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Placental O-GIlcNAc-transferase
expression and interactions with
‘the glucocorticoid receptor are sex
e . specific and requlated by maternal
R corticosterone exposure in mice

Marie Pantaleon, Sarah E. Steane, Kathryn McMahon, James S. M. Cuffe & Karen M. Moritz

Maternal stress programs offspring disease in a sexually dimorphic manner with males often more
adversely affected. Previous studies of maternal glucocorticoid exposure suggest male vulnerability
may derive from placental alterations. The hexosamine signalling pathway and O-linked glycosylation
(O-GlcNAcylation) are part of an essential adaptive survival response in healthy cells. The key enzyme
involved is O-linked-N-acetylglucosamine transferase (OGT), a gene recently identified as a sex-
specific placental biomarker of maternal stress. Using a mouse model of maternal corticosterone (Cort)
exposure, we examined components of hexosamine biosynthesis/signalling and O-GlcNAcylation
in whole placentae at E14.5. Our results demonstrate sex-specific differences in OGT levels and
0O-GIcNAcylation during Cort exposure which impacts on key mediators of cell survival, in particular AKT
as well as the stress responsive OGT/GR transrepression complex. In male placentae only, Cort exposure
increased Akt O-GlcNacylation which correlated with decreased phosphorylation. Female placentae
had higher basal OGT and OGT/GR complex compared with male placentae. Cort exposure did not alter
. these levels in female placentae but increased global O-GlcNacylation. In male placentae Cort increased
: OGT and OGT/GR complex with no change in global O-GlcNacylation. These findings suggest that sex-
specific differences in placental OGT play a key role in the sexually dimorphic responses to stress.

. A sub-optimal or stressful environment in utero has long been recognised as having the potential to alter adult
: disease propensity'. Male fetuses are often reported as being more adversely affected than female fetuses and often
demonstrate more severe disease outcomes than their female counterparts. We have previously shown that exces-
. sive maternal glucocorticoid administration results in more significant and profound effects on renal and cardio-
- vascular health in male offspring? that appear to derive from sex-specific placental adaptations in response to the
: same maternal challenge®*. These sex-specific placental stress responses include differences in placental archi-
© tecture as well as molecular changes such as altered expression of the enzyme 113-hydroxysteroid dehydrogenase
. type 2, which acts as a barrier ameliorating the impact of glucocorticoids. Additionally, altered expression of
: vasculogenic and other growth factors such as VEGF and IGF-II also occurs in a sex-specific manner. Differences
in how male and female placentae respond to stress suggest that sex-specific adaptations of the placenta may be a
critical determinant of sexually dimorphic differences in programming outcomes*-.
This leads us to question which stress responses are differentially regulated in placentae of female fetuses
compared to male fetuses that may infer these differential outcomes. Recent studies suggest that the X-linked
OGT may be a placental biomarker of maternal stress” and also implicated as a driver of sex disparity in dis-
© ease®. This key nucleoplasmic enzyme catalyses the terminal transfer step in the hexosamine signalling path-
. way which results in the post-translational modification of numerous cellular regulatory proteins in the nucleus
. and cytoplasm with a single moiety of N-acetyl glucosamine (N-GIcNAc) through O-linked glycosylation

(O-GlcNAcylation) of key serine and threonine residues®. This is a dynamic modification exhibiting properties
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that are commonly functionally reciprocal to phosphorylation at these same sites to regulate cellular function
in response to nutrient and environmental cues'®. O-GlcNAcylation appears to promote cell/tissue survival by
regulating a multitude of biological processes including: the phosphoinositide 3-kinase/Akt pathway, heat shock
protein expression, levels of reactive oxygen species, ER stress, protein stability, mitochondrial dynamics, and
inflammation''. Inhibition of hexosamine biosynthesis, which results in the formation of the donor substrate
UDP-GIcNAc for O-GlcNAcylation, eliminates cellular stress responsiveness leading to reduced cell survival in
numerous systems'? including the early mouse embryo'> . Whilst deletion of the key enzymes involved in hex-
osamine signalling is found to be lethal in mammals'>-'%, targeted placental deletion of OGT results in profound
disruption of early hypothalamic gene expression and elevated hypothalamic-pituitary-adrenal axis responsivity
that closely mirrors the phenotype of a mouse model of prenatal stress®.

Given the essential role that hexosamine signalling and O-GlcNAc cycling play in regulating the cellular stress
and survival response®’, we sought to examine whether key elements of this signalling system or some of its
known targets were implicated in placental adaptations in our model of maternal corticosterone (Cort) exposure
in the mouse. We have previously demonstrated that this Cort exposure increases maternal plasma Cort concen-
trations by approximately threefold compared to Untr levels*. We have recently demonstrated a similar magnitude
of change in Cort concentrations in rats that were subjected to acute restraint stress®! and previous studies have
demonstrated a similar relative increase in women with a stressful labour?’. Using this physiologically relevant
model of Cort exposure, our results lead us to conclude that changes in OGT and hexosamine signalling in the
placenta in response to maternal stress is likely to be a key mechanism through which sex-specific fetal program-
ming occurs.

