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Abstract

Kdm3b is a Jumonji C domain-containing protein that demethylates mono- and di-methylated ly-
sine 9 of histone H3 (H3K9mel and H3K9me?2). Although the enzyme activity of Kdm3b is well
characterized in vitro, its genetic and physiological function remains unknown. Herein, we gener-
ated Kdm3b knockout (Kdm3bKO) mice and observed restricted postnatal growth and female
infertility in these mice. We found that Kdm3b ablation decreased IGFBP-3 expressed in the kidney
by 53% and significantly reduced IGFBP-3 in the blood, which caused an accelerated degradation of
IGF-1 and a 36% decrease in circulating IGF-1 concentration. We also found Kdm3b was highly
expressed in the female reproductive organs including ovary, oviduct and uterus. Knockout of
Kdm3b in female mice caused irregular estrous cycles, decreased 45% of the ovulation capability
and 47% of the fertilization rate, and reduced 44% of the uterine decidual response, which were
accompanied with a more than 50% decrease in the circulating levels of the 17beta-estradiol.
Importantly, these female reproductive phenotypes were associated with significantly increased
levels of H3K9me1/2/3 in the ovary and uterus. These results demonstrate that Kdm3b-mediated
H3K9 demethylation plays essential roles in maintenance of the circulating IGF-1, postnatal so-
matic growth, circulating 17beta-estradiol, and female reproductive function.
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Introduction

The N-terminal tails of histones are subject to
posttranslational modifications including methyla-
tion, acetylation, ubiquitynation and sumoylation of
the lysine residue (K), methylation of the arginine
residue, phosphorylation of the serine and threonine
residues, and ADP ribosylation of the glutamic acid
residue [1]. These modifications play crucial roles in
determining chromatin topology, recruitment of non-
histone proteins to chromatin, gene expression profile
and genome stability, allowing fine regulation of
many fundamental biological processes during de-
velopment and organ function. Among these various
modifications in mammals, monomethylated H3K27,

H3K9, H4K20, H3K79 and H2BK5, as well as the
methylated H3K4 in the promoter region are usually
associated with transcriptional activation [2-4]. High
levels of histone H3 acetylation and H3K4mel are also
detected at the functional enhancer regions in differ-
ent types of cells [5]. On the other hand, high levels of
trimethylated H3K27, H3K9 and H3K79 are usually
linked with gene repression [4]. Although these his-
tone modifications have been extensively studied at
molecular and cellular levels in cell-free biochemical
reactions and cultured cells, the physiological func-
tions and pathogenic roles of these histone modifica-
tions remain largely unclear.
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Accordingly, many histone modification en-
zymes have been identified [1]. Among these en-
zymes, the KDM3 family has three important mem-
bers, including KDM3A (JMJD1A, JHDM2A or
TSGA), KDM3B (JMJD1B, JHDM2B or 5qNCA) and
JMJD1C (JHDM2C or TRIPS8). These KDM3 family
members contain a Jumonji C (JmjC) domain and
serve as histone demethylases. Both KDM3A and
KDM3B can interact with androgen receptor (AR) and
demethylate H3K9mel/2 [6-8]. Since highly methyl-
ated H3K9 is commonly associated with transcrip-
tional repression and formation of heterochromatin,
KDMB3A /B-mediated demethylation of H3K9 usually
enhances transcriptional activation of their target
genes [6]. KDM3A can be induced by hypoxia condi-
tion to increase the expression of a subset of hypox-
ia-inducible genes that enhance tumor growth [9]. The
5q31 locus, where the human KDM3B gene resides, is
deleted in about 1/3 of the myelodysplasia patients.
The expression of the JMJDIC gene is reduced in
various malignancies [10-12]. Higher KDM3B expres-
sion in breast tumors is also associated with a better
prognosis [13]. These findings suggest that KDM3B/C
may serve as tumor suppressors. However, a recent
study revealed that KDM3B expression is decreased
during differentiation of the acute promyelocytic
leukemia cells, suggesting KDM3B may promote on-
cogenesis of this cancer type [7]. It is currently un-
known why KDM3B plays different roles in different
types of cancers. In order to understand the patho-
genic roles of these KDM3 histone demethylases, it is
important to understand their in vivo physiological
functions.

Kdm3a is highly expressed in the testis and ad-
ipose tissue [14-16]. Our group and others have pre-
viously reported that Kdm3a knockout male mice had
a defective spermatogenesis and were infertile due to
impaired gene expression mediated by Crem in germ
cells [14, 15]. Kdm3a knockout mice also exhibited
obesity because of a decrease in gene expression me-
diated by Ppar in the adipose tissue [16]. In the pre-
sent study, we aimed to generate and characterize
Kdm3b knockout (Kdm3bKO) mice in order to define
the genetic and physiological function of the Kdm3b
gene. We show that Kdm3b is essential for normal
somatic growth and female reproductive function.

