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Sex-based differences in growth-related IGF1
signaling in response to PAPP-A2 deficiency:
comparative effects of rhGH, rhIGF1

and rhPAPP-A2 treatments
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Abstract

Background Children with pregnancy-associated plasma protein-A2 (PAPP-A2) mutations resulting in low levels of
bioactive insulin-like growth factor-1 (IGF1) and progressive postnatal growth retardation have improved growth
velocity and height following recombinant human (rh)IGF1 treatment. The present study aimed to evaluate whether
Pappa?2 deficiency and pharmacological manipulation of GH/IGF1 system are associated with sex-specific differences
in growth-related signaling pathways.

Methods Plasma, hypothalamus, pituitary gland and liver of Pappa2“®’*® mice of both sexes, showing reduced
skeletal growth, and liver of these mice treated with rhGH, rhiGF1 and rhPAPP-A2 from postnatal day (PND) 5 to
PND35 were analyzed.

Results Reduced body and femur length of Pappa2““’*® mice was associated with increases in: (1) components

of IGF1 ternary complexes (IGF1, IGFBP5/Igfbp5, Igfbp3, Igfals) in plasma, hypothalamus and/or liver; and (2) key
signaling regulators (phosphorylated PI3K, AKT, mTOR, GSK3(3, ERK1/2 and AMPKa) in hypothalamus, pituitary gland
and/or liver, with Pappa2“®’*® females having a more prominent effect. Compared to rhGH and rhIGF1, rhPAPP-A2
specifically induced: (1) increased body and femur length, and reduced plasma total IGF1 and IGFBP5 concentrations
in Pappa2®’© females; and (2) increased Igf1 and Igfir levels and decreased Ghr, Igfbp3 and Igfals levels in the liver of
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Pappa2*®’*° females. These changes were accompanied by lower phospho-STAT5, phospho-AKT and phospho-ERK2
levels and higher phospho-AMPK levels in the liver of Pappa2“’*® females.

Conclusions Sex-specific differences in IGF1 system and signaling pathways are associated with Pappa?2
deficiency, pointing to rhPAPP-A2 as a promising drug to alleviate postnatal growth retardation underlying low IGF1
bioavailability in a female-specific manner.

Plain English Summary

Understanding the physiological role of pregnancy-associated plasma protein-A2 (PAPP-A2), a proteinase involved
in the insulin-like growth factor-1 (IGF1) availability to regulate growth, could provide insight into new treatments
for patients with short stature and skeletal abnormalities. Although progressive postnatal growth retardation in
patients with PAPP-A2 mutations can differ between males and females, we do not know the underlying differences
in IGF1 system and signaling, and their response to treatment that contribute to growth improvement. The present
study examines whether Pappa2 deficiency and pharmacological administration of rhGH, rhIGF1 and rhPAPP-A2
are associated with sex-specific differences in IGF1 ternary complexes and IGF1 signaling pathways. Reduced body
and femur length of Pappa2-deficient mice was associated with sex- and tissue-specific alteration of IGF ternary/
binary complexes and IGF1 signaling pathways. rhPAPP-A2 treatment induced female-specific increase in body and
femur length and reduction in IGF ternary/binary complexes through STAT5-AKT-ERK2-AMPK signaling pathways in
liver. The involvement of PAPP-A2 in sex-based growth physiology supports the use of promising drugs to alleviate

postnatal growth retardation underlying low IGF1 bioavailability in a female-specific manner.

Highlights

«Postnatal growth retardation induced by pregnancy-associated plasma protein-A2 (PAPP-A2) mutations can be

palliated after recombinant human (rh)IGF1 treatment.

*Pappa? deficiency reduced body and femur length and induced sex- and tissue-specific changes of IGF ternary/

binary complexes and IGF1 signaling pathways

«rhPAPP-A2 treatment induced female-specific increases in body and femur length and reductions in IGF ternary/

binary complexes via AKT-AMPK pathways in the liver.

«The involvement of PAPP-A2 in sex-based growth physiology supports the use of promising drugs to alleviate

postnatal growth retardation in a female-specific manner.

Keywords Growth, Sexual dimorphism, Pappalysin-2, IGF1, GH, PI3K, mTOR, AMPK, Hypothalamus, Pituitary gland,

Liver

Background

Homozygous mutations in pregnancy-associated plasma
protein-A2 (PAPP-A2 or pappalysin-2) produce a syn-
drome characterized by progressive postnatal growth
retardation, loss or a reduction of PAPP-A2 function,
high circulating levels of insulin-like growth factor
(IGF)-1 bound in ternary/binary complexes with specific
IGF binding proteins (IGFBP3 or IGFBP5) and acid-labile
subunit (IGFALS), and decreased concentrations of free
IGF1 [1, 2]. Patients with PAPP-A2 mutations have mild
to moderate short stature and skeletal abnormalities
including thin long bones and decreased bone mineral
density [3, 4] and when treated with recombinant human
IGF1 (rhIGF1) both growth [5] and bone mineral density
[6] improve.

PAPP-A2 is a metalloproteinase that exerts specific
proteolytic activity on IGFBP3 and IGFBP5 and regu-
lates IGF1 dissociation from ternary/binary complexes,
and thus IGF1 bioavailability [7, 8]. Inhibitors of PAPP-
A2 activity, staniocalcin-1 (STC1) and staniocalcin-2
(STC2), block IGF release from IGFBP3 and IGFBP5,
bringing another level of complexity to the control of

IGF1 bioavailability [9-11]. In fact, serum concentrations
of PAPP-A2 and the free/total IGF1 ratio, but not stan-
niocalcins, decrease progressively in an age-specific man-
ner [12]. Synthesis and secretion of IGF1, among other
IGF-related components such as IGF2, IGFBP3, IGFBP5
and IGFALS, are stimulated by the actions of growth
hormone (GH) in the liver [3, 4]. IGF1 primarily circu-
lates in ternary complexes (75-80% of total IGF1) with
the high affinity IGFBP3 or IGFBP5 and IGFALS, which
increases its half-life and modulates its concentrations
and bioavailability [13—15], with only approximately 1%
being free or unbound [16]. IGF1 is liberated from these
binding proteins by PAPP-A2 in close proximity to target
tissues that contain the IGF1 receptor (IGF1R).

PAPP-A2 actions increase the levels of free IGF1 and
the subsequent availability of this growth factor to stimu-
late its receptor both centrally and peripherally that, in
conjunction with an adequate nutritional supply, is pre-
dominately responsible for activating and/or inhibiting
key signaling pathways and transcriptional factors that
modulate growth. IGFIR intracellular signaling pathways
include phosphoinositide 3-kinase (PI3K)/ protein kinase
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B (PKB, also known AKT), mitogen-activated protein
kinases/extracellular signal-regulated kinase (MAPK/
ERK), AMP-activated protein kinase (AMPK), mamma-
lian target of rapamycin (mTOR) and glycogen synthase
kinase-3 (GSK3), among others [17-19].

Preclinical studies using knock-out (ko/ko) and knock-
in mice with targeted disruption of PAPP-A2 [20-23]
have emerged as good experimental models to recapitu-
late previously described physiological growth derange-
ments related to short stature in patients with PAPP-A2
deficiency [4]. However, more information is needed to
identify specific signaling mechanisms affected by low
IGF1 availability, to elucidate whether impairment of
postnatal longitudinal growth caused by increased IGF1
ternary/binary complexes and reduced IGF1 availability
are different between the sexes, and whether pharmaco-
logical manipulation of the GH/IGF1 system induces sex-
specific differences in growth-related signaling pathways.
To this end, plasma, hypothalamus, pituitary gland and
liver of constitutive Pappa2®’* mice of both sexes with
reduced skeletal growth and impaired bone composition,
as previously described by our group and others [23, 24],
as well as the liver of these mice daily treated with rhGH,
rhIGF1 and rhPAPP-A2 from postnatal day (PND) 5 to
PND35, were used to assess sex-specific differences in
the expression of the main components of IGF1 ternary
complexes and main mediators of IGF1 and GH intracel-
lular signaling pathways (JAK2, STAT3/5, PI3K, AKT,
mTOR, GSK3p, ERK1/2 and AMPK).

