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The hemochorial placenta develops from the coordinated multi-
lineage differentiation of trophoblast stem (TS) cells. An invasive
trophoblast cell lineage remodels uterine spiral arteries, facilitat-
ing nutrient flow, failure of which is associated with pathological
conditions such as preeclampsia, intrauterine growth restriction,
and preterm birth. Hypoxia plays an instructive role in influencing
trophoblast cell differentiation and regulating placental organiza-
tion. Key downstream hypoxia-activated events were delineated
using rat TS cells and tested in vivo, using trophoblast-specific
lentiviral gene delivery and genome editing. DNA microarray
analyses performed on rat TS cells exposed to ambient or low
oxygen and pregnant rats exposed to ambient or hypoxic condi-
tions showed up-regulation of genes characteristic of an invasive/
vascular remodeling/inflammatory phenotype. Among the shared
up-regulated genes was matrix metallopeptidase 12 (MMP12). To
explore the functional importance of MMP12 in trophoblast cell-
directed spiral artery remodeling, we generated an Mmp12 mutant
rat model using transcription activator-like nucleases-mediated ge-
nome editing. Homozygous mutant placentation sites showed de-
creased hypoxia-dependent endovascular trophoblast invasion and
impaired trophoblast-directed spiral artery remodeling. A link was
established between hypoxia/HIF and MMP12; however, evidence
did not support Mmp12 as a direct target of HIF action. Lysine de-
methylase 3A (KDM3A) was identified as mediator of hypoxia/HIF
regulation of Mmp12. Knockdown of KDM3A in rat TS cells
inhibited the expression of a subset of the hypoxia—hypoxia in-
ducible factor (HIF)-dependent transcripts, including Mmp12, al-
tered H3K9 methylation status, and decreased hypoxia-induced
trophoblast cell invasion in vitro and in vivo. The hypoxia-HIF-
KDM3A-MMP12 regulatory circuit is conserved and facilitates
placental adaptations to environmental challenges.
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Vascular remodeling is an important pregnancy-associated
adaptation in hemochorial placentation and is orchestrated,
in part, from the contributions of invasive trophoblast cells (also
termed extravillous trophoblast) (1-3). These cells invade into the
uterus and restructure spiral arteries turning them into flaccid low
resistance vessels facilitating the flow of maternal resources to the
placenta and then to the fetus. Failure of trophoblast cell invasion
and vascular remodeling is associated with pathological conditions
such as preeclampsia, intrauterine growth restriction, and preterm
birth (3-5). Invasive trophoblast cells arise from trophoblast stem
(TS)/progenitor cell populations and can be classified based on
their entry into the uterine parenchyma (5, 6). Endovascular in-
vasive trophoblast cells enter uterine spiral arteries, facilitate re-
moval of the endothelium, acquire a pseudovascular phenotype, and
restructure the spiral artery, whereas interstitial invasive trophoblast
cells migrate into a specialized uterine stroma, termed decidua, and
infiltrate areas surrounding the spiral arteries (2, 4, 7, 8). These
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seminal events in hemochorial placentation are conserved in the
rat and human (9-11).

Placentation is a malleable process responsive to a range of
stimuli present in the maternal environment (6, 12). As in other
tissues, low oxygen is a potent driver of vascular development
at the maternal-fetal interface. Hypoxia exposure can redirect
placental organization and promote development of the invasive
trophoblast cell lineage and uterine spiral artery remodeling,
representing adaptive responses conserved in the rat, monkey,
and human (13-16). Cellular responses to oxygen deficits are
mediated by hypoxia inducible factor (HIF), a transcription
factor consisting of a heterodimer composed of oxygen sensitive
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Fig. 1. Hypoxia-dependent responses of TS cells and
the placentation site. (A) Schematic representation of
TS cell exposure to low oxygen tension (0.5% O, for
24 h) before harvesting RNA for DNA microarray
analysis. (B) Scatter plot presentation of in vitro hyp-
oxia-responsive transcripts. (C) Presentation of path-
way analysis of transcripts differentially expressed
following TS cell exposure to 0.5% O,. (D and E)
Validation of select differentially expressed transcripts
by qRT-PCR. All hypoxia responses are significantly
different from ambient control (n = 5/group; P <