Results

Maternal physiology, gene and protein expression. In order to assess if maternal Cort exposure
affected maternal physiology, a range of maternal parameters were investigated. Maternal Cort exposure did not
affect blood glucose concentrations (Fig. 1A) or food intake (Fig. 1B). In addition, mRNA levels of the glucose
sensitive Slc2al (glucose transporter 1 - GLUT1, Fig. 1C), Pck1 (phosphoenolpyruvate carboxykinase- data not
shown), and Slc2a2 (glucose transporter 2 - GLUT2, data not shown) were not altered significantly by Cort expo-
sure. Gene expression of the rate-limiting enzyme in hexosamine biosynthesis GfptI (Fig. 1D) and Ogt (Fig. 1E)
were also not significantly altered in the livers of dams exposed to Cort (n=6-7). Although OGT protein levels
appeared to be slightly elevated in livers of Cort treated dams this was not significantly different (n =5 per group
Fig. 1F).

Stress responsiveness in the fetal kidney and liver. To demonstrate that maternal glucocorticoid
exposure induced cellular stress in fetal tissues, nRNA expression of a number of stress related genes (Hsp90,
Ogt and Hsf-1) was investigated in the fetal liver and kidney. We have previously reported that maternal Cort
exposure induced changes in the gene expression in the fetal kidney and heart®?* but had not investigated
stress responsive genes in these tissues. In the current study, Hsp90al was increased in livers of both male and
female fetuses (Ptrt < 0.001; Fig. 2A). Given that HSP90 has been shown to effect the regulation of OGT and
O-GlcNAc modification?, the impact of corticosterone treatment on fetal liver Ogt mRNA levels was also exam-
ined but found not to be significantly altered in this tissue (Fig. 2B). Maternal Cort exposure did not affect the
mRNA levels of Hsp90al (Male Untr=1.0040.16, Male Cort=1.44+0.16, Female Untr =1.00 £ 0.18, Female
Cort=1.3140.18), Hsfl (Male Untr =1.03 £ 0.06, Male Cort=0.97 £ 0.01, Female Untr =1.11 £ 0.08, Female
Cort=1.03£0.06) or Ogt (Male Untr =1.00 £ 0.07, Male Cort =0.92 £ 0.03, Female Untr =0.82 £ 0.12, Female
Cort=0.95=+0.09) in the fetal kidney compared to Untr controls.

Stress responsiveness in the placenta. Placental exposure to stress was also confirmed as indicated
by increased expression of Hsp90al mRNA in placentae of both male (P < 0.01) and female (P < 0.001) fetuses
of dams exposed to Cort (Ptrt < 0.0001, Fig. 2C). This was also reflected in elevated HSP90 protein levels in
placentae from both male and female fetuses exposed to corticosterone as assessed by western immunoblotting
(P<0.01, Fig. 2E). Placental mRNA expression of Hsplal (Hsp70) and heat shock factor 1 (HsfI) were unaffected
at E14.5 during exposure to corticosterone (Fig. 2D and F). Moreover mRNA levels of the transcription factor SpI
were also unaffected by Cort treatment (data not shown). We have previously reported that maternal Cort expo-
sure increases mRNA and protein levels of Hsd11b2 in placentas of female fetuses®. In the current study, Hsd11b1
mRNA levels tended to be increased by maternal Cort exposure but this did not reach statistical significance
(Ptrt=0.09, Psex =0.08, Male Untr =1.00 4 0.24, Male Cort=1.31 4-0.37, Female Untr =1.32 £-0.13, Female
Cort=1.95+0.20).

Enzymes of the Hexosamine Signalling Pathway in placenta. Given that placentas of male and
female fetuses had similarly elevated expression of cellular stress markers, we measured expression of the stress
regulated protein OGT in placentas of male and female fetuses exposed to Cort. Protein levels of OGT were signif-
icantly increased in the placentae of male (P < 0.05; Fig. 3A) but not female fetuses in response to Cort exposure.
Western immunoblotting of male and female control placentae on the same gel demonstrated that levels of OGT
in female placentae were approximately double those in male placentae (P < 0.05, Fig. 3A, Untr =1.00 £ 0.30,
Cort=1.9240.27). Despite this higher level of OGT expression, levels of O-GlcNAcylation, as assessed follow-
ing western immunoblotting using the RL2 antiserum, were similar in placentae of male and female fetuses from
untreated control mothers (Fig. 3B). Surprisingly, global O-GlcNAcylation was not affected by Cort exposure in
male placentae but was increased in female placentae by Cort exposure (P < 0.05, Fig. 3B). Given that there were
no changes in OGT mRNA levels in either maternal (Fig. 1) or fetal (Fig. 2) livers or kidneys, this suggests that
sex-specific adaptive changes in response to stress are specific to the placenta. Although maternal corticosterone
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Figure 1. The effects of corticosterone exposure (Cort-black bars) on (A) maternal blood glucose
concentrations, (B) maternal food consumption, (C) hepatic mRNA expression of solute carrier family 2,
facilitated glucose transporter member 1 (Slc2al or Glutl), (D) Glutamine-fructose-6-phosphate-transaminase
1 (Gfpt1) and (E) O-linked 3-N-Acetylglucosamine (OGT) compared to untreated (Untr-white bars) controls.
Protein expression of hepatic OGT was also investigated in Untr or Cort exposed dams (F). Data represented