Methods

Ethics statement

All procedures were conducted in strict adherence to
ARRIVE guidelines and the principles of laboratory
animal care (National Research Council, Neuroscience
CoGftUoAi, Research B, 2003) following the European
Community Council Directive (63/2020/UE) and the
Spanish Directive (RD53/2013), and were approved by
the Ethical Committee of the University of Malaga (Exp.
46-2019-A). Special care was taken to minimize suffer-
ing and the number of animals required to perform the
procedures.

Animals

Male and female mice with constitutive deletion of
the Pappa2 gene (Pappa2®’°) and littermate controls
(Pappa2*"™") were generated as previously described
[21]. Pappa?2 lines (C57BL/6 genetic background) were
maintained by crossing heterozygous transgenic mice.
The mice were housed in the Animal Center for Experi-
mentation at the University of Malaga with free access to
standard rodent chow (3.02 Kcal/g) and tap water under
standardized conditions: 22+ 1 °C of room temperature,
relative humidity of 40+5%, and a 12-h reverse light/
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dark cycle (lights were turned off at 8:00 am) with dawn/
sunset effect. Mice were genotyped using ear clip tissue
as previously described [8]. Body length (including tail)
was monitored periodically from weaning (approximately
PND23) to adulthood (8 months of age).

Treatments

Recombinant human GH protein (rhGH; cat n°:
ABIN803848; antibodies-online GmbH, Aachen, Ger-
many), recombinant human IGF1 protein (rhIGF1; cat.
n° 100—-11; PeproTech, Inc., Rocky Hill, NJ, USA), and
recombinant human PAPP-A2 protein (thPAPP-A2; cat.
n°: abx068418; Abbexa LTD, Cambridge; UK) were dis-
solved in sterile saline (0.9% NaCl). The rhIGF-1 and
rhGH solutions were administered at a dose of 0.3 mg/
kg/day, while rhPAPP-A2 was administered at a dose of
0.1 mg/kg/day. Saline, rhGH, rhIGF1 and rhPAPP-A2
were administered by daily interscapular subcutaneous
injections, in a volume of 10 mL/kg body weight, for 30
days from postnatal day (PND) 5 to PND35. Doses were
selected according to previous studies [25, 26] and previ-
ous data from our group. To avoid hypoglycemic crises,
mice received hormonal treatment during a non-fasting
period, 2 h after the onset of the dark cycle. All mice were
sacrificed 24 h after the last administration with 12 h
fasting.

Sample collection

Mice with 35 days of age and 8 months of age were sac-
rificed by decapitation after administration of Equitesin®
(3 ml/kg i.p.; chloral hydrate 2.1 g, sodium pentobarbital
0.46 g, MgSO, 1.06 g, propylene glycol 21.4 ml, ethanol
(90%) 5.7 ml, H,O 3 ml). Blood samples were collected
in tubes containing 6% EDTA and protease inhibitors
(Roche cOmplete tablets), and centrifuged (1500 g for
10 min at 4°C). The plasma was kept at -80 °C until hor-
mone analysis. Bones (femurs and tibias) were weighed,
and their length was measured with a caliper. Brain, pitu-
itary gland and samples from the left lateral lobe of the
liver were extracted, flash-frozen in liquid nitrogen and
stored at -80 °C until used for mRNA and protein analy-
sis. The hypothalamus, containing the median eminence,
arcuate nucleus and ventromedial nucleus, were precisely
dissected according to the mouse brain atlas of Paxinos
and Franklin [27].

Hormone analyses

Plasma levels of IGF1 and IGFBP5 were determined
by using commercial enzyme-linked immunosorbent
assay (ELISA) kits: Mouse/rat IGF1 DuoSet® ELISA (cat.
no. DY791, R&D Systems, Abingdon, UK) and mouse
IGFBP5 DuoSet®” ELISA (cat. no. DY578, R&D Systems).
Plasma and pituitary levels of growth hormone (GH)
were determined by using the Mouse Pituitary Magnetic
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Bead Panel 96-well Plate Assay (cat. no. MPTMAG-49 K,
Millipore® Map, Merck). Plates were run on a Bio-Plex
MAGPIX™ Multiplex Reader with Bio-Plex manager™ MP
Software (Luminex, Austin, TX, USA). Hormone concen-
trations were expressed in ng/mL or pg/mL, and detec-
tion limits were 31.3 (IGF1), 125 (IGFBP5) and 3.9 (GH)
pg/mL.

RNA isolation and RT-qPCR analysis

Real-time PCR (TagMan, ThermoFisher Scientific,
Waltham, MA, USA) was performed as previously
described [28] by using specific sets of primer probes
from TagMan® Gene Expression Assays (Supplementary
Table S1). Hypothalamus, pituitary and liver samples
were homogenized on ice and total RNA was extracted
using the Trizol® method according to the manufac-
turer’s instructions (ThermoFisher Scientific). RNA
samples were isolated with RNAeasy minielute cleanup
kits, including digestion with DNase I column (Qiagen),
and quantified using a spectrophotometer to ensure
A260/280 ratios of 1.8-2.0. After the reverse transcript
reaction from 1 pg of RNA, a quantitative real-time
reverse transcription polymerase chain reaction (qPCR)
was performed in a CFX96TM Real-Time PCR Detec-
tion System (Bio-Rad, Hercules, CA, USA) and the FAM
dye-labeled format for the TagMan® Gene Expression
Assays (ThermoFisher Scientific). Melting curve analysis
was performed to ensure that only a single product was
amplified. After analysis of several reference genes, the
values obtained from the samples were normalized to
Actb levels, which did not vary significantly between the
experimental groups.

Western blotting analysis

Western blotting was performed as previously described
[29]. Briefly, hypothalamus, pituitary and liver samples
were homogenized in 500 pL of ice-cold lysis buffer
containing Triton X-100, 1 M 4-(2-hydroxyethyl)-1-pi-
perazineethanesulfonic acid (HEPES), 0.1 M ethylenedi-
aminetetraacetic acid (EDTA), sodium pyrophosphate,
sodium fluoride (NaF), sodium orthovanadate (NaOV)
and protease inhibitors (Roche cOmplete tablets) using a
tissue-lyser system (Qiagen). After centrifuging at 26,000
g for 30 min at 4°C, the supernatant was transferred to
a new tube. The Bradford method was used to measure
the protein concentration of the samples. An amount
of 30 ug of each total protein sample was separated on
4-12% polyacrylamide gradient gels. The gels were then
transferred onto nitrocellulose membranes (Bio-Rad
Laboratories, Hercules, CA, USA) and stained with Pon-
ceau red. Membranes were blocked in TBS-T (50 mM
Tris-HCI pH 7.6, 200 mM NacCl, and 0.1% Tween 20) with
2% albumin fraction V from bovine serum (BSA, Roche,
Mannheim, Germany) for 1 h at room temperature. The
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primary antibodies to the proteins of interest (Supple-
mentary Table S2) were incubated overnight at 4°C.
Mouse y—adaptin and P-actin were used as reference
proteins from the same membrane when appropriate.
After several washes in TBS-T containing 1% Tween
20, an HRP-conjugated anti-rabbit or anti-mouse IgG
(H+L) secondary antibody (Promega, Madison, WI,
USA), diluted 1:10,000, was added followed by incuba-
tion for 1 h at room temperature. After extensive washing
in TBS-T, the membranes were incubated for 1 min with
the Western Blotting Luminol Reagent kit (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and the specific
protein bands were visualized and quantified by chemi-
luminescence using a ChemiDocTM MP Imaging Sys-
tem (Bio-Rad, Barcelona, Spain). Bands were quantified
by densitometric analysis using Image] software (http://
imagej.nih.gov/ij). The results are presented as the ratio
of total target protein to y—adaptin or f—actin, the ratio
of phosphorylated target protein to their total target
protein, and the tyrosine/serine phosphorylated target
protein ratio. For more information, see Supplementary
Figures S1-4.