Materials and Methods

Targeting the mouse Kdm3b gene

The 5" and 3" homologous arms of the targeting
vector were amplified from the genomic DNA ex-
tracted from TC-1 mouse ES cells [17] by PCR using
the LA PCR kit (Takara Bio, Otsu, Shiga, Japan) and
two pairs of primers, 5F (cggttaattaatggccaa-

gatcaaaagatgga) paired with and 5R
(aatgcggecgegtgettctcaggeccattta) and 3F (aatctcga-
gaaaggactccgggaaactgt) paired with 3R
(aaaggatcctagggccacacaggttaagg). The yielded DNA
fragments were validated by sequencing and cloned
into the pFRT-LoxP targeting vector [18] (Fig. 1A).
The targeting vector was linearized and electro-
porated into TC-1 ES cells with a 129SvEv/j strain
background. These ES cells were cultured in the se-
lection medium and surviving clones were isolated
and screened by Southern blot (Fig. 1A). The targeted
ES cell clones were injected into the morulae collected
from C57BL/6 female mice. The generated male chi-
meric founders were used to mate with C57BL/6 fe-
males to produce Kdm3b heterozygous (Kdm3b*")
mice. Kdm3b*- mice were further bred to produce WT,
Kdm3b*- and Kdm3b knockout (Kdm3b7- or Dkm3bKO)
mice. Mouse genomic DNA was prepared from a
small piece of ear skin for genotype analysis as de-
scribed previously [14]. The WT Kdm3b allele was
detected by PCR using Primer 22 (gaagagcaaa-
gccagectac) and Primer 23 (agagccaggagtgagacgtg).
The targeted Kdm3b allele was detected by PCR using
Primer KOV1 (gaaagtataggaacttcgtcgacctc) and Pri-
mer 28 (cacataaacaacactcaagtagcc). Animal protocols
were approved by the Institutional Animal Care and
Use Committee at Baylor College of Medicine.

Quantitative RT-PCR

RNA samples were isolated from mouse tissues
using the Trizol Reagent (Life Technology, Grand
Island, NY). Gene-specific primer pairs and matched
universal mouse probe sets (Roche Applied Science,
Indianapolis, IN) were used to measure mRNA con-
centrations relative to the endogenous 185 RNA con-
centrations.

IGF-binding protein (IGFBP) assay

IGFBPs were assayed as described previously
[19]. Briefly, proteins in 0.5 pl of serum from 12
week-old mouse were separated in SDS-PAGE gel
and blotted onto a nitrocellulose membrane. After
blocking and washing, the membrane was incubated
overnight at 4°C with 5x10° cpm of human %I-IGF-1
(hIGF-1) (Perkin Elmer Life and Analytical Sciences,
Waltham, MA). The membrane was washed with
0.1% Tween-20 in saline and exposed to X-ray film for
2 days.

In vivo hIGF-1 degradation assay

Fifty microliter blood was collected from the tail
tip of each 12-week-old male WT or Kdm3bKO mouse
as baseline samples. hIGF-1 was obtained from the
National Hormone & Pituitary Program (Har-
bor-UCLA Medical Center, Torrance, CA). hIGF-1
diluted in PBS was intraperitoneally injected into WT

http://www.ijbs.com



Int. J. Biol. Sci. 2015, Vol. 11

496

and Kdm3b” mice at a dose of 0.25 pg/g body weight.
About 50 pl of blood was collected from each mouse
at 0.333, 3.333, 5 and 20 hours after hFGF-I was in-
jected. hIGF-1 concentrations were measured using
the hIGF-1-specific ELISA kit (DSL-5600, Diagnostic
Systems Laboratories, Webster, TX).

Western blot

Protein samples were prepared from mouse tis-
sues and protein concentrations were measured as
described previously [14]. Western blot analysis was
also performed as described previously [14].

Histological examination and immunohisto-
chemistry (IHC)

Tissues were fixed in 4% paraformaldehyde in
PBS and embedded in paraffin. Tissue sections were
cut at the thickness of 5 micron and subjected to H&E
staining or IHC as described previously [14].

Antibodies

This study used antibodies against Kdm3b
(2621S) from Cell Signaling (Boston, MA), histone H3
(ab1791) and histone H3K9mel (ab9045) from Abcam
(Cambridge, MA), histone H3K9me2 (07-441) and
histone H3K9me3 (07-442) from Millipore (Billerica,
MA), and B-actin (A2228, Clone ac-74) from Sig-
ma-Aldrich (St. Louis, MO).

Examination of ovulation and fertilization

Six-week-old female WT and Kdm3bKO mice
were housed with adult WT males. The morning
when the coital plug was observed was recorded as
dpc 0.5. Mice with coital plugs were sacrificed at dpc
1.5 for collecting oocytes as described previously [20].
Total number of oocytes and the number of fertilized
oocytes at 2-cell stage were counted under a stere-
omicroscope.

To test the superovulation capability, adult mice
were intraperitoneally injected with 5 IUs of pregnant
mare serum gonadotropin (PMSG) (EMD Chemicals
Inc.) in the afternoon. Forty-six hours later, mice were
intraperitoneally injected with 5 IUs of human chori-
onic gonadtropin (hCG) (Novarel) and then individ-
ually housed with a wild type male mouse. The fe-
male mice were sacrificed next day, and their oviducts
were collected in M2 medium. The oocytes with their
surrounding cumulus cells were released from the
ampulla by using a pair of forceps with sharp tips.
Oocytes were separated from cumulus cells by hya-
luronidase digestion for 2 minutes and pipetting up
and down several times. The oocytes were washed in
M2 medium for 3 times and then transferred to the
droplets of M2 medium (20 pl/drop, 10-15 oo-
cytes/drop) covered with light mineral oil in a plastic
Petri dish. The oocytes were cultured at 37°C in an

incubator supplied with 5% CO2, 5% Oz and 90% N
for one day. The number of total oocytes and 2-cell
stage embryos were counted and recorded.

Examination of the implantation sites

Age-matched adult female WT and Kdm3bKO
mice were mated with adult WT males. On dpc 5, 100
ul of Chicago Blue (1% solution) were injected into the
tail vein of each anaesthetized pregnant mouse. Three
minutes later, the injected mouse was sacrificed and
their uteri were dissected out for examining the blue
implantation sites.