as mean + SEM. Maternal blood glucose concentrations and hepatic gene expression results were analysed

by two-tailed t-tests (n = 6-7). Maternal food consumption was measured daily from E11.5 until E15.5 and data
analysed using a one way ANOVA. Protein expression was examined by western blot with 3-Actin (ACTB) as a
loading control, normalised to untreated control and analysed using a two-tailed -test.

exposure increased placental mRNA levels of Gfpt1 (Ptrt < 0.0001, Fig. 3C), overall, placentae from Cort exposed
male fetuses were found to have lower Gfpt1 mRNA expression than those of Cort exposed females (Psex < 0.05).
There was also a significant interaction between sex and treatment and post-hoc analysis demonstrated a signifi-
cant increase in Gfpt] mRNA levels only in female placentae (P < 0.0001). Despite these changes in mRNA levels,
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Figure 2. The effects of corticosterone exposure (black bars) on (A) relative mRNA expression of Heat Shock
Protein 90 (Hsp90) and (B) O-linked (3-N-Acetylglucosamine (Ogt) in liver tissue along with (C) Hsp90, (D)
Heat shock protein 70 (Hsplal) and (F) Heat Shock Factor 1 (HsfI) in placental tissue of male and female C57/
BL6 fetuses at E14.5 compared with untreated controls (white bars). Relative HSP90 protein concentrations
were also assessed (E) in both male and female placentae at E14.5 (n =6 per treatment). Data represented as
mean + SEM. **P < 0.01, ***P < 0.001 for post hoc analysis or t-test results. Real-time quantitative PCR used
to determine gene expression, and normalised to 3-Actin and 185 RNA levels. RNA data were analysed using
a two-way ANOVA comparing the factors treatment and sex with Bonferroni’s post hoc testing presented on
graph (n=9-11). Protein expression was examined by western immunoblot with 3-Actin (ACTB) as loading
control, normalised to the mean of the untreated control of the same sex (Top band analysed for HSP90).
Protein expression was analysed using a two-tailed ¢-test with untreated controls of the same sex (n=6).
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Figure 3. The effects of corticosterone exposure (black bars) on (A) O-linked 3-N-acetylglucosamine
transferase (OGT) relative protein expression and (B) levels of O-linked N-acetylglucosamine (O-GlcNAc)
modification on cellular proteins in whole placentae of both male and female C57/BL6 fetuses at E14.5
compared with untreated controls (white bars). (C) shows glutamine-fructose-6-phosphate-transaminase 1
(GFPT1) relative mRNA and (D) GFPT1 protein expression in the same tissues. Data represents mean +SEM,
*P < 0.05, ****P < 0.0001 for post hoc analysis or t-test results. Real-time quantitative PCR used to determine
gene expression, and normalised to the average of two housekeeping genes. RNA data were analysed using

a two-way ANOVA comparing the factors treatment and sex with Bonferroni’s post hoc testing presented on
graph (n=9-11). Protein expression was examined by western immunoblot with 3-Actin (ACTB) as loading
control, normalised to untreated control of the same sex. Protein expression was analysed using a two-tailed
t-test with untreated controls of the same sex (n=6).

GFPT1 protein levels were unaffected by maternal exposure to corticosterone in both male (P =0.81) and female
(P=0.74) placentae (Fig. 3D).
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Downstream Targets of the Hexosamine Signalling Pathway and O-GIcNAcylation. Phosphor
ylation status of both Aktl and Akt2 on serine 473 and 474 respectively were significantly reduced in male pla-
centae (P < 0.01; Fig. 4A and P < 0.01; Fig. 4B) in response to Cort treatment but maintained at levels similar to
control in female placentae. Maternal corticosterone exposure had no effect on total levels of AKT1 and AKT2
protein in the placentae of either sex (Fig. 4C and D). Given that AKT1 is the predominant isoform expressed by
the placenta® and is also implicated in placental angiogenesis, we also examined T308 phosphorylation for this
isoform. In contrast to S473, this appeared to be unaffected in male placentae in response to stress (P = 0.486;
Fig. 4E). In placentae of female fetuses, there was a trend for increased T308 phosphorylation in response to cor-
ticosterone treatment however this was not statistically significant (P =0.0554; Fig. 4E). Experiments using a pan
AKT antiserum following immunoprecipitation of O-GlcNAc modified proteins in pooled male placental tissue
and pooled female placental tissue at E14.5 demonstrated that levels of O-GlcNAc modified AKT were elevated
by approximately 25-30% in male but not female placentae in response to stress (Fig. 4F) reflecting the reciprocal
relationship between phosphorylation and O-GlcNAcylation in the regulation of AKT.