Statistical analysis

Data were analyzed using Graph-Pad Prism 7.0 software.
Values are expressed as mean+SEM for each experimen-
tal group (#=8-10 for auxological, hormonal and mRNA
analysis; n=6 for protein analysis). The significance of
difference within and between groups was analyzed by
a three-way analysis of variance (ANOVA), whose fac-
tors were treatment (rhGH, rhIGF1 or rhPAPP-A2 vs.
saline), genotype (Pappa2““'vs. Pappa2°’*°), and sex
(males vs. females), followed by Tukey post-hoc test for
multiple comparisons. Given the sex differences found in
this experiment, two-way ANOVA was also carried out
(genotype and treatment as factors). A p-value less than
0.05 was considered statistically significant.

Results

Effects of Pappa2 deletion on body and bone length

Since previous studies reported that Pappa2 deletion
reduces IGF1 bioavailability and affects postnatal growth
[4], here we first analyzed the body and bone length of
Pappa2*®’* mice (Fig. 1). A significant genotype effect
on the body length at weaning (PND21) was found (F, 44
= 15.95, p<0.001), with ko/ko males having an over-
all decrease in body length compared to wt/wt males
(**p<0.001; Fig. 1A). At puberty (PND40), the significant
effect of genotype on body length remained (F, 4, = 56.01,
p<0.001), with ko/ko males and females being shorter
than their respective wt/wt groups (***p<0.001; Fig. 1B).
We also observed that wt/wt and ko/ko females were
shorter than same genotype males (**/**p<0.01/0.001;
sex effect: F 44 = 36.95, p<0.001; Fig. 1B). In adulthood
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(8 months of age), there was a significant interaction
between genotype and sex on body length (F, ,, = 4.05,
p<0.05), suggesting that PAPP-A2 deficiency reduced
body length differentially in male and female mice with
Pappa?2 deletion. In addition, effects of genotype (F, 44 =
90.47, p<0.001) and sex (F, 4, = 3.99, p=0.05) were found
on body length in adulthood, with body length in ko/
ko males and females being reduced compared to their
respective wt/wt groups (***p<0.001; Fig. 1C), and with
wt/wt and ko/ko females being shorter than the respec-
tive male groups (*p<0.05; Fig. 1C).

In adulthood (8 months of age), the length of long
bones (femurs and tibias) was also affected, with a sig-
nificant interaction between genotype and sex found
in femur length (F, 5,3 = 6.37, p<0.05) and femur length
relative to body length (F; ,3 = 8.35, p<0.01), suggesting
that PAPP-A2 deficiency reduced femur length differ-
entially in male and female mice with Pappa2 deletion.
In addition, effects of genotype (F, .3 > 27.87, p<0.001)
and sex (F; g > 7.65, p<0.01) were observed on femur
length and femur length relative to body length (Fig. 1D,
E), with ko/ko males and females having shorter femurs
than their respective wt/wt groups (***p<0.001), and
with wt/wt females having shorter femurs than wt/
wt males (*/**p<0.01/0.001). No significant interac-
tion was observed on tibia length. A significant effect
of genotype was found on tibia length (F,,s = 53.45,

p<0.001) and tibia length relative to body length (F,
=43.52, p<0.001), with ko/ko males and females having
a shorter tibia length than their respective wt/wt groups
(**p<0.001; Fig. 1F, G).

In summary, we observed a sex-specific effect of
Pappa?2 deletion on body and femur length, with ko/
ko females having a more prominent reduction in body
length and ko/ko males a more prominent reduction in
femur length.

Effects of Pappa2 deletion on circulating and/or pituitary
concentrations of IGF1, IGFBP5 and GH

Since body and bone length deficits could be conse-
quent to hormonal alterations, we assessed plasma and/
or pituitary concentrations of IGF1, IGFBP5 and GH
in Pappa2*°’*® mice (Fig. 2). A significant interaction
between genotype and sex was found in the circulat-
ing levels of IGF-1 (F, ,4 = 17.20, p<0.001) and IGFBP5
(F1o8 = 9.22, p<0.01), suggesting that the plasma levels
of both IGF-1 and IGFBP5 were differentially increased
in male and female mice with Pappa2 deletion (Fig. 2A,
B). A genotype effect was found on the circulating lev-
els of IGF-1 (F ,5 = 29.14, p<0.0001), with an overall
increase in IGF-1 levels in ko/ko females compared to
wt/wt females (***p<0.001; Fig. 2A). We also found sex
effects on the circulating levels of IGF1 (F,,5 = 25.85,
p<0.0001) and IGFBP5 (F, 5 = 11.65; p<0.01), with the
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ko/ko female group having significantly more IGF1 and
IGFBP5 that the ko/ko male group (*#p<0.001; Fig. 2A,
B). No effects or interaction were found on the plasma
levels of GH (Fig. 2C). Additional hormonal factors were
also evaluated in plasma (Supplementary Figures S5A-F).

Since GH is secreted in a pulsatile fashion and a single
plasma measurement does not necessarily reflect its total
integrated levels, we also analyzed GH concentrations in
Pappa2°’*° mice at the pituitary level (Fig. 2D). An effect
of genotype was found on pituitary GH content (F, 55 =
3.99, p<0.05), which was most likely due to increased
levels of GH in the pituitary gland of the ko/ko males and
females (Fig. 2D). Additional hormonal factors were also
evaluated in pituitary gland (Supplementary Figures S5G,
H).

In summary, there was a sex-specific effect of Pappa?2
deletion on total IGF1 and IGFBP5 concentrations in
plasma, with a significant increase in ko/ko females.
Pappa?2 deficiency was also accompanied by increased
pituitary GH concentrations in both sexes.

Effects of Pappa2 deletion on gene expression of the
hypothalamic IGF1 system

We analyze whether Pappa2 insufficiency affects gene
expression of the main components of the IGF1 system
in the hypothalamus (Fig. 3A-I). An effect of genotype
was found on the mRNA levels of Pappa2 (F, ,5 = 123.2,
p<0.001), with an overall decrease in Pappa2 mRNA
in ko/ko males and females compared to their respec-
tive wt/wt groups (***p<0.001; Fig. 3A). There was a sex
effect on the mRNA levels of Ghrh (F, 53 = 6.649, p<0.05),
with females having lower Ghrli mRNA levels than males
(Fig. 3B). No interaction or main effects were found in
Ghih expression (Fig. 3C).

No interaction or main effects were found in IgfI
expression (Fig. 3D), but a sex effect was found on the
mRNA levels of Igflr (F, 53 = 7.547, p<0.05), with females
having lower Igflr mRNA levels compared to males
(Fig. 3E). No interaction or main effects were found in
Igfbp3 expression (Fig. 3F). An effect of genotype (F, 55 =
5.681, p<0.05) was found on the mRNA levels of Igfbp5,
with ko/ko males having higher levels compared to wt/
wt males (*p<0.05; Fig. 3G). There was a sex effect on
the mRNA levels of Igfals (F,5 = 4.445, p<0.05), with
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Fig. 3 IGF1 system gene expression in the hypothalamus, the pituitary gland and the liver of Pappa2“®*® and Pappa2"V** mice (males and females) in
adulthood. Hypothalamus: relative Pappa?2 (R), Ghrh (B), Ghih-Sst (C), Igf1 (D), Igf1r (E), Igfbp3 (F), Igfbp5 (G), Igfals (H) and StcT (I) mRNA levels. Pituitary
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females having higher mRNA levels compared to males
(Fig. 3H). No main effects or interaction between factors
were found in the Stc mRNA levels (Fig. 3I).