o

F UPREGLLATED DOWNREGLLATED 0.05). (F) Examination of the dependence of hypoxia-
bt s e dependent transcript changes on HIF signaling. TS
;" § e 8w cells were exposed to 0.5% O, in the presence of
g‘; g ﬁ‘s control (Ctrl) or Hiflb shRNAs. RNA was harvested
fril I IE and transcript levels assessed by gqRT-PCR (n =
.% - % . g 4/group; ANOVA with Student-Newman-Keuls test,
R 2 @ *P < 0.05). Dashed lines represent the ambient control
§ ; L. ulm values. (G) Schematic representation of in vivo ma-
FEFEFEEEFE ternal exposure to hypoxia (10.5% O,). (H) Repre-
ot Romy; Hedy KB sentative cross sections of gd 13.5 placentation sites
G o immunostained for vimentin and cytokeratin from
@‘ oswo:s ¥ pregnant rats exposed to ambient (Amb) or hypoxia
hng'rsegn‘n:, s 65 135 (Hyp, 10.5% O,). The junctional zone (devoid of
H Ambient Hypoxia | N vimentin staining) is demarcated by the dashed white
80 x * é [ lines. (Scale bar, 1 mm.) (/) Quantification of invasion
£ 100 @7
= 5 Fuo 5: of trophoblast cells into the uterine mesometrial
S fw gf‘; rH compartment and ratio of junctional and labyrinth
g gzc |+| I ;E ) zones (ambient, n = 10; hypoxia, n = 12; *P < 0.05).
= o (J) Relative expression of transcripts associated with
S ¢ & I ) . )
N ¢ & & ¢ the junctional zone (JZ) and labyrinth zone (LZ) (n =
K ‘ L o cromend incresned = Lz 8/group, *P < 0.05). Dashed lines represent the am-
= Metabolism of Carbahydrate bient control values. (K) Scatter plot presentation of
g
H b :;::::”:: :: Diflcentiaton of Embryonic Tesve maternal hypoxia-responsive transcripts in the metrial
i, ‘mﬂ; P Sy gland. (L) Presentation of pathway analysis of differ-
H S i im0 e entially expressed transcripts in the metrial glands
25 #1855 FC <2 scularization of ion . . . .
{ A . N——— following hypoxia exposure. (M) Validation of se-
‘gﬂ i o *3=FC ATphocye Differentiation of Epithelial Tissue N . .
4 7 ¢ Guenity o Lymphocyies Mostostansof ot lected differentially expressed transcripts by qRT-PCR
‘ Quantiy of Loukocyes R— (n = 10/group, *P < 0.05). Dashed lines represent the
e e e e f L T T T S A SR S ambient control values. (N) Immunohistochemical
o Activation Z Score analysis of MMP12 and pan cytokeratin (pKRT) stain-
ME 10 . N Ambient Ambient Hypoxia ing in tissue sections from pregnant rats exposed to
§ ] x ¥ | S5 ambient or hypoxia conditions. (Scale bar, 50 pm.)
Ze & ’o‘ % (O) In situ hybridization analysis of Pri5a1 transcripts
2 & 4 ih;_‘o Ly e in placentation sites from pregnant rats exposed to
i = g ) 5 W . ) L
e° _% J 4 ambient or hypoxia conditions. (Scale bar, 250 pm.)
o @\m & & = - Data prese.nted in D-F, I, J, and M were analyzed with
A Mann-Whitney test.

HIF1A or HIF2A and a constitutively active HIF1B (also known as
aryl hydrocarbon receptor nuclear translocator, ARNT) (17, 18).
Mouse mutagenesis experiments have demonstrated the im-
portance of key components of the HIF signaling pathway to
the regulation of placentation (19-24). HIF acts on targets di-
rectly promoting transcription and cellular adaptations to low
oxygen and indirectly via modification of the epigenetic land-
scape (18). Lysine demethylase 3A (KDM3A; also known as
JMID1A) is a hypoxia/HIF responsive histone 3 lysine 9 (H3K9)
demethylase implicated in epigenetic regulation of cell differ-
entiation and tissue homeostasis (25, 26). Structural changes
associated with tissue plasticity are engineered via activation of
matrix metalloproteinases (MMPs) (27, 28). MMPs are respon-
sive to environmental signals and promote the movement of cells
through tissue matrices, facilitate structural changes in blood
vessel integrity, and contribute to morphogenesis of the placenta
(18, 27, 29-31).

Mechanisms underlying the orchestration of placental adapta-
tions and plasticity are not well understood. In this study, we
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reveal a central and conserved role for HIF-KDM3A-MMP12
signaling in regulating adaptations at the placentation site.

Results

Hypoxia-Dependent Transcript Responses in TS Cells and at the
Placentation Site. Hypoxia signaling regulates the development
of the invasive trophoblast cell lineage and uterine spiral artery
remodeling (13-16). As a first step toward identifying potential
adaptive mechanisms downstream of hypoxia exposure, we pro-
filed transcriptomes of rat TS cells (32) exposed to low oxygen and
placentation sites from rats exposed to hypoxic conditions using
DNA microarray technology (Gene Expression Omnibus re-
pository: GSE80339 and GSE80340; www.ncbi.nlm.nih.gov/geo/).