Decidual response assay

Age-matched female WT and Kdm3bKO mice
were ovariectomized and allowed to rest for 2 weeks.
These mice were sequentially treated with
17B-estradiol for three days, and then with
17f-estradiol and progesterone for five days after a
two-day interval as described previously [20]. Six
hours after the third day 17f3-estradiol and proges-
terone injection, the inner wall of one uterine horn in
each mouse was mechanically scratched using a
bended 18G needle as described previously [21]. The
other un-scratched uterine horn served as a control.
Six hours after the last injection of hormones, these
mice were sacrificed and their traumatized and con-
trol uterine horns were dissected out and weighed.
The collected tissues were used for preparing frozen
sections for histochemical analysis of the alkaline
phosphotase activity as described previously [20].

Measurement of hormones

Serum was prepared from 8-12 week old WT and
Kdm3bKO mice. IGF-1 concentration in the serum
was assayed using a Mouse/Rat IGF-1 ELISA kit
(DSL-10-29200, Diagnostic Systems Laboratories,
Webster, TX). The concentrations of the 17p-estradiol
and progesterone in the serum were measured using
the RIA kits DSL-4400 and DSL-3900, respectively
(Diagnostic Systems Laboratories, Webster, TX).

Analysis of uterine responses to estrogen and
progesterone treatments

Female adult WT and Kdm3bKO mice were
treated with 17p-estradiol and progesterone as de-
scribed previously to determine the uterine respon-
siveness to steroid stimuli [22]. Briefly, mice were
ovariectomized, allowed to rest for 2 weeks, and then
treated with vehicle (sesame oil, s.c.), 17p-estradiol
(100 ng/mouse/day, s.c.), or 17p-estradiol (100
ng/mouse/day) plus progesterone 1
mg/mouse/day) for 3 days. Six hours after the final
treatment, mice were sacrificed, and their uteri were
weighted and normalized to their body weights.
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Results

Generation of Kdm3b knockout mice

The mouse Kdm3b gene contains 24 exons and
spans 84 kb in length. We constructed a targeting
vector for deleting its exons 15-23 (Fig. 1A). Since this
deletion region codes the JmjC domain essential for
the demethylase activity of Kdm3b, the targeted allele
should completely lose its demethylase activity. From
screening a total of 600 individual ES colonies by
Southern blot, we identified two targeted clones by
both 5" and 3’ probes (Fig. 1A and B). Five male chi-
meric mice were generated by microinjecting these
targeted ES cells into the mouse blastocysts and
transferring these blastocysts into the uteri of foster
mothers. WT, Kdm3b*- and Kdm3bKO mice were
subsequently generated from breeding these male
chimeric mice with WT C57BL/6 female mice (Fig.
1C).

Western blot analysis of the liver and other tis-
sues validated the absence of Kdm3b protein in

A P— 69kb )

Kdm3bKO (Fig.1D and data not shown). Kdm3b*
mice showed no phenotypical difference from WT
mice. However, Kdm3bKO mice were smaller and
lesser active than their WT littermates at weaning
time. Among 160-recorded newborn pups derived
from Kdm3b* parents, there were 46 WT, 83 Kdm3b**
and 31 Kdm3bKO pups. The number of newborn
Kdm3bKO pups was not significantly different from
the number of newborn WT pups (x2 = 3.7, p > 0.05).
Kdm3bKO mice exhibited frequent postnatal death
before weaning. Among the 31 closely monitored
Kdm3bKO pups, 11 died within 48 hours after birth
and the remaining 20 survived to adulthood. Among
a total of 1643 mice produced from Kdm3b*- mating
pairs and genotyped at postnatal day 26 (P26), we
identified 498 WT, 872 Kdm3b*- and 273 Kdm3bKO
mice. The number of Kdm3bKO mice at this stage
became significantly lesser than the predicted number
457 according to Mendelian Genetics (x? = 79.6, p <
0.0005), suggesting that the Kdm3b gene function is
required for normal survival before weaning.
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Figure 1. Generation of Kdm3b knockout mice. (A). The gene targeting strategy. The Kdm3b genomic locus, targeting vector and targeted allele are
sketched. The two black bars under the Kdm3b locus indicate the probes used in Southern blot analysis. The grey bars under the gene locus and the
targeted allele indicate the DNA fragments amplified by PCR in genotype analysis. (B). Identification of correctly targeted ES clones by Southern blot.
Representative results from a WT (+/+) clone and a heterozygously targeted (+/-) clone are presented. The 6.9 kb and 5.9 kb bands detected by the 5’
probe and the 7.4 kb and 6.1 kb bands detected by the 3’ probe represent the WT and the targeted alleles as indicated. (C). PCR-based genotype analysis
of WT (+/+), heterozygous (+/-) and knockout (-/-) Kdm3b mice. The upper 300 bp and the lower 179 bp DNA fragments were amplified by PCR using
allele-specific primer pairs from the knockout and the WT alleles, respectively. (D). Western blot analysis of Kdm3b protein in the liver lysates of WT (+/+)

and Kdm3bKO (-/-) mice. Beta-actin serves as a loading control.
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Figure 2. Ablation of Kdm3b in mice stunted postnatal somatic growth. (A) and (B). Postnatal growth curves of male and female WT and
Kdm3bKO mice from PO to P21. The “*” indicates p < 0.05 by Student’s t test for all age points from postnatal day 4 to day 21 (Panel A) or from postnatal
day 2 to day 21 (Panel B). (C) and (D). Body weight comparison between male and female WT and Kdm3bKO mice at ages of 4, 8 and 12 weeks as indicated.
The genotype and animal number for each group are indicated in each panel. The “*” in Panels C and D indicates P < 0.05 by Student’s t test.