Thus, there were sex specific effects of Pappa2 dele-
tion on the hypothalamic IGF system with an increase
in Igfbp5 and Igfals mRNA levels in ko/ko males and
decreased Ghrh and Igfir mRNA levels in females.

Effects of Pappa2 deletion on gene expression of the
pituitary IGF1 system

We also analyzed the gene expression of the main com-
ponents of the IGF1 system in the pituitary gland of
Pappa2*°’* mice (Fig. 3J-R). A significant interaction
between sex and genotype (F, 53 = 34.22; p<0.001), and
main effects of sex (F,3 = 48.96; p<0.001) and geno-
type (F,5 = 219.0, p<0.001) were found on the mRNA
levels of Pappa?2, with an overall decrease in ko/ko male
and female mice compared to respective wt/wt mice
(***p<0.001; Fig. 3]), and lower levels of Pappa2 mRNA
in wt/wt females compared to wt/wt males (**p<0.001;
Fig. 3]). An interaction between sex and genotype (F| 54
> 8.177, p<0.01) and a sex effect (F ,5 > 31.88, p<0.001)
were found on the mRNA levels of both G/ and Ghrhr.
Multiple comparison tests showed lower levels of G/ and
Ghrh in wt/wt females than wt/wt males (**p<0.001;
Fig. 3K, L). We also found lower Ghrh levels in the pitu-
itary gland of ko/ko males compared to wt/wt males
(*p<0.05; Fig. 3L).

A significant interaction between sex and genotype
(F108 = 17.01; p<0.001), and main effects of sex (F,,5 =
23.47; p<0.001) and genotype (F,3 = 23.75; p<0.001)
were found on the mRNA levels of Igfl. Multiple com-
parison tests indicated overall higher levels if [gfl mRNA
in ko/ko females compared to wt/wt females and ko/ko
males (*****5<0.001; Fig. 3M). No interaction or effects
between factors were found in the pituitary mRNA levels
of Igf1r, Igfbp3, Igfbp5, Igfals or Stcl (Fig. 3N-R).

In summary, we observed a sex-specific effect of
Pappa?2 deletion on pituitary Gh, Ghrhr and Igfl mRNA
levels, with lower Ghrhr expression in ko/ko males and
higher Igf1 expression in ko/ko females.

Effects of Pappa2 deletion on gene expression of the liver
IGF1 system
Since changes in PAPP-A2 activity can also affect the
liver, we analyzed the gene expression of the main compo-
nents of the IGF1 system in the liver of Pappa2“®’*° mice
(Fig. 3S-Z). Main effects of sex (F;,; = 8.932, p<0.01)
and genotype (F, 53 = 13.87, p<0.01) were found on the
mRNA levels of Ghr, with an overall increase in Ghr
mRNA in ko/ko male and female groups compared to
their respective wt/wt groups (*p<0.05; Fig. 3S).

A significant interaction between sex and genotype was
found in the mRNA levels of Igfl (F, ,3 = 9.216, p<0.01),
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suggesting that the liver Igfl mRNA levels were differ-
entially altered in male and female mice with Pappa2
deletion (Fig. 3T). We also found a genotype effect on
the mRNA levels of Igfl (F,,3 = 16.38, p<0.001). Mul-
tiple comparison analysis indicated that ko/ko females
showed higher mRNA levels of Igfl than wt/wt females
(***»<0.001) and ko/ko males (*»<0.01; Fig. 3T). No
interaction or effects were found on the mRNA levels of
Ifglr or Igf2 (Fig. 3U, V).

An interaction between sex and genotype (F; 53 =5.518,
£<0.05), and an effect of genotype (F, ,3 = 6.400, p<0.05)
on the mRNA levels of Igfbp3 were found, with ko/ko
females having higher Igfbp3 expression compared to wt/
wt females (*p <0.05; Fig. 3W). An effect of sex was found
on the mRNA levels of Igfbp5 (F, 53 = 6.59; p<0.05), with
females having higher expression (Fig. 3X). An effect of
genotype was found on the mRNA levels of Igfals (F, 5
= 10.52; p<0.01), with an increase in Igfals expression
in ko/ko females compared to wt/wt females (*p<0.05;
Fig. 3Y). A genotype effect was also found in the mRNA
level of Stcl (F,,s = 11.00, p<0.01), with ko/ko males
and females expressing significantly more StcI than
their respective wt/wt groups (*p<0.05; Fig. 3Z). Pappa2
mRNA was undetected in the liver of all experimental
groups analyzed.

Summarizing, we found a sex-specific effect of Pappa?2
deletion on liver Igfl and Igfbp3 mRNA levels, with
higher mRNA expressions in ko/ko females. Pappa2
deficiency was also accompanied by increased liver Ghr,
Igfals and Stc1 mRNA levels in both sexes.

Effects of Pappa2 deletion on IGF1 signaling pathways in
the hypothalamus

To further understand how PAPP-A2 deficiency affects
hypothalamic regulatory systems, we analyzed IGF1 sig-
naling pathways in this brain area (Fig. 4A-I). No inter-
action or effects were found on the phosphorylated form
(Tyr607) of PI3K (Fig. 4A). A significant interaction
between sex and genotype was found in the protein lev-
els of AKT when it was phosphorylated (p) on serine 473
(F1q0 = 22.25, p<0.001), mTOR phosphorylated on ser-
ine 2448 (F, ,, = 57.51, p<0.001), GSK3B phosphorylated
on serine 9 (F, 5, = 4.57; p<0.05), ERK1 phosphorylated
on threonine 202 (F,,, = 15.54, p<0.001), and ERK2
phosphorylated on tyrosine 204 (F,,, = 4.79, p<0.05),
suggesting that the hypothalamic levels of p(Ser473)-
AKT, p(Ser2448)-mTOR, p(Ser9)-GSK3p, p(Thr202)-
ERK1 and p(Tyr204)-ERK2 were differentially altered
in male and female mice with Pappa2 deletion (Fig. 4B-
F). We also found genotype effects on the hypothalamic
levels of p(Serd473)-AKT (F,,, = 7.024; p<0.05) and
p(Thr202)-ERK1 (F,,, = 5.29, p<0.05). Effects of sex
were found on the protein levels of p(Ser473)-AKT (F, ,,
=5.22, p<0.05), p(Ser9)-GSK3p (F, 5o =7.47, p<0.05) and
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Fig. 4 Key sensors of IGF1 signaling pathways in the hypothalamus, the pituitary gland and the liver of Pappa2“®*® and Pappa2""* mice (males and
females) in adulthood. Hypothalamus: phosphorylated forms of PI3K (A), AKT (B), mTOR (C), GSK3 (D), ERK1 (E), ERK2 (F), AMPKa (G) and GS (H). Pituitary
gland: phosphorylated forms of GSK3(3 (J), AMPKa (K), ERK1 (L) and ERK2 (M). Liver: phosphorylated forms of PI3K (0), AKT (P), mTOR (Q), GSK3f3 (R), ERK1
(S), ERK2 (T), AMPKa (U) and GS (V). Data are represented as mean +S.EM (n=6 per experimental group). Representative immunoblots (I, N and W) are
also shown. See Table S2 and Figures S1-S3 for additional information. Two-way ANOVA and Tukey-corrected tests: ******p <0.05/0.01/0.001 versus
respective wt/wt males and females; ##/##5 < 0,05/0.01/0.001 versus respective wt/wt and ko/ko males

p(Thr202)-ERK1 (F,,, = 9.029, p<0.01). No interaction
or effects were found on the protein levels of p(Thr172)-
AMPKua or p(Ser641)-GS (Fig. 4G, H).