OGT and glucocorticoid receptor interaction and potential transrepression effects. Using an
antibody raised against the glucocorticoid receptor alpha (GRa) isoform of the Nr3cl gene we found no dif-
ference in the protein level of GRa in response to corticosterone treatment in males (Fig. 5A) nor between the
sexes (Fig. 5B). As well as its effects on protein activity via O-GlcNAcylation, OGT has been shown to interact
with a number of nuclear factors including the glucocorticoid receptor® to regulate gene expression in response
to stress and other environmental cues in cultured cells. We determined that the glucocorticoid receptor does
indeed immunoprecipitate with OGT in murine placental tissue (Fig. 5C). Moreover we find that the level of
interaction between OGT and the glucocorticoid receptor is approximately 30% greater in females compared to
males. Furthermore, Cort administration increased the amount of OGT that immunoprecipitated with the GR by
approximately 70% in the placentae of male fetuses. The level of interaction between OGT and the glucocorticoid
receptor in females on the other hand appears not to be altered in response to stress.

Discussion

It is well established that excessive maternal stress as well as synthetic glucocorticoid administration during preg-
nancy are associated with altered growth and organ development and adverse postnatal outcomes in offspring
(for review see ref. 27). Using the same model as utilised in the current study, we have previously demonstrated
that maternal Cort exposure induced sexually dimorphic placental adaptations at 48 hours of exposure (E14.5)*.
These adaptations were characterised by upregulation of the glucocorticoid barrier in females but dysregulated
expression of growth and vasculogenic factors such as Igf2 and Vegfa together with structural alterations of the
placenta at E17.5 in males only*. This was associated with impaired renal®, adrenal® and cardiovascular func-
tion? only in male offspring. While this suggests that sex differences in the level of fetal glucocorticoid exposure
may be contributing to the sex specific disease outcomes, it is clear that placental adaptations mediate these sex
differences. In the current study, we have identified sex specific placental adaptations in OGT and associated cell
signalling pathways which may provide the female fetus with a greater level of protective capacity to maternal
stress and long term disease outcomes®.

The Cort exposure in this model increased maternal plasma Cort levels by two-three fold and caused signifi-
cant negative feedback on maternal adrenal steroidogenesis*. We have similarly demonstrated that this increase
in maternal Cort levels induced sex specific alterations in glucocorticoid regulated gene and protein expression
in the placenta*. The current study aimed to determine if this increase in maternal glucocorticoid levels, induced
dysregulation of other cellular stress response pathways, which may mediate sex specific outcomes. Firstly, the
current study demonstrated that maternal Cort exposure had no effect on maternal food intake or plasma glucose
concentrations and did not affect hepatic Gfptl or OGT levels. This allowed us to eliminate changes to maternal
blood glucose concentrations, hepatic hexosamine signalling or OGT levels as factors contributing to placental
and fetal outcomes. We then investigated the effects of maternal Cort exposure on fetal liver and kidney mRNA
levels of HSP90 and OGT. The current study demonstrated that Hsp90aal was increased in the fetal liver but not
the kidney possibly indicating different protective mechanises (such as HSD11b2 expression) within these two
fetal tissues to regulate cellular stress responses. Despite this tissue specific stress response to maternal corticos-
terone exposure, the fetal response was not affected by fetal sex. Similarly, Ogt levels in both the fetal liver and
kidney were not affected by maternal treatment or fetal sex highlighting that sex differences in OGT expression
may be specific to the placenta and that sex specific programmed disease outcomes in offspring related to these
organs may occur indirectly as a response to altered placental function.

We then investigated if placentas from male and female fetuses experienced similar levels of cellar stress
by examining expression of members of the heat shock protein (HSP) family. Activation of the cellular stress
response is usually accompanied by a robust upregulation of heat shock proteins, including HSF-1 and HSP70
(Hsplal), which drives increased expression and activity of HSP90?" 2. The current study demonstrated that
maternal Cort exposure did not alter placental Hsfl or Hsp70 expression but caused uniform increases in
HSP90a both at the gene and protein level in placentae of both sexes. HSP90 is a constitutively expressed pro-
tective molecular chaperone involved in suppressing protein aggregation of mis-folded proteins that occurs in
response to a range of cellular stresses. In addition, HSP90 can regulate cellular responses to glucocorticoids
themselves by facilitating glucocorticoid receptor nuclear translocation and function®* 3. This suggests that the
sex specific placental adaptations and fetal outcomes are regulated not by the level of cellular stress that the pla-
centa is exposed to but by how the placenta responds to this stress. Indeed, we have previously demonstrated that
in response to maternal Cort exposure, nRNA and protein concentrations of the glucocorticoid metabolising
enzyme Hsd11b2 are increased to a greater extent in females compared to males*. Hsd11b1I on the other hand, is
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Figure 4. The effects of corticosterone exposure (black bars) on (A) serine 473 phospho-AKT1, (B) serine

