at E13.5 and E14.5. (A) Transcript expression of indicated genes in E13.5 gonads

measured by qPCR was normalized to Hprt1. Data are expressed as a fold change relative to XY Map3k4WT/WT (Sox9, Dhh) or to XX Map3k4WT/WT (Irx3, Stra8).

Data shown are the mean ± range, and each point represents one embryo. (B) Representative images of E14.5 embryos and gonads generated from crosses of

Map3k4WT/KI mice. White arrow indicates spina bifida.

of MAP3K4 and its signaling components in sex determination
are consistent with our findings demonstrating the kinase-activity
dependence of MAP3K4 in the regulation of sex determination.

Our work provides very strong evidence that the kinase activity
of MAP3K4 is required during testis determination. Our findings are

consistent with several previous studies that have defined the critical
roles of components of the MAP3K4 signaling cascade in gonadal
sex determination. These studies demonstrate that the GADD45γ -
MAP3K4-MAP2K3/6-p38 signaling cascade controls the expression
of testis-determining genes. However, it remains unclear how this
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signaling cascade controls the expression of Sry [9]. p38 dependent
phosphorylation of GATA4 has been proposed, but the possibility
of key roles for other transcription factors and chromatin modifiers
remains [9]. A recent study has shown key roles for the epigenetic
regulation of sex determination by the histone acetyltransferases
p300 and CBP through the histone acetylation of the Sry promoter
[38]. Our studies in trophoblast stem (TS) cells have shown that
MAP3K4 promotes the JNK and p38 dependent phosphorylation
and activation of p300 and CBP [39]. TS cells lacking MAP3K4
kinase activity have reduced CBP mediated acetylation of many
genes leading to reduced expression, suggesting a possible molecular
pathway for MAP3K4 regulation of sex determination [23, 39, 40].
Future studies will work to connect these pathways for the molecular
control of mammalian gonadal sex determination.

Supplementary material

Supplementary material is available at BIOLRE online.
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