Kdm3bKO mice exhibited restricted somatic
growth, low levels of circulating IGF-1 and
IGFBP-3 and fast degradation of IGF-1

Male and female newborn Kdm3bKO pups had
comparable body weights to their WT littermates, but
became significantly smaller starting on P4 and P2,
respectively (Fig. 2A and B). Their small body size
was maintained at a significant level through their
lifespan (Fig. 2C and D). In agreement with their
smaller body size, the average IGF-1 concentration in
Kdm3bKO mouse sera was reduced 36% when com-
pared with age-matched WT mouse sera (Fig. 3A).
However, IGF-1 mRNA levels in the liver of
Kdm3bKO mice were not significantly different from
that in WT mice (Fig. 3B), suggesting that Kdm3b de-
ficiency does mnot affect the growth hormone
(GH)-regulated transcription of the IGF-1 gene and
the low IGF-1 concentration in Kdm3bKO mouse sera
may be caused by its fast degradation. To measure the
degradation speed of IGF-1 in vivo, we injected an
equal dose of human IGF-1 (hIGF-1) into WT and

Kdm3bKO mice and monitored its change in the se-
rum over a time course. At time 0 (before injection),
no hIGF-1 was detected in both WT and Kdm3bKO
mouse sera, indicating that the assay had no
cross-reaction with the endogenous mouse IGF-1. In
20 minutes, hIGF-1 reached about 300 ng/ml in both
WT and Kdm3b’ mice, indicating that the intraperi-
toneally injected hIGF-1 was equally absorbed by both
groups of mice. At the time points of 200 and 300
minutes, the serum hIGF-1 concentration was reduced
50% and 73% in WT mice, while it was reduced as
much as 73% and 90% in Kdm3bKO mice when
compared with that at the 20-minute time point. Sta-
tistical analysis indicated that hIGF-1 in Kdm3bKO
mice was significantly lower than that in WT mice at
the time point of 300 minutes. At the time point of 20
hours, the injected hIGF-1 was completely degraded
in both types of mice (Fig. 3C). These results demon-
strate that the circulating IGF-1 has a much shorter
half-life in Kdm3bKO versus WT mice, which may
partially explain the low IGF-1 concentrations and
restricted somatic growth of Kdm3bKO mice.
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Figure 3. Kdm3bKO mice exhibit lower serum IGF-1 without changing IGF-1 mRNA expression in the liver (Panels A and B), faster
IGF-1 degradation in the blood circulation (Panel C), lower serum IGFBP-3 (Panel D), and decreased IGFBP-3 mRNA expression in
the kidney (Panel E). All animals used in these experiments were 8-10 weeks old male mice. Kdm3b protein is detected by IHC in the kidney epithelial
cells of WT mice but not in the kidney of Kdm3bKO mice (Panel F). The number of mice in each genotype group is indicated in each panel. In Panels B and
E,the relative expression levels of IGF-1 and IGFBP-3 mRNAs were measured by qPCR. In Panel C, a human IGF-1 specific antibody in an ELISA kit was used
to specifically measure the injected human IGF-1 at each time point. In Panel D, IGFBPs were measured by ligand blotting using '*I-IGF-1. *, p < 0.05 by

Student’s t test.

Since IGF-1-binding proteins (IGFBPs) play cru-
cial roles in stabilizing IGF-1 [19], we compared their
levels in the sera of WT and Kdm3bKO mice. We
found that IGFBP-2 and IGFBP-4 levels were compa-
rable, but the IGFBP-3 levels were much lower in
Kdm3bKO mice versus WT mice (Fig. 3D). Further-
more, the IGFBP-3 mRNA level in the kidney, the
organ expressing high IGFBP-3 mRNA [19], was also
significantly lower in Kdm3bKO mice versus WT
mice (Fig. 3E). Immunohistochemistry (IHC) analysis
clearly detected Kdm3b protein present in the epithe-
lial nuclei of the kidney tubules and Bowman’s cap-
sules of WT mice, but absent in the KdAm3bKO mouse
kidneys (Fig. 3F). Taken together, these results sug-
gest that knockout of Kdm3b decreases IGFBP-3 ex-
pression and its circulating level, which in turn causes
IGF-1 destabilization in Kdm3bKO mice.

The female Kdm3bKO mice exhibited a se-
verely impaired reproductive function

To examine the reproductive function of
Kdm3bKO mice, we carried out a 4-month long

breeding experiment and summarized the data in
Table 1. The five WT breeding pairs produced a total
of 148 pups. However, the four breeding pairs of fe-
male Kdm3bKO and male WT mice did not produce
any pups in this experiment. From all other breeding
pairs in the entire study, we only observed one
Kdm3bKO female mouse delivered three pups, but
these pups died shortly right after birth. These results
indicate that the female Kdm3bKO mice are largely
infertile.

Table 1. Kdm3bKO mice exhibited a compromised reproductive
function.