474 phospho-AKT2 along with (C) total AKT1 and (D) total AKT2 protein in whole placentae of male and
female C57/BL6 mouse fetuses at E14.5 compared with untreated controls (white bars). (E) Phosphorylation
of AKT1 on threonine 308 relative to total AKT1 was also examined. Pooled male and female E14.5 placental
tissue (n = 6) was further immunoprecipitated with RL2 antiserum to isolate O-GlcNAcylated proteins and
immunoprobed with pan Akt antiserum following SDS-PAGE (F). Data represents mean + SEM, **P < 0.01.
Protein expression examined by western blot with 3-Actin (ACTB) as loading control, normalised to untreated
control of the same sex (Top band analysed for tAKT and both bands analysed for O-GlcNAcylated AKT).
Analysed using a two-tailed t-test with untreated controls of the same sex (n=6).
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Figure 5. Corticosterone exposure (Cort-black bars) had no effect on (A) glucocorticoid receptor alpha
(GRa) protein in whole placentae of male C57/BL6 mouse fetuses at E14.5 compared with untreated controls
(Untr-white bars) nor was it different between sexes; (B) GRa protein in whole placentae of untreated male
(white bars) and female (black bars) C57/BL6 mouse fetuses at E14.5. Male and female E14.5 placental tissue
(n=6 pooled for each sex and treatment) were immunoprecipitated to isolate OGT and immunoprobed
with a GRa antibody (C). This demonstrated an approximate 70% increase in the level of OGT associated
glucocorticoid receptor in response to Cort exposure in male fetuses with no apparent difference in the

level of OGT immunoprecipitated GRa in female placentae between treatment groups. The level GRa that
immunoprecipitated with OGT was approximately 30% greater in placentae of control females than in males.

SCIENTIFICREPORTS|7:2017 | DOI:10.1038/541598-017-01666-8 8



www.nature.com/scientificreports/

known to convert inactive glucocorticoids to active glucocorticoids. The current study demonstrates that unlike
Hsd11b2, placental Hsd11b1 mRNA levels were not affected by maternal Cort exposure.

A major finding of the current study is that maternal Cort exposure induces sexually dimorphic changes
in placental OGT with levels increasing only in the placenta of males. This may be due in part to differences
in basal levels of OGT. Bi-allelic expression of Ogt in female embryonic stem cells*® in accordance with higher
resting levels of the gene and protein found in female human placentae’, suggests that the Ogt gene may escape
X-inactivation in the placenta. Consistent with this suggestion we find basal OGT protein levels in the female
placenta are twice that of the male. Indeed, the Cort exposure elevated OGT protein levels in the male placenta to
similar levels to those observed in the females under basal conditions. The higher basal levels observed in female
placentae may therefore be explained by this capacity of the X-linked Ogt gene to escape X-inactivation'” and
importantly, may provide the female fetus with a greater protective capacity, given the rapid ability to respond to
stress via this pathway is associated with adaptive cellular survival®. It is therefore likely that differential OGT
expression and activity may contribute to different disease susceptibility in male versus female offspring in
response to stress. In support of this proposition in both humans and animal models where sex chromosome gene
dosage is altered as a result of chromosomal abnormalities associated with Turner’s (45X) or Klinefelter’s (47XXY)
syndromes, the data suggest that dysregulation of OGT may be implicated in disease disparity®. Interestingly,
despite no change in OGT in females, there was an overall increase in O-GlcNAcylation in female placenta in
response to the Cort exposure. This suggests additional factors other than OGT may contribute to the sex specific
alterations in O-GlcNacylation. As discussed further below, we hypothesize a role for the association of OGT with
the glucocorticoid receptor. Levels of cellular O-GlcNAcylation increase in response to multiple forms of stress®®
but must be tightly regulated for cellular homeostasis to be maintained as both inappropriately high and low levels
of O-GlcNAcylation are linked to multiple chronic diseases®”.