Multiple comparison analysis indicated that protein lev-
els of p(Serd73)-AKT, p(Ser2448)-mTOR and p(Thr202)-
ERK1 were higher in the hypothalamus of ko/ko females
compared to wt/wt females (**/***p<0.01/0.001) and
ko/ko males (*/*%p<0.01/0.001; Fig. 4B, C, E). How-
ever, ko/ko males had lower p(Ser2448)-mTOR than
wt/wt males (**p<0.01; Fig. 4C). Regarding sex differ-
ences, ko/ko female had higher levels of p(Ser9)-GSK3p3
and p(Tyr204)-ERK2 than ko/ko males (***p<0.05/0.01;
Fig. 4D, F), whereas wt/wt females had lower p(Ser2448)-
mTOR wt/wt males (*»<0.01; Fig. 4C). Representative
immunoblots are shown in Fig. 41 (see also the Supple-
mentary Figure S1 for unedited blots).

These results indicate a sex-specific effect of Pappa?2
deletion on the main intracellular regulators of IGF1
signaling pathways in the hypothalamus, with higher
protein levels of p(Ser473)-AKT, p(Ser2448)-mTOR and
p(Thr202)-ERK1 in ko/ko females.

Effects of Pappa2 deletion on IGF1 signaling pathways in
the pituitary gland
We also analyzed IGF1 signaling pathways in the pitu-
itary gland (Fig. 4J-N). An interaction between sex and
genotype (F; 5, = 5.9; p<0.05), and effects of sex (F, ,, =
11.08, p<0.01) and genotype (F, ,, = 7.42, p<0.05) were
only found in the protein levels of p(Ser9)-GSK3p. Mul-
tiple comparison analysis indicated that protein levels of
p(Ser9)-GSK3p were higher in ko/ko males compared to
wt/wt males and ko/ko females (**/##p<0.01; Fig. 4]). No
interaction or effects were found on the protein levels of
p(Thr172)-AMPKe, p(Thr202)-ERK1 or p(Tyr204)-ERK2
(Fig. 4K-M). Representative immunoblots are shown in
Fig. 4N (see also the Supplementary Figure S2 for uned-
ited blots).

Thus, there is a sex-specific effect of Pappa2 deletion
on p(Ser9)-GSK3p in the pituitary gland, with higher
protein levels in ko/ko males.

Effects of Pappa2 deletion on IGF1 signaling pathways in
the liver

The IGF1 signaling pathways were also analyzed in the
liver of Pappa2*°’* mice (Fig. 40-W). An interaction
between sex and genotype was observed when protein
levels of p(Tyr607)-PI3K were analyzed (F,,, = 6.55,

p<0.05), suggesting that the protein levels of p(Tyr607)-
PI3K were differentially altered in the liver of male and
female mice with Pappa2 deletion (Fig. 40). Effects of
genotype were found on the protein levels of p(Tyr607)-
PIBK (F,, = 10.93, p<0.01) and p(Thr172)-AMPKa
(Fio0 = 6.264, p<0.05), with higher protein levels in
the liver of ko/ko females compared to wt/wt females
(*/**p<0.05/0.01; Fig. 40, U). Effects of sex were found
on the protein levels of p(Ser2448)-mTOR (F, », = 4.19,
p=0.05) and p(Thr172)-AMPKu« (F, ,, = 8.185, p<0.05),
with females having lower protein levels than males
(*p<0.05; Fig. 4Q, U). No interaction or effects on pro-
tein levels of p(Ser473)-AKT, p(Ser9)-GSK3p, p(Thr202)-
ERK1, p(Tyr204)-ERK2 or p(Ser641)-GS were found
(Fig. 4P, R, S, T, V). Representative immunoblots are
shown in Fig. 4W (see also the Supplementary Figure S3
for unedited blots).

These results indicate a sex-specific effect of Pappa2
deletion on p(Tyr607)-PI3K in the liver, with higher pro-
tein levels in ko/ko females. Pappa2 deficiency was also
accompanied by increased protein levels of p(Thrl72)-
AMPKa in ko/ko females.

Effects of rhGH, rhIGF1 and rhPAPP-A2 on body and bone
length
Given that treatment with recombinant human IGF1
(rhIGF1) in patients with PAPP-A2 mutations improved
growth velocity and height following recombinant human
(rh)IGF1 treatment [5], here we first analyzed body
and bone (femur and tibia) length in Pappa2*** and
Pappa2*®’* male and female mice treated with rhGH,
rhIGF1 and rhPAPP-A2 for 30 postnatal days (PND)
from PND5 to PND35 (Fig. 5A). A significant interac-
tion between treatment and genotype was found in
body length, but not bone length, of mice treated with
rthGH (F, 4, = 9.94, p<0.01), suggesting that the effect of
rhGH treatment on body length is genotype-dependent.
However, interactions between treatment and sex were
observed in body and femur lengths of mice treated
with rhIGF1 and rhPAPP-A2 (body length: F, ¢, = 6.69,
p=0.01, F, ¢, = 6.03, p=0.01, respectively; femur length:
Fies = 5.72, p<0.02, F ¢, = 9.28, p<0.005, respectively),
suggesting that the effect of rhIGF1 and rhPAPP-A2
treatments on body and femur length is sex-dependent.
ffect of rhGH treatment was only observed on body
length (F, ¢, = 11.32, p<0.002), whereas effects of rhGH
(F, 44 = 1345, p<0.001), rhIGF1 (F, o, = 5.64, p=0.02) and
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rhPAPP-A2 (F, 4, = 7.64, p<0.01) were found on femur
length. Analyzing the sexes separately, the rhPAPP-
A2 effect on body length was specifically significant
in females (F,3; = 13.1, p<0.001). Genotype and sex
effects on body length were observed for all three treat-
ments (genotype: F, ¢, > 8.5, p<0.005; sex: F, ¢4 > 20.03,
p<0.001), as well as the sex effects on bone length (F, ¢,
>4.28, p<0.05).

Multiple comparisons showed that rhGH treatment
increased body and bone length in Pappa2*'™* mice
of both sexes, but not Pappa2<°’*® mice, compared to
respective untreated mice (*/**/**p<0.05/0.01/0.001;
Fig. 5B-D). Moreover, body length of rhGH-treated
Pappa2*°’*° mice of both sexes and femur length of rhGH-
treated Pappa2“’* females were shorter than respec-
tive rhGH-treated Pappa2*¥** mice (***p<0.05/0.001;
Fig. 5B, C). rhIGF1 and rhPAPP-A2 treatments spe-
cifically increased femur length in Pappa2*V* and
Pappa2*°’® females, but not males, compared to respec-
tive untreated mice (*/***p <0.05/0.001; Fig. 5C), whereas
rhPAPP-A2 also increased body length in Pappa2<’*
females only, compared to untreated Pappa2”’*° females
(**p<0.01; Fig. 5B).

Thus, these results indicate a female-specific effect of
rhPAPP-A2 treatment on body and femur length.