Mating Setup  Mat- Total Pups/Pair Total Litters/Pair Pups/Litter
ing  Pups Litters
Pairs
FWIXIWT 5 148 29.6+94 18 36+1.1 82+26
PKOX IWT 4 0 0* 0 0* 0*

Eight-week-old female and male mice with the indicated genotypes were housed
together at 1:1 ratio for four months. Pups derived from each breeding pair were
recorded. ¥, P < 0.05 by Student’s t test.
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Knockout of Kdm3b increased the levels of
H3K9mel, H3K9me2 and H3K9me3 in the
ovary and uterus

As the first step to understand the physiological
functions of Kdm3b in female reproductive organs,
we examined its expression profiles in these organs.
Western blot analysis detected high levels of the 200
kD Kdm3b in the ovary and uterus of WT mice (Fig.
4A). In the ovary, IHC identified high levels of Kdm3b
in the nuclei of granulosa cells of the primary,
preantral and antral follicles and in the nuclei of the-
cal cells of the preantral and antral follicles. A weaker
immunoreactivity of Kdm3b was also detectable in
the nuclei of corpus luteum and interstitial stroma

A Uterus  Ovary
WT KO WT KO

cells (Fig. 4B and data not shown). In the oviduct,
Kdm3b was mainly detected in the nuclei of epithelial
cells (Fig. 4C). In the uterus, Kdm3b was mainly de-
tected in the nuclei of endometrial luminal and glan-
dular epithelial cells and myometrial smooth muscle
cells. Slightly weaker signals of Kdm3b im-
munostaining were also detected in the nuclei of cer-
tain stromal cells (Fig. 4D). No Kdm3b was detected in
the ovary, oviduct and uterus of Kdm3bKO mice as
expected (Fig. 4B-D). These results indicate that
Kdm3b is highly and extensively expressed in the
ovary, oviduct and uterus and hence may play im-
portant roles in modifying the epigenetic histone
codes in these organs.

Figure 4. Kdm3b is highly expressed in the female mouse reproductive tracts. (A). Western blot analysis of Kdm3b expression in the uteri and
ovaries of WT and Kdm3bKO (KO) mice. (B). IHC analysis of Kdm3b protein in the ovary of WT mice. The ovarian section of Kdm3bKO mice served as
a negative control of IHC. |, interstitial stroma; F, follicles; T, thecal cells; CL, corpus luteum. (C). IHC analysis of Kdm3b in the oviduct. The oviduct section
of KO mice served as a negative control of IHC. E, epithelium; S, stroma; L, lumen. (D). IHC analysis of Kdm3b in the uteri of WT mice, and Kdm3bKO mice
(negative control of IHC). M, myometrium; UG, uterine gland; US, uterine stroma; LE, luminal epithelium; UL, uterine lumen. In the images of all IHC
analysis, the Kdm3b immunostaining signal is in brown, and the cell nuclei stained by hematoxylin are in blue.
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Figure 5. Knockout of Kdm3b increases the levels of H3K9 methylation in the ovary and uterus. (A) & (B). IHC analyses of H3K9me1/2/3 in
the ovaries and uteri of WT and Kdm3bKO (KO) mice. F, follicular cells; I, interstitial cells; E, endometrial epithelium; S, endometrial stroma; M, my-
ometrium. Two mice and multiple sections from each mouse in each genotype group were examined. (C). Analysis of H3K9me1/2/3 in the uteri of WT and

KO mice by Western blotting. Histone H3 served as a loading control.

In the ovaries of WT mice with synchronized
estrous cycle induced by PMSG and hCG treatments,
relatively high levels of H3K9mel were detected in
the follicular granulosa, interstitial stromal cells and
corpus luteum. Knockout of Kdm3b further increased
the signals of H3K9mel immunostaining in these
cells. In WT ovaries, low levels of H3K9me2 were
observed in the follicular granulosa and interstitial
stromal cells. However, in the ovaries isolated from
Kdm3bKO mice, H3K9me2 levels were increased in
both of granulosa and interstitial stromal cells.
H3K9me3 levels were detected at medium levels in
WT granulosa cells, but at high levels in Kdm3bKO

granulosa cells. On the other hand, H3K9me3 levels
were similar in both WT and Kdm3bKO interstitial
stromal cells (Fig. 5A and data not shown). In WT
uteri, H3K9mel immunoreactivity was present in the
nuclei of luminal and glandular epithelial cells, some
endometrial stromal and myometrial smooth muscle
cells. H3K9me2 was mainly detected in the luminal
epithelial cells, some endometrial stromal cells and
most myometrial smooth muscle cells, but only a few
glandular epithelial cells were H3K9me2 positive.
H3K9me3 immunoreactivity was weak and only pre-
sented in small numbers of luminal epithelial, endo-
metrial stromal and myometrial smooth muscle cells
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(Fig. 5B and data not shown). Importantly, in
Kdm3bKO uteri, H3K9mel was elevated in the en-
dometrial stromal and myometrial smooth muscle
cells, H3K9me2 was induced in all glandular epithe-
lial and most endometrial stromal cells, and H3K9me3
was increased in nearly all uterine cells, especially in
the glandular epithelial cells (Fig. 5B and data not
shown). In agreement with these IHC results, Western
blot analysis also demonstrated that the levels of
H3K9mel, H3K9me2 and H3K9me3 were signifi-
cantly increased in Kdm3bKO uteri versus WT uteri
(Fig. 5C). Taken together, these results indicate that
Kdm3b is required for maintaining normal patterns of
H3K9 methylation in multiple types of cells in the
female reproductive organs. Kdm3b deficiency al-
tered these epigenetic codes and disrupted the female
reproductive function.