Akt is central to development and is a key target of O-GlcNAcylation®. The three isoforms (Akt1/2/3) have
two major activation sites: T308, T309 and T305 and S473, S474 and S472 respectively. Activity of AKT, which
depends upon the degree of phosphorylation at these sites, impacts on cell survival but also processes such as
angiogenesis, as seen in endothelial cells*® and other stress models*. Disruption of AKT signalling results in
structural abnormalities of the placenta and intrauterine growth restriction*'. Previous work in our Cort exposure
model resulted in changes in placental morphology consistent with decreased placental efficiency in male but not
female fetuses®. This was associated with a significant decrease in protein expression of VEGF in male but not
female placentae at E14.5, which is likely to have a significant impact on angiogenesis and therefore placental effi-
ciency*. In the rat, significant decreases in VEGF were observed in response to synthetic glucocorticoid exposure
and this was linked to decreased AKT*7 phosphorylation*?. Those studies however did not examine differences
between male and female placentae or provide mechanistic insight as to how this may be mediated. In the current
study, although maternal Cort exposure had no impact on total levels of placental AKT1 and AKT2, there was a
significant decrease in phosphorylation of AKT1 (AKT1%7%) and AKT 2 (AKT2%%) in the placentas from male
fetuses only. This is important as the O-GlcNAc modification is functionally reciprocal to phosphorylation*® and
as such O-GlcNAc modification of a protein decreases its activity but increases its stability**~*. Studies using
rat adipocytes have demonstrated this specifically with AKT2, demonstrating that O-GlcNAcylation of AKT2
reduces its activity®®. Indeed our co-immunoprecipitation experiments in the current study demonstrated that
Cort exposure increased O-GlcNAc modification of total AKT in male but not female placentae, confirming the
reciprocal nature of this modification and suggesting that the sex specific Cort induced increase in OGT likely
mediates this outcome. Collectively this suggests that the decreased phosphorylation of AKT1 at S473 and AKT2
at S474 in males may be occurring by sex-specific alterations of O-glycosylation and may be contributing to the
differential alterations in placental growth morphology*’.

Interestingly, we saw no effect of corticosterone treatment on phosphorylation of AKT1 at T308 in male pla-
centae in response to stress. Maximal activation of AKT1 is regulated by phosphorylation at both T308 and S473
however studies have suggested distinct functions depending on which residue is phosphorylated. While AKT1
is phosphorylated at S473 by TORC2, DNA-PK and TORCI, phosphorylation at T308 is mediated by PDK1
and PIP3%. Overexpression of OGT in HEK cells has similarly been shown to reduce phosphorylation levels of
AKT at S473 but not at T308%. Furthermore, specific blunting of AKT1 activation at T308 through preventing
glycosylation of Keratin 18 resulted in apoptosis®. It is therefore likely that the Cort induced changes to placental
morphology result from OGT induced glycosylation of AKT1 which in turn prevented AKT1 Phosphorylation
at S473 to dysregulate placental growth rather than at T308 which may have more strongly affected apoptosis. In
contrast, while placentas of female fetuses have higher OGT levels under basal conditions, OGT levels are not
affected by Cort exposure and so the phosphorylation status of AKT1 and 2 are similar between both treatment
groups.

Given that we have previously demonstrated that Cort exposure leads to the immediate and prolonged upreg-
ulation of Nr3cI mRNA expression?, it was somewhat surprising that GR protein levels were unaffected by pre-
natal Cort exposure. Previous studies similarly demonstrated that glucocorticoids can increase Nr3cI mRNA
but not GR protein in the fetal sheep kidney>. Given the complex nature of the Nr3cI gene (having multiple
splice variants and translational isoforms), this discrepancy warrants further investigation but likely indicates that
Cort dysregulates placental GR in an isoform specific manner’'. While classical signalling through the multiple
isoforms of the GR can induce a variety of effects on both positive and negative GREs, additional regulation of
glucocorticoid mediated cell signalling can be regulated by GR interactions with other protein. Indeed, many
nuclear receptors are known to interact with other proteins and transcription factors such as NF-xB to inhibit
their function in a process known as transrepression®. Recent in vitro studies have demonstrated that ligand
bound GR interacts with OGT to potentiate GR transrepression pathways in a dose dependant manner?®. To the
best of our knowledge the current study demonstrates for the first time in an in vivo model, that there is a direct
physical interaction between OGT and the GR. In contrast to the previously discussed in vitro studies, our results
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in placental tissue indicate that the degree of association between OGT and GR is governed by the availability of
OGT. This is evident as female placentae have higher basal OGT levels than males and also demonstrate a 30%
higher level of OGT/GR complex than male placentae. In addition, in female placentae exposed to Cort, there is
no increase in OGT/GR complex formation compared with control placentae. An increase in GR ligand there-
fore, does not appear to increase complex formation in the placenta. In male placenta on the other hand, Cort
exposure does increase OGT protein levels by approximately 40% which in turn increases the OGT/GR complex
by approximately 70%.