TS cells maintained in the stem state were exposed to 0.5%
oxygen for 24 h, harvested, and profiled. Under these conditions,
TS cells are induced to move through extracellular matrices (15).
Cell number was not significantly affected by the oxygen tensions
investigated (Fig. S14). Low oxygen conditions resulted in robust
effects on gene expression: 838 transcripts were down-regulated
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Fig. 2. MMP12 and hypoxia-activated trophoblast-directed uterine spiral artery remodeling. (A) Genotyping of WT (+/4) and Mmp12 homozygous mutant
rat strains generated by genome editing. (B) RT-PCR analysis for Mmp12 and 18s RNAs from spleens of WT (+/+) and Mmp12 mutant (A/A607 and A/A664)
rats. (C) Western blotting for MMP12 and ACTB from spleens of WT (+/+) and Mmp12 mutant (A/A607 and A/A664) rats. (D) Effects of ambient and hypoxia
(10.5% O,) conditions on litter size and the numbers of viable and nonviable conceptuses (+/+, n = 7; A/A 607, n = 5; A/A 664 n = 5; *P < 0.05). (E) Im-
munohistochemical analyses (pan cytokeratin, pKRT; MMP12; elastin) of the mesometrial placentation sites from WT (+/+) and Mmp12 mutant (A/A607) rats
exposed to ambient or hypoxia conditions. (F) Quantification of trophoblast cell invasion into the uterine mesometrial compartment. Different letters
above bars signify differences among means (n = 5/group, *P < 0.05). (G) Effects of low oxygen (0.5% O,) on invasive behavior of WT (WT-1) and two
Mmp12-null (A/A664-1 and A/A664-2) TS cell populations. Images are representative filters. (H) Quantification of invasion through Matrigel. Different
letters above bars signify differences among means (n = 5/group, P < 0.05). (/) qRT-PCR analysis of hypoxia responsive transcripts in WT (WT-1; white bars)
and two Mmp12-null (A/A664-1; gray bars and A/A664-2; black bars) TS cell populations. Comparisons were between ambient (Amb) and 0.5% O, con-
ditions for each genotype (n = 3/group, Mann-Whitney test, *P < 0.05). Data presented in D, F, and H were analyzed with ANOVA and Holm-Sidak (D) or
Newman-Keuls tests (F and H).

(<1.5-fold) and 786 transcripts were up-regulated (>1.5-fold) in
response to low oxygen. Many down-regulated transcripts were
associated with the stem state (Cdhl, Cdx2, Bmp4, 1d2, Satbl,
Rbm3, and Lin28), whereas up-regulated transcripts were char-
acteristic of proteins contributing to cell migration (Cul7 and
LoxI2), extracellular matrix remodeling (Mmp12, Mmp9, Plau,
Dpp3, and Plod2), and inflammatory (/33 and Cd200) pheno-
types and adaptive responses to hypoxia (Egini, Bhlhe40, PppIr3c,
Vegfa, Ankrd37, and Kdm3a; Fig. 1 A-F and Dataset S1). The
involvement of HIF signaling in the transcriptomic responses to
hypoxia was evaluated in TS cells expressing HIF1B short hairpin
RNAs (shRNAs) or control shRNAs. Down-regulated transcripts
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showed a mix of HIF dependence, whereas all of the up-regulated
transcripts examined were dependent on HIF signaling (Fig. 1F).
Thus, low oxygen interfered with maintenance of the TS cell stem
state and promoted differentiation consistent with an HIF-driven
invasive trophoblast cell phenotype.

Because low oxygen promoted TS cell differentiation toward
the invasive trophoblast lineage, we sought to identify an in vivo
correlate of differentiated invasive trophoblast cells. Hypoxia-
exposed gestation day (gd) 13.5 metrial gland tissue contains a
prominent population of differentiated invasive endovascular
trophoblast cells (14). Rats were exposed to ambient (21% oxy-
gen) or hypoxic environments (10.5% oxygen) from gd 6.5 to 13.5.