Knockout of Kdm3b in female mice prolonged
their estrous cycles and reduced their ovula-
tion capacity and fertilization efficiency

To explore the pathophysiological causes for the
impaired reproductive function of the female
Kdm3bKO mice, we examined their sexual matura-
tion by checking vaginal opening time and their es-
trous cycles, which are regulated by estrogen and
progesterone produced from the ovarian thecal and
corpus luteum cells expressing Kdm3b. Kdm3bKO
and WT mice showed similar vaginal opening ages
from P28 to P40 (Supplementary Material: Fig. S1A),
indicating that Kdm3b is not required for female
sexual maturation. The adult female WT mice (n=5)
exhibited normal estrous cycles with 4-5 days per cy-
cle. However, only 2 of 6 examined female Kdm3bKO
mice showed normal estrous cycles, another three
showed prolonged estrous cycles and the remaining
one stayed at the diestrus phase for 12 days (Supple-
mentary Material: Fig. S1B and data not shown).
These results suggest that Kdm3b function is involved
in maintaining normal estrous cycle.

Next, we compared the morphology and func-
tion of KdAm3bKO and WT ovaries. We observed that
all stages of follicles were present and corpus luteums
formed normally in Kdm3bKO ovaries (Supplemen-
tary Material: Fig. S2A). We further compared ovula-
tion function and fertilization efficiency in Kdm3bKO
and WT female mice at dpc 1.5. Five WT females dis-
charged an average of 8.4 oocytes per mouse, while 4
of 5 examined Kdm3bKO females only discharged an
average of 4.6 oocytes per mouse. Interestingly, about
81% (34 out of 42) of oocytes in WT females were fer-
tilized, but only 43% (10 out of 23) of oocytes in
Kdm3bKO females were fertilized (Fig. 6A and B).
The fertilized oocytes harvested from Kdm3bKO mice
also exhibited abnormal morphologies when com-

pared with those from WT mice (Fig. 6A). Further-
more, although PMSG and hCG treatment-induced
super ovulation was not significantly different be-
tween Kdm3bKO and WT mice, the fertilization rate
in Kdm3bKO mice was only 8%, which was almost 7
fold lower than the 54% fertilization rate in WT mice
(Fig. 6C and D). These results suggest that Kdm3b is
required for producing normal number of oocytes
with high quality and for maintaining an efficient
fertilization rate.

Female Kdm3bKO mice had a reduced num-
ber of embryos and a decreased uterine de-
cidual response

In agreement with reduced ovulation and ferti-
lization, the pregnant rate of Kdm3bKO mice was also
lower than that of WT mice after successful coitus as
examined on dpc 4.5 and dpc 7.5. For the same reason,
pregnant Kdm3bKO mice also carried fewer embryos
than pregnant WT mice did on dpc 4.5 and dpc 7.5
(Supplementary Material: Table S1). The embryonic
implantation sites in Kdm3bKO uteri were fewer and
smaller when compared with those in WT uteri (Fig.
7A and B, and Table S1). Most embryos in Kdm3bKO
uteri were either small or were being absorbed (Fig.
7C and data not shown). The small implantation sites
and the failure in maintaining embryo growth and
survival at these pregnant stages suggest that the en-
dometrial stroma of Kdm3bKO mice might have an
abnormal decidualization.

Therefore, we assayed decidual responses in
adult WT and Kdm3bKO mice. In this widely used
assay, estrogen and progesterone-promoted decidual
response was induced by a mechanical scratch on the
internal wall of one uterine horn (Fig. 7D). This es-
trogen-primed, progesterone-dependent, and me-
chanical trauma-induced decidualization was robust
in WT uteri, as the average weight of their scratched
uterine horns was 2.7 fold of that of their un-scratched
horns. However, the decidual response of Kdm3bKO
uteri was limited, as the average weight of their
scratched uterine horns was only 1.5 fold of that of
their un-scratched horns (Fig. 7D). Accordingly, the
alkaline phosphotase activity, a hallmark of decidual
response, was induced at much lower degrees in the
scratched uterine horns of Kdm3bKO mice versus
those of WT mice (Fig. 7E). These results indicate that
Kdm3b is required for normal uterine decidualization.

Kdm3bKO female mice exhibited decreased
levels of estradiol

The functions of the female reproductive organs
are tightly regulated by ovarian steroid hormones
including estradiol and progesterone. After dpc 4.5, a
high level of progesterone and a low level of estradiol
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in mice work coordinately to maintain normal preg-
nancy [23]. On dpc 7.5, the average concentration of
17B-estradiol in the sera of Kdm3bKO female mice
was only 50% of that in the sera of WT female mice. In
WT and Kdm3bKO female mice with estrous cycles
synchronized by PMSG and hCG treatments, the lev-
els of 17B-estrodiol were also significantly lower in the
sera of KdAm3bKO mice versus WT mice at 40 hours
post PMSG treatment and at 24 hours post hCG
treatment (Fig. 8A). However, the progesterone con-
centration showed no significant difference between
these two mouse groups (Fig. 8B). Since the majority
of 17P-estradiol is synthesized by the aromatase
(Cyp19al) expressed in the ovarian granulosa cells
where Kdm3b is highly expressed, we examined
Cyp19al expression in the ovaries of Kdm3bKO mice.
Real-time RT-PCR analysis revealed no difference in
Cyp19al mRNA expression between Kdm3bKO and
WT ovaries (Fig. 8C), suggesting that Kdm3b knock-
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/1

dpc 0.5 1.5

hCG -
C PMSG Mate Sacrifice
L | | |
Day 1 2 3 5

out-induced decrease in 17B-estradiol is not caused by
any changes of Cyp19al expression.