Interestingly, despite similar levels of OGT/GR complex in control and Cort exposed placentae of females,
there was a significant increase in global protein O-GlcNacylation in response to Cort in placentas of female but
not male fetuses. Studies have demonstrated that proteins involved in mRNA processing can be O-GlcNacylated
which may regulate transcriptional activity>?. Indeed, GR regulation of the transcriptional regulator NFxB has
been shown to be at least partially mediated by the OGT/GR complex in vitro as evidenced by increased OGT
induced O-GlcNAcylation and decreased phosphorylation of RNA polymerase I1%. This may also occur in vivo
whereby glucocorticoids that bind to the OGT/GR complex induce nuclear translocation and direct OGT activity
to specific promoter regions, increasing O-GlcNacylation of transcriptional regulators and thereby suppressing
transcription of target genes. The findings from the current study suggest that this O-GlcNacylation induced
inhibition of gene transcription may be increased in response to Cort only in placenate of females. In contrast,
Cort exposure increases the level of OGT/GR interaction but does not give rise to any increase in global protein
O-GlcNacylation, perhaps due to insufficient OGT/GR complex upon initial Cort exposure and the requirement
to synthesise additional OGT. As there are no basal differences in placental GR protein levels between sexes
or between control and Cort exposed male placentae, there is likely to be GR protein which is not complexed
with OGT in male placentae. Thus, Cort may bind to “free” GR (Hsp90 bound) to induce nuclear localisation
and transcriptional regulation of genes by binding to glucocorticoid responsive elements or interacting with
additional coactivator complexes®. This proposition is supported by our previous findings of increased expres-
sion of a number of genes, such as Igf2 and Vegfa in male but not female placentae upon exposure to Cort. In
addition, the increased synthesis of OGT in male placentae in response to Cort, may account for the increased
O-GlcNacylation of AKT which would also likely impact gene expression®®. Although further studies would be
useful to confirm subcellular localisation of the OGT/GR complex and O-GlcNac modification, it is clear that
there are sex specific differences in OGT levels both basally and in response to Cort.

In conclusion, the current study provides new insight into the mechanisms which underlie the sexually dimor-
phic placental responses to maternal stress. Our results confirm that placentae of female fetuses have two-fold
OGT protein level compared with male placentae. This gives rise to differential complex formation with GR,
global O-GlcNacylayion, AKT activity and gene expression, which negatively impacts male placental growth and
morphology. This suggests that the higher basal levels of OGT potentiates the OGT/GR complex in female pla-
centae which in turn affords protection by giving greater capacity to rapidly respond to elevated levels of maternal
stress.

Materials and Methods

Animal treatment. All experiments were approved by The University of Queensland Anatomical
Biosciences ethics committee. All experiments were conducted in accordance with the NHMRC guidelines and
the Australian Code for the Care and use of Animals for Scientific Purposes. Briefly, Virgin C57BL/6 mice were
time mated over a 3-h period with pregnancy being confirmed by the presence of seminal plugs and recorded as
embryonic day 0.5 (E0.5). At E12.5, dams were anaesthetized for implantation of an osmotic pump as previously
described*28. Pumps were filled to capacity with Cort and primed for a 60-h infusion (E12.5-E15) at a rate of
33 ug/kg-h. The control group for this study was an untreated group not exposed to the stress resulting from
anesthesia and surgery. Food and water intake were measured daily throughout pregnancy and extra care was
taken to minimise all stress in both the Untr and Cort groups. On the 14" day of gestation (E14.5) dams were
killed at 10am by cervical dislocation (Controls n = 7; Corticosterone n=7) and blood glucose concentrations
immediately collected. Maternal livers were collected and Placentae, livers and kidneys collected from fetuses for
analysis. We have previously reported the Cort concentrations of maternal plasma in these pregnant female mice*.

Fetal sex identification. Fetal tails were removed and incubated in lysis buffer with proteinase K overnight
at 55°C prior to heat inactivation. After DNA purification, this extract was analysed using Real-time PCR with
primers designed for Sry (sex-determining region Y, Mm00441712_s1) as previously described*.

RNA extraction and real-time PCR. RNA was extracted from maternal livers (n=6-7 per group),
fetal livers (n=9-11 per sex from 6-7 litters), fetal kidneys (n =6-7 per sex) and placental quarters containing
both junctional and labyrinth zone (n=9-11 per sex from 6-7 litters) using the RNeasy mini kit (QIAGEN,
Doncaster, Victoria, Australia). When more than one male or female was used per litter, all results were averaged
such that only one value per sex was used per litter. RNA was treated with deoxyribonuclease 1, and reverse
transcribed for qPCR analysis using 25 ng of cDNA per reaction®. Maternal liver mRNA levels were measured
using Assays-on-Demand primer/probe sets (Life technologies, Foster City, CA) for Slc2al (Solute carrier family
2 (facilitated glucose transporter), member 1 (encodes for Glucose Transporter 1 (GLUT1)), Mm 00441473 _
ml), Pckl (Phosphoenolpyruvate carboxykinase 1, Mm 01247058_m1), Slc2a2 (Solute carrier family 2 (facili-
tated glucose transporter), member 2 (encodes for Glucose Transporter 2 (GLUT2)), Mm 00446229_m1), Gfpt1
(Glutamine fructose-6-phosphate transaminase 1, Mm 01183874_m1) and Ogt (O-linked N-acetylglucosamine
(GlcNAc) transferase, Mm00507317_m1).