Chakraborty et al.
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Fig. 3. KDM3A and hypoxia signaling in trophoblast cells. (A) Kdm3a transcript (QRT-PCR; Left) and protein (Western blot; Right) responses in TS cells
cultured under ambient (Amb) or low oxygen (0.5% O,). Statistical analysis: n = 5/group, Mann-Whitney test, *P < 0.05. (B) Inmunocytochemical staining for
pan-cytokeratin (pKRT) and KDM3A in TS cells cultured under Amb or 0.5% O,. (Scale bar, 50 pm.) (C) In vivo placental Kdm3a transcript (QRT-PCR; Left) and
protein (Western blot; Right) responses to maternal hypoxia (10.5% O, from gd 6.5 to 13.5). (D) Schematic representation of a midgestation placentation site,
consisting of the metrial gland (MG), junctional zone (JZ), and labyrinth zone (LZ). The blue box corresponds to the metrial gland region (Upper) of E and the
red box corresponds to the junctional zone (Lower) of E. (E) Immunohistochemistry analysis (pan cytokeratin, pKRT; KDM3A) of gd 13.5 placentation site
sections from pregnant rats exposed to ambient and hypoxic conditions. The dashed line in the bottom panels represents the border between the decidua
and chorioallantoic placenta. (Scale bar, 100 pm.) (F) qRT-PCR and Western blot validation of Kdm3a shRNAs. TS cells expressing control (Ctrl) or Kdm3a
shRNAs were examined in Amb or 0.5% O, culture conditions (n = 4, *P < 0.05). (G) Effects of Kdm3a knockdown on hypoxia responsive transcripts in TS cells
(n =4, *P < 0.05). (H) Effects of Kdm3a knockdown on 0.5% O, activated invasive behavior of TS cells. Images are representative filters. (/) Quantification of
invasion through Matrigel (n = 3, Ctrl sShRNA + 0.5% O; vs. all other treatments, *P < 0.05). (J) Ectopic transcript (QRT-PCR; Left) and protein (Western blot,
Right) expression of control (vector) and WT (Kdm3a) and mutant (Kdm3a-H1135Y) Kdm3a constructs stably transfected into TS cells. (K) Effects of ectopic
expression of control (vector), WT (Kdm3a), and mutant Kdm3a (Kdm3a-H1135Y) constructs stably transfected into TS cells on hypoxia responsive transcripts
(n =4, Kdm3a vs. vector or Kdm3a-H1135Y, *P < 0.05). (L) Effects of ectopic expression of control (vector), WT (Kdm3a), and mutant Kdm3a (Kdm3a-H1135Y)
constructs stably transfected into TS cells on invasive behavior. Images are representative filters. (M) Quantification of invasion through Matrigel (n = 4,
Kdm3a vs. vector or Kdm3a-H1135Y, *P < 0.05). Data presented in F, G, /-K, and M were analyzed with ANOVA and Student-Keuls test. ACTB was used as a
loading control for the Western blots shown in A, C, F, and J.
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Animals were euthanized at gd 13.5, placentation sites were
prepared for assessment of intrauterine trophoblast invasion and
spiral artery remodeling or alternatively dissected, and transcript
expression was investigated (14, 15). Pregnancy-associated uterine
spiral artery remodeling is defined by trophoblast cell intra-
vasation of spiral arteries, their replacement of endothelial cells
lining the vessel, and subsequent restructuring the underlying
extracellular matrix and dissolution of the tunica media (2, 15).
Hypoxia stimulated intrauterine endovascular trophoblast in-
vasion, the preferential allocation of trophoblast cells within
the placenta to the junctional zone, and some alterations in the
expression of transcripts associated with the junctional zone
(Tpbpa, Gjb3, and Ascl2) and labyrinth zone (Tfeb and Geml;
Fig. 1 G-J). Transcriptional responses to hypoxia were examined
in more detail from the metrial gland (Fig. 1 K-M). The metrial
gland is a heterogeneous tissue, composed of an assortment or
stromal, endothelial, and immune cell populations, and repre-
sents the site of intrauterine endovascular trophoblast cell in-
vasion of the spiral arteries (15, 33). A subset of hypoxia-responsive
transcripts identified by DNA microarray analysis of the metrial
gland exhibited overlap with transcripts up-regulated by low
oxygen tension in TS cells, including members of the prolactin
family (Pri5al and Pri7b1) and MMP12 (Fig. 1M, Dataset S1,
and Table S1). Pri5al and Mmpl2 expression was restricted to
endovascular trophoblast (Fig. 1 N and O and Fig. S1B). MMP12
is a metalloelastase and has been implicated in human trophoblast-
directed uterine spiral artery remodeling (30, 34). We used the
overlap of in vitro and in vivo profiles and the conservation in rat
and human placentation to guide our analysis, which led to a focus
on MMP12. In the rat placentation site, MMP12 expression was
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activated by hypoxia and restricted to invasive endovascular tro-
phoblast cells (Fig. 1N and Fig. S1B). Thus, MMP12 was viewed
as a candidate effector of hypoxia-activated uterine spiral artery
remodeling.

MMP12 and Hypoxia-Activated Uterine Spiral Artery Remodeling by
Trophoblast Cells. To test the involvement of MMP12 in uterine
spiral artery remodeling, Mmpl2 mutant rats were generated
using transcription activator-like nucleases (TALEN)-mediated
genome editing (Fig. S1 C-G). Thirteen founder animals were
identified with deletions ranging from 100 to 800 bp. Two de-
letions encompassing exon 2 (607-bp deletion, referred to as
A/A607; 664-bp deletion, referred to as A/A664) were further
characterized. Each mutation caused nonsense nucleotide frame-
shifts and premature stop codons, resulting in the interference of
MMPI12 protein expression, as tested in the spleen and the pla-
centation site (Fig. 2 A-C). Heterozygous x heterozygous breed-
ing generated expected Mendelian ratios of progeny genotypes
(Fig. S1F). Mmp12-null x Mmp12-null pregnancies yielded modest
but significant decreases in litter size and postpartum day 1 neo-
natal body weights (Fig. S1G and Fig. S24). MMP12 deficiency
did not adversely affect placentation or intrauterine trophoblast
invasion at gd 18.5 (Fig. S2B). However, an MMP12 deficit did
affect the capacity of the placenta to adapt to hypoxia. WT x WT
and MmpI2-null X MmpI2-null rat mating combinations were
challenged with hypoxia (10.5% oxygen) from gd 6.5 to 13.5.
Pregnancy outcomes, fetal weights, and intrauterine trophoblast
invasion were assessed. MmplI2-null pregnancies showed im-
paired adaptations to hypoxia and significant increases in fetal
death (Fig. 2D). Disruption of MMP12 expression interfered with
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Fig. 5. Conservation of hypoxia-dependent responses in human trophoblast cells. (A) Effects of KDM3A knockdown on low oxygen (0.5% O,) activated
KDM3A and MMP12 transcript levels in BeWo human trophoblast cells (QRT-PCR; n = 3, *P < 0.05). (B) Effects of KDM3A knockdown on 0.5% O, activated KDM3A
and MMP12 transcript levels in Jeg3 human trophoblast cells (QRT-PCR; n = 3, *P < 0.05). (C) Effects of KDM3A knockdown on 0.5% O, activated KDM3A protein
in BeWo and Jeg3 human trophoblast cells. (D) Effects of KDM3A knockdown on 0.5% O, induced invasive behavior of BeWo and Jeg3 human trophoblast cells.