Effects of rhGH, rhIGF1 and rhPAPP-A2 on circulating levels
of IGF1 and IGFBP5

Given that treatment with recombinant human IGF1
(rhIGF1) in patients with PAPP-A2 mutations increased
bioactive IGF1 but serum levels of total IGF1 and
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ternary complexes remained elevated [5], we analyzed
circulating concentrations of total IGF1 and IGFBP5
in Pappa2*** and Pappa2<°’*° male and female mice
treated with rhGH, rhIGF1 and rhPAPP-A2 for 30 post-
natal days (PND) from PND5 to PND35 (Fig. 6A, B).
Complete statistical analysis of the data is shown in the
Supplementary Table S3. Interaction between treatment,
genotype and sex was only observed in plasma levels of
total IGF1 in mice treated with rhPAPP-A2 (F, 4 = 5.47,
p<0.05), suggesting that the effect of rhPAPP-A2 treat-
ment on plasma total IGF1 levels is sex- and genotype-
dependent. However, interactions between treatment and
genotype were found in plasma levels of IGEBP5, but not
IGF1, in mice treated with rhGH (F, g3 = 13.3, p=0.01),
rhIGF1 (F, ¢ = 33.6, p<0.001) and rhPAPP-A2 (F, ¢, =
5.15, p<0.05), suggesting a similar genotype-dependent
effect of all three treatments on plasma IGFBP5 levels.
Analyzing the sexes separately, this interaction between
treatment and genotype in plasma levels of IGFBP5 was
significant in females treated with rhGH (F, 3, = 10.1,
p<0.01) and rhIGF1 (F, 3, = 12.8, p<0.01), and in males
treated with rhIGF1 (F 5, = 24.7, p<0.001). Also, an
interaction between treatment and genotype was spe-
cifically observed in plasma levels of total IGF1 of males
treated with rhPAPP-A2 (F, 55 =4.9, p<0.05). Interactions
between treatment and sex were only observed in plasma
levels of total IGF1 after rhIGF1 (F, ¢ = 6.45, p<0.05)
and rhPAPP-A2 (F, ¢; = 17.8, p<0.001) treatments. Inter-
actions between genotype and sex were found in plasma
levels of total IGF1 after rhGH (F, 4, = 26.6, p<0.001),
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x( % Ny X N 3 Saline
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Fig.5 Experimental design (A) and auxological parameters of body (B), femur (C) and tibia (D) length in Pappa2*®’*® and Pappa2"'"* mice (males and fe-
males) treated with rhGH, rhIGF1 and rhPAPP-A2 for 30 days, from PND5 to PND35. Data are represented as mean £ S.E.M (N=8-10 per experimental group).
Two-way ANOVA and Tukey-corrected tests: */**/***p < 0.05/0.01/0.001 versus respective saline-treated males and females; ####p <0.05/0.01/0.001 ver-

sus respective wt/wt males and females
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Fig. 6 Experimental design (A) and schematic diagram (B) of the analysis of circulating hormone concentrations, and liver IGF1 system gene expres-
sion in Pappazk"/ko and Pappa?"?" mice (males and females) treated with rhGH, rhIGF1 and rhPAPP-A2 for 30 days, from PND5 to PND35. Concentra-

tions of total IGF1 (C) and IGFBP5 (D) in plasma, and relative IgfT (E), Ghr (F), Igf1r

(G), Igfop3 (H), Igfop5 (1), Igfals (J), StcT (K) and StcT (L) mRNA levels are

represented as mean+S.EM (n=8-10 per experimental group). See Table S1 for additional information. Two-way ANOVA and Tukey-corrected tests:

*/**/***p <0.05/0.01/0.001 versus respective saline-treated males and females;

rhIGF1 (F, ¢ = 25.0, p<0.001) and rhPAPP-A2 (F, ¢ =
15.0, p<0.001) treatments (Supplementary Table S3).
Effects of rhGH treatment were observed on plasma
levels of total IGF1 (F, 4, = 12.1, p=0.001) and IGFBP5
(F16s = 147, p<0.001), whereas effects of rhIGF1 (F, ;s
= 39.8, p<0.001) and rhPAPP-A2 (F, 45 = 82.4, p<0.001)
were only found on plasma levels of total IGF1. Analyz-
ing the sexes separately, the rhGH effects were significant

#E#/H# D < 0.05/0.01/0.001 versus respective wt/wt males and females

on IGFBP5 in males (F| 3, = 6.83, p<0.05), and total IGF1
(F,5 = 13.8, p<0.001) and IGEBP5 (F, 5, = 7.52, p=0.01)
in females, whereas the rhIGF1 and rhPAPP-A2 effects
were only significant on total IGF1 in both males (F, ;, =
32.2, p<0.001 and F, 3, = 86.2, p<0.001, respectively) and
females (F, 3, = 9.74, p<0.01 and F, 3, = 12.9, p=0.001,
respectively). Genotype and sex effects on plasma lev-
els of both total IGF1 and IGFBP5 were observed for all
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three treatments (F; 4345 > 4.89, p<0.05 and F, ¢, 5 >
24.8, p<0.001, respectively) (Supplementary Table S3).
Multiple comparisons showed that rhGH treatment
increased plasma levels of total IGF1 in Pappa2*'** and
Pappa2°’*° females, but not males, compared to respec-
tive untreated mice (*p<0.05; Fig. 6C). In contrast,
rhIGF1 treatment decreased plasma levels of total IGF1
in Pappa2”™ and Pappa2®’® males and females com-
pared to respective untreated mice (**/***p<0.01/0.001;
Fig. 6C). rhPAPP-A2 treatment also decreased plasma
levels of total IGF1 in Pappa2*’"* and Pappa2-°’*°
males, and Pappa2*®’* females compared to respective
untreated mice (*/***p<0.05/0.001; Fig. 6C). rhGH treat-
ment increased plasma levels of IGFBP5 specifically
in Pappa2<°’® males and females compared to respec-
tive untreated mice (*/**p<0.05/0.01; Fig. 6D). rhIGF1
treatment decreased plasma levels of IGFBP5 in
Pappa2*™ males and females, and increased plasma
levels of IGFBP5 in Pappa2<°*® males only, com-
pared to respective untreated mice (*/***p<0.05/0.001;
Fig. 6D). Interestingly, rhPAPP-A2 treatment decreased
plasma levels of IGFBP5 in Pappa2*V** females, and
increased plasma levels of IGFBP5 in Pappa2*®/x
females, but not males, compared to respective untreated
females (*p<0.05; Fig. 6D). Regarding genotype,
lower plasma total IGF1 levels were observed in both
untreated (saline) and treated Pappa2°’*° males, but
not females, compared to respective Pappa2“¥** mice
(*/###% <0.05/0.01/0.001; Fig. 6C). In contrast, higher
plasma IGFBP5 levels were observed in both untreated
and treated Pappa2*®’*® males, and in rhIGF1- and
rmPAPPA2-treated Pappa2°’*° females compared to
respective Pappa2”™* mice (****p<0.05/0.001; Fig. 6D).
In summary, there is an effect of rhIGF1 and rhPAPP-
A2 treatments on circulating total IGF1, resulting in
lower plasma levels of total IGF1 in males and females.

Effects of rhGH, rhIGF1 and rhPAPP-A2 on liver gene
expression of IGF1 system components