Finally, we observed that the uteri in sexually
matured WT and Kdm3bKO mice showed compara-
ble histological morphology (Supplementary Materi-
al: Fig. S2B), suggesting that Kdm3b is not required
for uterine morphogenesis in the virgin mice. Fur-
thermore, 17B-estradiol treatment stimulated compa-
rable and robust growth of uteri in both ovariecto-
mized WT and Kdm3bKO mice, indicating that
Kdm3b is not essential for 17B-estradiol-induced
uterine growth. Moreover, a combined treatment of
17B-estradiol and progesterone also equally blunted
the uterine growth stimulated by the 17B-estradiol
alone in both ovariectomized WT and Kdm3bKO mice
(Supplementary Material: Fig. S2C and D), suggesting
that Kdm3b is also not essential for progesterone sig-
naling in the uterus.

EWT OKO
%

Oocytes/Mouse
'

Ovulation Fertilization

n=5 n=5

D 40
EWT OKO

o 30
wn
3 20
= *
2 10
>
8 0 =
(o]

S. Ovulation Fertilization
n=5 n=6

Figure 6. Effects of Kdm3b knockout on ovulation and fertilization. (A). Representative images of oocytes ovulated by WT and Kdm3bKO (KO)
mice on dpc 1.5. Note that the embryonic cells from WT mice show an oval shape and smooth edge, while the embryonic cells from KO mice show
irregular shapes and rough edges. (B). The average numbers of total and fertilized oocytes collected from WT or KO female mice on dpc 1.5. (C).
Representative images of oocytes ovulated by gonadotropin-treated WT and Kdm3bKO mice on dpc 1.5. The schedules for PMSG and hCG treatments of
female mice are indicated. Fertile WT male mice were housed with treated females on day 3. Ovulation was examined in the morning (dpc 1.5) on day 5.
(D). The average numbers of total and fertilized oocytes collected from gonadotropin-treated WT or KO female mice on dpc 1.5. Data in panels B and D
are presented as mean * standard deviation. *, p < 0.05 by Student’s t test.
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Figure 7. Kdm3b is required for normal decidualization. (A). Representative images of the reproductive tracts of the female WT and Kdm3bKO
(KO) mice. Arrows indicate the embryo implantation sites stained by Chicago Blue dye in the uteri on dpc 4.5. (B). Representative images of the re-
productive tracts of WT and KO mice on dpc 7.5. Arrows indicate larger and smaller embryos in the uteri of WT and KO mice, respectively. (C). The
H&E-stained images of cross sections prepared from pregnant uteri of WT and KO mice on dpc 7.5. The arrow indicates a normal embryo in WT uterus.
The arrowhead indicates an implantation site in KO uterus where the embryo was absorbed. (D). Kdm3bKO mice exhibited a reduced decidual response.
As sketched in the upper panel, ovariectomized WT mice (n=8) and KO mice (n=6) were treated with 173-estradiol and progesterone. Decidulization was
mechanically induced and measured as described in Materials and Methods. Representative images of uterine decidualization in WT and KO mice were
shown. The ratios of the stimulated uterine horn (S) weights to un-stimulated uterine horn (US) weights were determined by weighing the wet uterine
tissues. **¥, p < 0.001 by Student’s t test. (E). Alkaline phosphotase activity detected by histochemistry (green color) in WT and KO uterine horns receiving
decidual stimuli. The slides were counter-stained with Nuclear Fast Red.
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Figure 8. Kdm3b is required for maintaining normal levels of 17B-estradiol. (A). The concentrations of 17B-estradiol in the serum samples
prepared from WT and Kdm3bKO (KO) mice on day 8 of pregnancy (n=6), at 40 hours after PMSG injection (n=6), and at 24 hours after hCG injection
(n=3). (B). The concentrations of progesterone in the serum samples of WT and KO mice on day 8 pregnancy (n=6) and at 24 hours after hCG injection
(n=3). (C). The relative expression levels of Cypl19al mRNA in the ovaries of untreated WT and KO mice (n=5).
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Discussion

The pituitary-secreted GH stimulates IGF-1 ex-
pression in various tissues to regulate somatic growth.
IGF-1 and IGFBP-3 form a stable protein complex in
the circulating blood to maintain a relatively constant
IGF-1 concentration, which is required for normal
somatic growth and other physiological functions [24,
25]. The kidney possesses the highest expression level
of IGFBP-3, which plays a key role to maintain IGF-1
stability in the circulation [19]. It has been shown that
knockout of IGF-1 in mice reduces IGF-1 in the blood
and decreases somatic growth [26-28], while overex-
pression of IGFBP-3 in transgenic mice increases
IGF-1 in the blood [29]. We have previously shown
that liver-specific overexpression of IGF-1 moderately
enhances somatic growth and partially prevents the
effects of GH deficiency [30]. Knockout of the nuclear
receptor coactivator 3 (NCOAS3, also known as SRC-3)
decreases IGFBP-3 expression in the kidney, which in
turn causes fast IGF-1 degradation in the blood and
postnatal somatic growth retardation [19]. In the pre-
sent study, we found that Kdm3bKO mice exhibit
postnatal growth retardation and this dwarf pheno-
type is kept through their lifespan. Mechanistic anal-
ysis revealed that IGF-1 mRNA expressed in the liver
is unaffected, suggesting that GH secretion and
GH-induced IGF-1 expression in the liver are inde-
pendent of Kdm3b function. However, serum IGF-1 is
low, and this is caused by accelerated degradation of
IGF-1 in the circulation. Since we found that Kdm3b is
highly expressed in the kidney, and IGFBP-3 mRNA
and IGFBP-3 protein are significantly reduced in the
kidney and sera of Kdm3bKO mice, we propose that
the decreased IGFBP-3 expression caused by Kdm3b
deficiency is responsible for the decreased IGF-1 level
in the blood, which may partially explain the growth
retardation of KdAm3bKO mice. It would be interesting
to find out how Kdm3b exactly regulates the expres-
sion of IGFBP-3 in the kidney in a future study.