mRNA expression of key stress responsive genes were measured in both the fetal liver and kidney.
Within the fetal liver, mRNA levels of Hsp90aal (Heat shock protein 90 alpha (cytosolic), class A member 1,
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Full Name Abbreviation Raised in Company Product No. | Dilution
Glutamine fructose-6-phosphate GEPTI rabbit Abcam Ab125069 | 1:1000
transaminase 1
Cell 1:1000 WB
O-linked N-acetylglucosamine . Signalling
(GlcNAc) transferase OGT rabbit Technology 53688 1:25 1P
(CST)
O-linked N-acetylglucosamine O-GIcNAc (CTD110.6) mouse CST 9875S 1:1000
1:000 WB
O-linked N-acetylglucosamine O-GIcNAc (RL2) mouse Abcam ab2739 201p
Heat Shock Protein 90 HSP90 rabbit CST 48778 1:1000
Protein Kinase B 2 AKT2 rabbit CST 3063P 1:800
serined74-phosphorylated Protein Phospho- AKT2(Ser474) rabbit CsT 85995 1:800
inase B2
Protein Kinase B 1 AKT1 mouse CST 2967 1:1000
serined73-phosphorylated Protein Phospho- AKT1(Ser473) rabbit ST 4060 1:1000
inase B1
Threonine308-phosphorylated protein | oy, \ 1o Akt (Thr308) Rabbit CST 9275 1:1000
kinase B1
Glucocorticoid receptor (D8H2) GCR Rabbit (mAb) CST 3660P 1:000

Table 1. Antibodies used for immunoblotting and precipitation.

Mm00658568_gH) and Ogt were obtained. The gene expression of Hsp90aal, Ogt and Hsfl (Heat shock factor
1, Mm01201402_m1) were measured in the fetal kidney. Placental mRNA levels were measured for Hsp90aal,
Hspala (Heat shock protein family A, member 1A, encodes HSP70 1a, Mm01159846_s1), Hsf1, Sp1 (trans-acting
transcription factor 1, Mm00489039_m1), Hsd11b1 (Hydroxysteroid 11 beta dehydrogenase 1, Mm00476182_m1),
Ogt and Gfpt1. Real-time PCR results were analyzed using the delta delta cycle of threshold fluorescence method
using the most appropriate endogenous controls for each tissue from either Rn18s (18s) or Actb. All groups were
compared to the average of the male untreated animal group. All qPCR experiments were performed in triplicate.

Protein extraction, SDS-PAGE, Western blotting and Immunoprecipitation. Protein was
extracted from maternal and fetal livers as well as placentae (n=6 of each sex and treatment group) using com-
mercial Cell Lysis buffer (Cell Signalling Technologies, #9803) supplemented with protease inhibitor cocktail
(Sigma) but also additionally supplemented with sodium fluoride, sodium vanadate and sodium pyrophosphate
and O-(2-acetamido-2-deoxy-D-glucopyranosylidene) amino-N-phenylcarbamate (PUGNAc, Sigma Aldrich
#A7229; to a final concentration of 0.04 mM), a nonselective inhibitor of O-GlcNAcase to maximize recovery
of O-GlcNAc modified proteins. 20 pg of protein was loaded per well in 12% polyacrylamide gels and subjected
to SDS-PAGE. Protein was transferred to Immobilon FL polyvinylidene difluoride membranes for Western
blotting. After blocking, membranes were incubated overnight at 4 °C with primary antibodies seen in Table 1.
LI-COR Biosciences (Lincoln, NE) IRDye 680 goat anti-rabbit and the IRDye 800CW goat anti-mouse secondary
antibodies were then used and the Western blots analyzed using the LI-COR Odyssey infrared imaging system
(Millennium Science, Surrey Hills, Victoria, Australia). Levels of specific O-GlcNAc modified proteins and OGT/
GR interactions were assessed following immunoprecipitation using commercially available Protein G labelled
Dynabeads (Life technologies, product number #10004) and specific antisera as per Table 1 using manufacturer’s
instructions. Once optimised, all western blots were performed a minimum of 2 times and average values ana-
lysed. Immunoprecipitation experiments used pooled samples and were performed a minimum of three times
and average values analysed. Unprocessed images of representative western blots are provided in supplementary
information.

Statistical analysis. Results are represented as the mean =+ sem. Statistical analyses were performed using
GraphPad Prism version 6 for Mac. Gene expression results were analysed by two-way ANOVA with treatment
(Ptrt) and sex (Psex) as factors and either Bonferroni or Tukey’s post hoc multiple comparison tests were carried
out as appropriate. For levels of gene expression in maternal liver two-tailed student’s t tests were used between
untreated control and corticosterone treated animals. Western blots were analysed using Student’s ¢ tests between
Control and Cort groups of the same sex or between male and female Control groups. For gene expression data,
if more than one animal per litter were used in a group, data was analysed using litter averages such that n =7 for
both the Untr and Cort group per sex.
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