Images are representative Insets. (E) Quantification of invasion through Matrigel
(blue, Top), and MMP12 (blue, Bottom) transcripts in first trimester (8 and 12 wk)

(n =3, *P < 0.05). (F) In situ hybridization localization of CDH1 (red), KDM3A
and term human placental tissues. (Scale bar, 100 pm.) CV, chorionic villus; EVT,

extravillous trophoblast. (G) Second trimester and term primary human trophoblast cell responses to 0.5% O,. KDM3A and MMP12 transcripts were measured by
qRT-PCR (n = 3/group, Student t test, *P < 0.001). (H) In situ hybridization localization of CDH1 (red) and KDM3A (blue), transcripts in replicate representative
placenta sections from preterm, term, preeclampsia, and intrauterine growth restriction (IUGR) pregnancies (low magnification: scale bar, 300 um; high mag-
nification: scale bar, 60 pm). (/) In situ hybridization localization of CDH1 (red) and MMP12 (blue), transcripts in replicate representative placenta sections from
preterm, term, preeclampsia, and IUGR pregnancies. (Scale bar, 300 pm.) Data presented in A, B, and E were analyzed with ANOVA and Student-Newman-Keuls
test. (J) qRT-PCR for Kdm3a and Mmp12 transcripts in placentas from preterm control and preeclamptic pregnancies (n = 6/group, Student t test, *P < 0.002).

(K) Western blotting for KDM3A protein in placentas from preterm control and
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preeclamptic pregnancies (n = 5/group).
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Fig. 6. Effects of oxygen tension and KDM3A expression on blastocyst

outgrowth. (A) Schematic showing experimental plan for lentiviral trans-
duction of blastocysts and outgrowth assay. Blastocysts were transduced
with control (Ctrl) or Kdm3a shRNA and cultured for 72 h to allow hatching
from the zona pellucida. The attached blastocysts were exposed to ambient
(Amb) or low oxygen (0.5% O,) for 24 h and analyzed. (B) Representative
images of blastocyst outgrowths from Ctrl shRNA and exposed to Amb, Ctrl
shRNA and exposed to 0.5% O,, and Kdm3a shRNAs and exposed to 0.5% O,.
(C) Measurement of Kdm3a transcripts in control and knockdown cultures
was measured by gqRT-PCR. Asterisks indicate significant differences among
groups (n = 6/group; *P < 0.05). (D) The bar graph shows quantification of
outgrowth area in square millimeters. The area of the outgrowth was
measured using Image J software (Ctrl shRNA + Amb, n = 6; Ctrl shRNA +
0.5% O,, Kdm3a shRNA1 + 0.5% O, n = 10; Kdm3a shRNA2 + 0.5% O,, n =
10; *P < 0.05). Data presented in C and D were analyzed with ANOVA and
Student-Newman-Keuls test.

hypoxia-activated trophoblast invasion and uterine spiral artery
remodeling, including impairment of uterine spiral artery-associ-
ated elastin degradation (Fig. 2E). Similar results were obtained
from WT and MmpI2-null placentation sites generated from an
Mmpl2 heterozygous X Mmpl2 heterozygous breeding scheme
(Fig. S2 C-F). Shapiro and colleagues noted deficits in Mmp12-
null mouse macrophage invasive behavior (35), which prompted
an evaluation of the direct role of MMP12 on trophoblast cell
invasive properties. TS cell lines were established from WT and
MmpI2-null blastocysts (Fig. S2 G-I). Both TS cell populations
exhibited FGF4-driven proliferation and mitogen removal-
dependent differentiation; however, responses to low oxygen
tension differed. Unlike WT TS cells, Mmp12-null TS cells showed
attenuated low oxygen-activated invasive properties and a failure of
Cdhl down-regulation when exposed to low oxygen (Fig. 2 G-I).
Other low oxygen-activated transcriptional behaviors examined did
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not differ between WT and MmpI12-null TS cells (Fig. 27). Col-
lectively, the results indicate that MMP12 is an effector of hypoxia-
activated endovascular trophoblast invasion and uterine spiral
artery remodeling.

KDM3A and Hypoxia-HIF Signaling in Trophoblast Cells. The above
experimentation implicated a link between hypoxia, HIF, and
the regulation of MMP12; however, evidence did not support
MmpI2 as a direct target of HIF action. Conserved HIF binding
motifs were not present within regulatory DNA associated with
the Mmp12 gene and HIF ChIP sequencing datasets did not
support a direct interaction of HIF with the Mmp12 locus (36—
39). Consequently, potential intermediaries were explored. Pe-
rusal of the DNA microarray profile generated from TS cells
exposed to ambient or low oxygen tension yielded a HIF-
dependent candidate mediator, KDM3A (Fig. 1 D and F). This
responsiveness to low oxygen was not shared by two closely
related jumonji domain containing family members, Kdm3b
and Kdm3c, or other histone H3K9 demethylases (Fig. S34).
KDM3A is a direct target of HIF action in an assortment of cell
types (40-43), including TS cells (Fig. 3 A-E and Fig. S3 B-D),
and possesses the capacity to promote gene activation through
demethylation of histone H3K9, e.g., removal of a repres-
sive histone mark (25, 26). Accordingly, the involvement of
KDM3A in hypoxia-activated trophoblast responses was
investigated.