A successful reproductive process is a result of
coordinated functions of multiple organs. In female,
oocytes are developed in the follicles of ovaries and
released into the fallopian tubes, where they meet the
sperms and get fertilized [31]. Blastocysts derived
from the fertilized oocytes enter the steroid hor-
mone-primed uterine horns and attach to the uterine
wall. This attachment induces uterine stromal cell
proliferation and differentiation into the epithe-
loid-decidual cells, a process termed as decidualiza-
tion [23]. Decidualization establishes the connection
between mom and fetus and then, the placenta de-
velops to nurture the embryos until birth. The coor-
dinated stimuli of estrogen and progesterone and the
appropriate responses of the female reproductive or-

gans to these stimuli play essential roles in the regu-
lation of female reproductive events, including es-
trous cycle, sexual behavior, oocyte maturation, ovu-
lation, uterine receptivity, embryo implantation,
uterine decidualization, pregnant maintenance and
parturition [23, 32]. In the present study, we showed
that Kdm3b is broadly expressed in the follicular and
interstitial cells of the ovary, the luminal epithelial
cells of the oviduct, the epithelial and stromal cells of
the endometrium, and the smooth muscle cells of the
myometrium. Kdm3bKO null mice exhibited normal
ovarian and uterine morphogenesis, follicular devel-
opment, estrogen-induced uterine growth and suc-
cessful coitum, suggesting that Kdm3b function is not
essential for these female organ morphogenesis and
reproductive events. However, the female Kdm3bKO
mice are not able to produce any pups, indicating
Kdm3b is absolutely required for completing the en-
tire reproductive process. Analysis of the sequential
reproductive events demonstrated that Kdm3bKO
mice exhibited prolonged estrous cycles, decreased
ovulation capacity, and reduced fertilization rate.
These knockout mice also showed significantly de-
creased embryo implantation sites in their uteri,
which could be a consequence of the reduced ovula-
tion and fertilization. There results demonstrate that
Kdm3b is required for maintaining normal estrous
cycle, ovulation capacity and fertilization efficiency.

Furthermore, we also found that the implanted
embryos in Kdm3bKO uteri were reduced in number
and were much smaller than those embryos in WT
uteri. Many of the implanted embryos in Kdm3bKO
uteri died before dpc 7.5. These defects were associ-
ated with the significantly reduced decidual response
in these Kdm3bKO female mice. Since appropriate
decidualization of the endometrial stroma is essential
for establishing the connection between embryo and
uterine stroma as well as for placental development,
the impaired decidual response may be responsible
for the arrested growth and death of the implanted
embryos.

Maintenance of an appropriate level of H3K9
methylation has been shown to play essential roles in
mammalian reproduction. Suv39hl and suv39h2, two
of the H3K9 methyltransferases, are required for het-
erochromatin formation and genome stability in male
germ cells [33]. G9a, another H3K9 methyltransferase,
is required for maintaining H3K9mel and H3K9me2
signals and synchronous synapsis in the meiotic
prophase [34]. Our previous study has shown that
Kdm3a demethylates H3K9 in the spermatocytes.
Knockout of Kdm3a increases H3K9 methylation and
disturbs the expression of genes required for chroma-
tin condensation and spermatid elongation and mat-
uration, causing male infertility [14]. In the present
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study, we demonstrated that knockout of Kdm3b in-
creases the levels of H3K9mel/2/3 in the follicular
and/or interstitial cells of the ovary and in the endo-
metrial stroma and/or epithelial cells of the uterus.
Since these changes of H3K9mel/2/3 levels could be
detected by IHC and Western blotting, the alterations
of these histone codes caused by Kdm3b knockout
must involve extensive chromatin regions. Therefore,
these alterations should affect the expression of many
genes. The altered gene expression profiles may serve
as a molecular basis for the infertile phenotype of
Kdm3bKO mice. However, the direct target genes of
Kdm3Db in the ovary and uterus are currently unclear.
Since knockout of Kdm3b affects global H3K9mel/2/3
levels in these organs, it would be difficult to identify
the specific target genes and pathways responsible for
the impaired reproductive functions of female
Kdm3bKO mice. This should warrant additional
studies to map the Kdm3b-regulated genes and their
underlying molecular mechanisms that control female
reproductive function.

In summary, we have identified Kdm3b as a key
H3K9 demethylase essential for postnatal somatic
growth and female reproductive function. Disruption
of Kdm3b function decreases IGFBP-3 expression,
which results in fast degradation of IGF-1 and small
body size. The loss of Kdm3b function also prolongs
female estrous cycle, and decreases ovulation capaci-
ty, oocyte fertilization rate, embryo implantation, de-
cidual response and embryo growth. Together, these
defects in reproductive function result in a female
infertile phenotype. These defects are associated with
extensive alterations of H3K9mel, H3K9me2 and/or
H3K9me3 levels in the ovarian and uterine cells
where Kdm3 is highly expressed. These findings
suggest that KDM3B mutation or disrupted pathways
regulated by KDM3B might be present in human pa-
tients with growth retardation and/or female repro-
ductive problems.
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