Since changes in IGF1 bioactivity can be modulated by
liver production of IGF1 ternary complexes in response
to treatment, we also analyzed liver gene expression of
IGF1 system components in Pappa2"** and Pappa2*/<
male and female mice treated with rhGH, rhIGF1 and
rhPAPP-A2 for 30 postnatal days (PND) from PND5 to
PND35 (Fig. 6A, B). Complete statistical analysis of the
data is shown in the Supplementary Tables S4 and S5.
Interactions between treatment, genotype and sex were
only observed in StcI mRNA expression levels after
rhGH treatment (F, ¢5 = 6.39, p<0.05), and in Ghr and
StcI mRNA expression levels after treatment with rhIGF1
(Fi63 = 6.5, p<0.05 and F, 5 = 9.7, p<0.01, respec-
tively) and rhPAPP-A2 (F, ;5 = 11.9, p=0.001 and F, 5, =
7.75, p<0.01, respectively), suggesting that the effect of
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rhIGF1 and rhPAPP-A2 treatments on liver gene expres-
sion of Ghr and Stcl are sex- and genotype-dependent.
In addition, interactions between treatment and geno-
type were observed in Ghr mRNA expression levels in
mice treated with all three treatments (thGH: F, ¢, =7.12,
p=0.01; thIGFL: F, i; = 6.98, p=0.01; thPAPP-A2: F, 5 =
20.6, p<0.001), suggesting a similar genotype-dependent
effect of all three treatments on Ghr gene expression.
Analyzing the sexes separately, this interaction between
treatment and genotype in Ghr mRNA expression levels
was observed in males, but not females, treated with all
three treatments (rhGH: F, 3, = 12.1, p<0.01; rhIGF1:
F 3 = 10.7, p<0.01; thPAPP-A2: F, ,, = 27.2, p<0.001),
whereas interaction between factors in StcI mRNA
expression levels was only found in males treated with
rhIGF1 and rhPAPP-A2 (F, ,, = 14.5, p=0.001 and F,
= 16.4, p<0.001, respectively). Interestingly, interactions
between treatment and genotype were also found in Igfir
and Igfals mRNA expression levels after rhPAPP-A2
treatment only, being specifically significant in females
(F129=5.53,p<0.05 and F, 54 ="7.7, p=0.01, respectively).
Interactions between treatment and sex were observed in
Ghr, Igflr and Stc1 mRNA expression levels after all three
treatments (thGH: F, 49, > 7.94, p<0.01; rhIGF1: F, 54 43
> 9.22, p<0.005; thPAPP-A2: F, 5, 5 > 6.61, p<0.05). In
addition, interactions between treatment and sex were
also observed in Igfbp5 mRNA expression levels after
rhGH and rhIGF1 treatments (F; 44 > 8.7, p<0.005),
and in Stc2 mRNA expression levels after rhGH and
rhPAPP-A2 treatments (F, 5, 55 > 5.29, p<0.05). Interac-
tions between genotype and sex were also found in Ghr
and Igfals mRNA expression levels in mice treated with
rthGH (F, 4, > 4.53, p<0.05), and in Igfals and Igfbp5
mRNA expression levels in mice treated with rhIGF1
(Fie1.62 > 6.76, p<0.05) and rhPAPP-A2 (F, 54 ) > 4.65,
p<0.05). Further statistical data can be found in the Sup-
plementary Tables S4 and S5.

There were effects of all three treatments on Igfl
mRNA expression levels (thGH: F, ¢, = 4.26, p<0.05;
rhIGF1: F g = 10.2, p<0.01; thPAPP-A2: F, (= 34.7,
p<0.001), effects of rhGH and rhIGF1 treatments on
Igfals and Igfbp5 mRNA expression levels (thGH: F ¢, ¢,
> 24.6, p<0.001; rthIGF1: F g, ¢ > 8.52, p<0.005), and
effects of rhIGF1 and rhPAPP-A2 treatments on Stc2
mRNA expression levels (rhIGF1: F, 5, = 15.4, p<0.001;
rhPAPP-A2: F, 5, = 6.68, p<0.05). Also, an effect of rhGH
treatment on Igflr mRNA expression levels (F, 4, = 5.46,
p<0.05) and an effect of rhIGF1 treatment on Igfbp3
mRNA expression levels (F 5y = 6.66, p<0.05) were
specifically observed. Analyzing the sexes separately,
the rhGH treatment effects on Ghr and Igfbp5 mRNA
expression levels were specifically observed in females
(F131 > 14.0, p<0.001), whereas those on Stcl and Stc2
mRNA expression levels were specifically observed
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in males (F,,, > 5.57, p<0.05). The rhIGF1 treatment
effects on Igfl, Igfals, Igfbp3 and Stc2 mRNA expres-
sion levels were specifically observed in males (F, ;3
> 5.18, p<0.05), whereas those on Igflr, Igfbp5 and Stcl
mRNA expression levels were specifically observed in
females (F,3 > 8.18, p<0.008). The rhPAPP-A2 treat-
ment effect on Stc2 mRNA expression levels was specifi-
cally observed in males (F, 53 = 13.0, p=0.001), whereas
that on StcI mRNA expression levels was specifically
observed in females (F,,y = 5.45, p<0.05). Genotype
effects were observed on StcI mRNA expression levels
for all three treatments (F, 5, ¢, > 10.3, p<0.002), Igfals
mRNA expression levels for rhGH and rhIGF1 treat-
ments (F, ¢, 43 >4.51, p<0.05), and Igfbp3 mRNA expres-
sion levels for rhIGF1 treatment (F ;5 > 5.24, p<0.05).
Finally, sex effects on Ghr, Igflr, Igfbp3 and Igfbp5 mRNA
expression levels were observed for all three treatments
(thGH: F, g, > 18.9, p<0.001; rhIGF1: F, 5, > 10.5,
p<0.002 rhPAPP-A2: F 54 59 > 6.05, p<0.05), whereas sex
effects on Igfals mRNA expression levels were specifically
found for rhIGF1 (F, 43 = 13.7, p<0.001) and rhPAPP-A2
(F160 = 13.8, p<0.001) treatments. See the Supplemen-
tary Tables S4 and S5 for further statistical data.

Multiple comparisons showed that rhIGF1 treat-
ment increased Igfl mRNA expression levels
only in Pappa2”™* males compared to respec-
tive untreated males (***p<0.001; Fig. 6E). In
addition, rhPAPP-A2 treatment increased IgfI
mRNA  expression levels in Pappa2*/** and
Pappa2°’*° males and females compared to respective
untreated mice (*/**/***p<0.05/0.01/0.001; Fig. 6E). All
three treatments increased Ghr mRNA expression lev-
els in Pappa2"™* males, but not Pappa2*°’* males, and
decreased Ghr mRNA expression levels in Pappa2<®/<
females, but not Pappa2*¥"* females, compared to respec-
tive untreated mice (**/***p<0.01/0.001; Fig. 6F). All
three treatments also increased Igflr mRNA expres-
sion levels in Pappa2"'™* females (**p<0.01; Fig. 6G).
In addition, rhGH treatment, but not rhIGF1 and
rhPAPP-A2, specifically increased Igflr mRNA
expression levels in Pappa2®/® females compared
to untreated females (**p<0.01; Fig. 6G). In contrast,
rhPAPP-A2 treatment, but not rhGH and rhIGF1, spe-
cifically decreased Igflr mRNA expression levels in
Pappa2*°’* males (*p<0.05; Fig. 6G). rhIGF1 treat-
ment increased Igfbp3 mRNA expression levels in
Pappa2*’™* and Pappa2<°’*° males, whereas rhPAPP-
A2 treatment decreased Igfbp3 mRNA expression
levels in Pappa2®’® females only (*/**p<0.05/0.01;
Fig. 6H). rhGH and rhIGF1 treatments increased
Igfbp5 mRNA expression levels in Pappa2*'** and
Pappa2*°’® females, but not males, compared to respec-
tive untreated mice (*/**p<0.05/0.01; Fig. 6I). thPAPP-
A2 treatment showed no significant changes in Igfbp5
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mRNA expression levels (Fig. 6I). rhGH treatment
increased Igfals mRNA expression levels in Pappa2™/*
and Pappa2“°’*° males and females compared to respec-
tive untreated mice (*/**/***p<0.05/0.01/0.001; Fig. 6]).
rhIGF1 treatment also increased Igfals mRNA expres-
sion levels in Pappa2“°’*° males only, whereas rhPAPP-
A2 treatment decreased Igfals mRNA expression levels
in Pappa2*°’*® females only (*p<0.05; Fig. 6]). Interest-
ingly, Stc1 mRNA expression levels were decreased in
Pappa2”™* males and increased in Pappa2"™* females
after each of the three treatments (*/**p<0.05/0.01;
Fig. 6K). No changes in Stcl mRNA expression lev-
els were observed in treated Pappa2*°’* mice. Finally,
rhIGF1 and rhPAPP-A2 treatments increased Stc2
mRNA expression levels in Pappa2*’™* males only
(**p<0.01; Fig. 6L). Regarding genotype, Ghir mRNA
expression levels were higher in untreated (saline)
Pappa2*®’* males, but not females, compared to respec-
tive untreated Pappa2"’** mice (*p<0.01; Fig. 6F). In
contrast, Ghr mRNA expression levels were specifi-
cally lower in rhPAPPA2-treated Pappa2“°’* males and
females compared to respective rmPAPPA2-treated
Pappa2*?* mice (***p<0.05/0.01; Fig. 6F). rhIGF1- and
rhPAPPA2-treated Pappa2*®’® males, and rhPAPPA2-
treated Pappa2®’*® females showed lower Igflr mRNA
expression levels compared to respective rhPAPPA2-
treated Pappa2*/* mice (fp<0.05; Fig. 6G). Igfals
mRNA expression levels were specifically higher in
untreated Pappa2®’*° females, and rhGH- and rhIGF1-
treated Pappa2®’*® females, compared to respective
Pappa2*?™* females (***p<0.05/0.01; Fig. 6J). Stcl
mRNA expression levels were specifically lower in
untreated Pappa2*®’*® males, compared to respective
untreated Pappa2** males (**p<0.001; Fig. 6K).