Initially, in vivo responsiveness of KDM3A expression in
placentation sites of pregnant rats exposed to normoxic or
hypoxic conditions from gd 6.5 to 9.5 or from gd 6.5 to 13.5 was
evaluated. At gd 9.5, KDM3A protein was up-regulated by
hypoxia at the site of trophoblast progenitors (ectoplacental
cone; Fig. S3E). KDM3A mRNA and protein were up-regu-
lated at gd 13.5 in endovascular invasive trophoblast and
within the junctional zone of hypoxia exposed placentation
sites (Fig. 3 C-E).

Next, loss-of-function and gain-of-function experiments were
performed in TS cells (Fig. 3 F~M). Knockdown of KDM3A
using specific sShRNAs did not affect proliferation of TS cells in
ambient or low oxygen tensions (Fig. S3F) but did inhibit low
oxygen-activated TS cell differentiation-dependent movement
through extracellular matrices and the activation of several low
oxygen-responsive transcripts (Mmp12, 1133, Ppp1r3c, etc.; Fig. 3
G-I). Not all low oxygen/HIF dependent transcripts were re-
sponsive to KDM3A manipulation (Fig. S3G). In contrast to the
knockdown experiments, ectopic expression of KDM3A acti-
vated some low oxygen-responsive transcripts (Mmpl2 and
1133) and stimulated movement of TS cells through extracellular
matrices, both independent of exposure to low oxygen (Fig. 3
J-M). These gain-of-function actions were compromised in TS
cells expressing a mutant KDM3A lacking demethylase activity
(Fig. 3 J-M).

Because KDM3A acts as a histone H3K9 demethylase, we
explored the H3K9 methylation landscape, including global- and
gene-specific (Mmpl2, 1133, and Ppplr3c) H3K9 methylation in
TS cells exposed to ambient or low oxygen conditions (Fig. 4).
TS cells exposed to low oxygen and placentation sites exposed
to maternal hypoxia exhibited generalized decreases in histone
H3K9 monomethylation (H3K9-mel) and H3K9 dimethyla-
tion (H3K9-me2; Fig. S4 A-C). More specifically, low oxygen
exposure led to significant decreases in histone H3K9 mono-
methylation (H3K9-me1) and H3K9 dimethylation (H3K9-me?2)
associated with regulatory regions of select hypoxia-HIF-KDM3A
responsive genes but not control regions of the genome (Fig. 4 B,
G, and L and Fig. S4 E, H, and K). Additionally, these shifts in
H3K9 methylation status were not observed in KDM3A knock-
down TS cells exposed to low oxygen (Fig. 4 D, I, and N and Fig. S4
F and I). Furthermore, KDM3A accumulated at these same pu-
tative regulatory regions associated with the Mmpli2, II33, and
PpplIr3c genes in low oxygen exposed TS cells (Fig. 4 C, E, H, J, M,
and O) and at the Mmp12 locus in hypoxia exposed gd 13.5 junc-
tional zone tissue (Fig. S4N). Conserved hypoxia response element
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exposed

(HRE) motifs could not be identified within the Mmp12, 1133, and
PpplIr3c regulatory regions binding KDM3A.

Thus far, the results supported a role for KDM3A as a me-
diator of hypoxia-HIF actions on trophoblast cells.

Conservation of Hypoxia-Dependent Responses in Human Trophoblast
Cells. Next, we determined whether components of the hypoxia
signaling pathway are conserved in human trophoblast cells
(Fig. 5). First, we investigated responses of transformed tro-
phoblast cell populations to low oxygen (Fig. 5 A-C). Each cell
population responded to low oxygen with increases in KDM3A,
MMPI12, IL33, PPPIR3C, and PLOD?2 expression (Fig. 5 A-C
and Fig. S5 A-C). Low oxygen conditions also stimulated
the movement of trophoblast cells through extracellular ma-
trices (Fig. 5 D and E and Fig. S5 D and E). These low oxygen-
activated responses were disrupted in KDM3A knockdown
human trophoblast cells. Low oxygen stimulated KDM3A4 ex-
pression in primary second trimester and term trophoblast cells,
whereas low oxygen stimulated MMPI2 expression in primary
second trimester trophoblasts but not primary term tropho-
blasts (Fig. 5G). The distribution of KDM3A transcripts and
protein was also examined in the human placenta. KDM3A was
localized to subpopulations of trophoblast cells within extra-
villous columns of first trimester human placentas, which rep-
resent the source of invasive trophoblast cells (Fig. 5F and
Fig. S5 F and G). MMP12 transcripts were also localized to
the extravillous columns (Fig. 5F and Fig. S5G). Thus, a nexus
between KDM3A and MMP12 was established in the devel-
oping human placenta.

KDM3A and MMP12 Expression in Diseased Human Placental Tissues.
Preeclampsia is a multifaceted disease that can be associated with
placental hypoxia and a failure of trophoblast-directed uterine
spiral artery remodeling (3-5, 44—46). Analyses of placental tissue
from preterm and term controls, intrauterine growth restriction,
and preeclamptic pregnancies indicated that KDM3A4 expression
was up-regulated in preeclampsia (Fig. SH and Fig. S64). This
observation was further supported by quantitative RT-PCR (qRT-
PCR) and Western blot analyses (Fig. 5 J and K). A finding
consistent with the known hypoxia status of preeclamptic placental
tissue (44-46) and the hypoxia-dependence of KDM3A expres-
sion (40—43). However, an up-regulation of MMPI2 did not ac-
company the up-regulation of KDM3A in placental tissues from
preeclamptic pregnancies (Fig. 5 H-K and Fig. S6), in contrast to
the coordinated expression of KDM3A4 and MMPI2 expression in
first trimester placental tissue (Fig. SF and Fig. S5G). A limitation
of this experiment is that the analysis was performed on placental
specimens obtained at delivery, whereas the hypoxia-HIF-KDM3A-
MMP12 regulatory circuit we described is associated with an
early pregnancy event. Nevertheless, the idea that MMP12 is
dysregulated in preeclampsia is not unique to the present re-
search; it is also supported by transcriptome profiling of chorionic
villus samples (10-12 wk of gestation) from pregnancies destined to
develop preeclampsia (47).

KDM3A and Hypoxia-Activated Trophoblast-Directed Uterine Spiral
Artery Remodeling. The provocative findings supporting a con-
served role for KDM3A in trophoblast cell responses to low
oxygen prompted an in vivo assessment of its involvement
in hypoxia-activated placental adaptations. A loss-of-function

to 10.5% O, tension from gd 6.5 to 13.5. (D) Quantification of the depth of
cytokeratin-positive cell penetration into the uterine mesometrial vascula-
ture (n = 6/group; *P < 0.05). (E) Localization of vimentin in placentation
sites following Ctrl ShRNA or Kdm3a shRNA transduction. (Scale bar, 1 mm.)
Dashed black lines demarcate the location of the junctional zone (JZ) relative
to the underlying labyrinth zone (LZ). (F) Ratio of cross-sectional areas of JZ
vs. LZ from Ctrl shRNA and Kdm3a shRNA transduced placentation sites (n =
5/group; *P < 0.05). Data presented in D and F were analyzed with Student
t test.
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strategy using lentiviral trophoblast-specific delivery of KDM3A
shRNAs was used. Blastocysts were infected with KDM3A
shRNAs or control shRNAs and examined ex vivo (Fig. 64) or
following transfer to pseudopregnant hosts (Fig. 74). KDM3A
shRNAs effectively down-regulated low oxygen-activated Kdm3a
expression and in vitro blastocyst outgrowth (Fig. 6 B-D). Blas-
tocyst outgrowth is a function of cell number, cell spreading,
and cell movement, which were not distinguished in the assay. In
vivo analysis demonstrated that KDM3A shRNAs down-regulated
hypoxia-activated KDM3A expression (Fig. 7B) and interfered
with hypoxia-activated trophoblast invasion and trophoblast-
directed uterine spiral artery remodeling (Fig. 7C). Evidence also
supported a role for KDM3A in hypoxia-induced expansion of the
junctional zone (Fig. 7D). Our findings indicate that hypoxia acts
through HIF and KDM3A to promote adaptations in placental
development.

Discussion

During development, the hemochorial placenta is constructed in
response to stimuli present in the maternal environment and
optimized to facilitate nutrient delivery to the fetus. Plasticity in
placental organization can be achieved via differential regulation
of TS cell proliferation and differentiation. Among the myriad of
potential signals emanating from the maternal environment,
oxygen delivery plays a significant role. Eukaryotic cells have
evolved mechanisms for adapting to low oxygen exposure (18).
TS cells use hypoxia-signaling pathways to control placentation
(15, 21-23, 48). The proximal response of TS cells to hypoxia is
their differentiation into invasive trophoblast cells capable of
targeting uterine spiral arteries and expanding nutrient flow to
the placenta and fetus (14, 15). In the present report, hypoxia is
shown to activate a HIF-FKDM3A-MMP12 signaling cascade that
promotes trophoblast invasion and trophoblast-directed uterine
spiral artery remodeling.

TS cell adaptations to hypoxia are hierarchically regulated.
Low oxygen exposure elicits a broad spectrum of changes in the
TS cell transcriptome highlighted by activation of genes associ-
ated with cell movement, invasion, and vascular remodeling. A
subset of the hypoxia-induced changes in gene expression is
dependent on HIF signaling, especially those genes activated
by hypoxia, and a more restricted cohort of the HIF-dependent
genes is linked to the actions of KDM3A. Thus, a path can be
constructed from hypoxia to HIF activation to increases in
KDM3A expression to alterations in the histone methylation
status of genes promoting development of the invasive trophoblast
lineage.

Hypoxia, HIF, and KDM3A have been implicated in regu-
lating epithelial mesenchymal transition and cell invasion in
disease states, including cancers (18, 25, 26, 42, 43). HIF binds to
HREs at the Kdm3a locus and stimulates Kdm3a transcription
(42, 43). KDM3A targets histone H3K9mel and H3K9me?2 for
demethylation and thus extends and amplifies HIF signaling (42,
43). Early events in the development of the trophoblast lineage
have also been associated with the methylation status of histone
H3K9 (49). The histone H3K9me2 mark is associated with gene
repression, and thus its removal is linked to gene activation (50).
Loss of histone H3K9me2 modifications at several loci corre-
sponding to hypoxia-HIF-KDM3A targets correlate with increases
in target gene expression. Effectively, KDM3A regulates key
downstream events in the development of the invasive trophoblast
lineage and especially those necessary for trophoblast-directed
uterine spiral artery remodeling, representing critical adaptations
at the placentation site.

KDMB3A is specifically targeted to its sites of action within the
genome. HIF1A can recruit KDM3A to some of its target genes,
including the Glut3 locus, resulting in H3K9me2 demethylation
and transcriptional up-regulation (43). Under hypoxic conditions
in TS cells, KDM3A may be delivered by HIF transcription
factors to its target genes in some instances, whereas arrival at
other loci may be independent of HIF (Mmp12 and 1I33). This
conclusion is based on the observed differential outcomes of
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loss-of-function and gain-of-function KDM3A manipulations in
TS cells and the absence of conserved HIF binding motifs in
regulatory regions binding KDM3A. In addition to HIF, there is
evidence for other types of transcription factors (e.g., nuclear
receptors and OCT1) guiding KDM3A to its genomic targets in
various nontrophoblast cells (51-53). Mechanisms controlling
KDMB3A arrival at its target loci within the TS cell genome are
yet to be elucidated.

Among the hypoxia-HIF-KDM3A targets in trophoblast cells,
we focused our attention on MMP12 as a downstream effector.
MMP12 was shown to be essential for placental adaptations to
hypoxia, where it promoted endovascular invasion of trophoblast
cells. These adaptive responses and actions of MMP12 are con-
served (30, 34). Trophoblast-derived MMP12 contributes to
uterine spiral artery remodeling in the human (30, 34). MMP12
acts on trophoblast cell invasive behavior in a cell autonomous
mode. MmpI2-null TS cells exhibited disruptions in invasion, an
observation reminiscent of defective invasive properties associ-
ated with MMP12 deficient macrophages (35), and consistent with
in vivo findings presented in this report. Even though Mmp12-null
TS cells did not invade through an extracellular matrix in response
to low oxygen, some other cellular responses were consistent with
the abilities of the mutant TS cells to respond to low oxygen.
However, unlike WT TS cells, a down-regulation of Cdhl in re-
sponse to low oxygen was not observed. CDH1 encodes a protein
pivotal to epithelial cellcell adhesion and in general opposes
invasive behaviors accompany cell invasion (54, 55), Previously,
Aplin and colleagues provided compelling evidence that elastin-
derived peptides promote human trophoblast cell migration and
invasion (56). Thus, an MMP12 product of elastin degradation or
MMP12-dependent actions on other cellular/extracellular sub-
strate(s) could represent the active factor driving trophoblast
migration and endovascular invasion critical to hypoxia-activated
placental adaptations in the rat. Although MMPI12 is vital to
hypoxia activated trophoblast invasion, it is dispensable for in-
terstitial and endovascular trophoblast invasion during the last
week of gestation in the rat. These latter events may be influenced
by the actions of other MMPs possessing substrate specificities
that overlap with MMP12.

In conclusion, our observations connect hypoxia-dependent
establishment of the invasive trophoblast lineage to HIF, KDM3A,
and MMP12. HIF signaling is a key regulator of KDM3A ex-
pression. KDM3A acts on the epigenetic landscape of target
loci, including the Mmpl2 gene. MMP12 is a critical downstream
effector of hypoxia-HIF-KDM3A signaling, controlling tropho-
blast invasion and trophoblast-directed uterine spiral artery remod-
eling. The hypoxia-HIF-KDM3A-MMP12 regulatory pathway is
conserved and facilitates placental adaptations to environ-
mental challenges. Interruption of the hypoxia-HIF-KDM3A-
MMP12 signaling cascade may be at the origin of some placental
diseases.

Methods

The University of Kansas Medical Center Animal Care and Use Committee
approved all protocols performed. Animals and tissue collection, rat TS and
human trophoblast cell cultures, DNA microarray, RT-PCR, immunohisto-
chemistry, in situ hybridization, morphometric measurements, Western
blot analysis, generation of the Mmp12 mutant rat model, shRNA con-
structs and production of lentivirus, ectopic expression of KDM3A, Matrigel
invasion assay, chromatin immunoprecipitation analysis, ex vivo lentiviral
trophoblast shRNA delivery and analyses, and statistical analyses are
provided in S/ Methods and primer and shRNA sequences are provided in
Tables S2-54.
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