Summarizing, we found a female-specific effect of
treatment on liver mRNA levels of components of IGF
ternary complexes. Specifically, in females, rhPAPP-
A2 increased Igfl and Igflr, and decreased Igfbp3 and
Igfals, suggesting an upregulation of IGF1 availability in
females.

Effects of rhGH, rhIGF1 and rhPAPP-A2 on liver protein
expression of IGF-1 intracellular pathway regulators

To understand whether treatment effects on liver gene
expression of IGF1 system components are differentially
regulated by specific intracellular signaling pathways in
response to Pappa2 deficiency, protein and phosphopro-
tein expression levels of key pathway regulators of main
cell functions, including cell proliferation, cell growth,
lipid metabolism, glucose metabolism and protein syn-
thesis, were analyzed in the liver of Pappa2**' and
Pappa2*®’* male and female mice treated with rhGH,
rhIGF1 and rhPAPP-A2 for 30 postnatal days (PND) from
PND5 to PND35 (Fig. 7A, B). See the Supplementary
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Fig. 7 Experimental design (A) and schematic diagram (B) of the analysis of key regulators of IGF1 signaling pathways in the liver of Pappa2“®*® and
PappaZ"“/Wt mice (males and females) treated with rhGH, rhiGF1 and rhPAPP-A2 for 30 days, from PND5 to PND35. Phosphorylated forms of IRS1 (C), PI3K

(D), AKT (E), mTOR (F), GSK3 (G)

, ERK2 (H) and AMPKa (I) are represented as mean +S.EM (n=6 per experimental group). Representative immunoblots

(J) are also shown. See Table S2 and Figures S4 and S6 for additional information. Two-way ANOVA and Tukey-corrected tests: */**/***p < 0.05/0.01/0.001

versus respective saline-treated males and females; *#*

Figure S6 for total protein expression levels and the Sup-
plementary Tables S6 and S7 for complete statistical anal-
ysis. Interactions between treatment, genotype and sex
were specifically observed in phosphorylated IRS1 ratio
[p(Tyr618/Ser612)IRS1] in mice treated with rhGH (F, 44
= 442, p<0.05), and phosphorylated PI3K [p(Tyr607)
PI3K] levels in mice treated with rhIGF1 (F,,, = 4.80,
p<0.05), suggesting that the effects of rhGH and rhIGF1
treatments on p(Tyr618/Ser612)IRS1 and p(Tyr607)PI3K
levels, respectively, are sex- and genotype-dependent.
However, interaction between treatment and geno-
type was specifically observed in phosphorylated ERK2
[p(Tyr204)ERK2] levels in mice treated with rhPAPP-A2

p<0.05/0.01 versus respective wt/wt males and females

only (F 4 = 9.24, p<0.005), suggesting a genotype-
dependent effect of rhPAPP-A2 treatment on p(Tyr204)
ERK?2 levels.

Analyzing the sexes separately, interactions between
treatment and genotype were specifically found in: (1)
p(Tyr618/Ser612)IRS1 ratio in males treated with rhGH
(F1 03 = 12.3, p<0.01), (2) p(Tyr607)PI3K levels in males
treated with rhIGF1 (F, ,; = 6.88, p<0.05), (3) p(Ser473)
AKT levels in females treated with rhIGF1 (F, ,; = 5.70,
p<0.05), and (4) p(Tyr204)ERK2 and p(Thr172)AMPKa
levels in females treated with rhPAPP-A2 (F,; > 5.42,
p<0.05). Interactions between treatment and sex were
observed in p(Thr172)AMPKa levels in mice treated
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with thGH (F, 4 = 6.38, p<0.05) and rhPAPP-A2 (F, 45 =
16.5, p<0.001). In addition, interactions between treat-
ment and sex were also found in p(Tyr618/Ser612)IRS1
ratio in mice treated with rhGH (F, 4, = 13.5, p<0.001),
and in p(Tyr279/Ser609)GSK3p ratio in mice treated
with rhIGF1 (F, ,; = 5.9, p<0.05). Interactions between
genotype and sex were observed in p(Tyr279/Ser609)
GSK3p ratio after all three treatments (thGH: F, 45 = 6.97,
p<0.05; thIGF1: F, ,; = 7.03, p<0.05; thPAPP-A2: F, ¢ =
9.24, p=0.01). In addition, interactions between genotype
and sex were found in p(Tyr618/Ser612)IRS1 ratio and
p(Tyr204)ERK2 levels in mice treated with rhGH only
(F147 > 4.41, p<0.05). See the Supplementary Tables S6
and S7 for further statistical analysis.

Effects of rhGH and rhPAPP-A2 treatments on the
p(Tyr618/Ser612)IRS1 ratio were observed, whereas an
effect of rhPAPP-A2 treatment on p(Thr172)AMPKa«
levels were only found. Analyzing the sexes separately,
effects of all three treatments on p(Thr172)AMPKa lev-
els were specifically observed in males, but not females
(thGH: F, 5, = 6.06, p<0.05; thIGF1: F, ,, = 7.4, p<0.05;
rhPAPP-A2: F,,; = 18.89, p<0.001). In addition, rhGH
and rhPAPP-A2 effects on the p(Tyr618/Ser612)IRS1
ratio (F,,; = 87.8, p<0.001 and F,,; = 7.7, p<0.05,
respectively), and rhIGF1 and rhPAPP-A2 effects on
p(Serd73)AKT levels were observed in males (F,,; =
9.98, p<0.01 and F, ,3 = 7.65, p<0.05, respectively). Only
females showed rhPAPP-A2 effects on the p(Tyr618/
Ser612)IRS1 ratio and p(Serd73)AKT levels (F; o3 > 4.85,
p<0.05). Genotype effects on p(Tyr204)ERK2 levels were
observed after rhGH and rhIGF1 treatment (F, ,;, > 8.62,
p<0.005), whereas a genotype effect on p(Ser2448)mTOR
levels was specifically found after rhGH treatment (F, 45
= 19.9, p<0.001). Analyzing the sexes separately, geno-
type effects on the p(Tyr279/Ser609)GSK3p ratio after
all three treatments (rhGH: F, 55 = 4.74, p<0.05; rhIGF1:
Fl o3 = 9.89, p<0.01; thPAPP-A2: F,,, = 11.1, p<0.01),
and on the p(Tyr618/Ser612)IRS1 ratio and p(Ser2448)
mTOR levels after rhGH treatment (F, 53 = 16.1, p<0.001
and F, ,3 =7.25, p<0.05, respectively) were only observed
in males. Genotype effects on p(Tyr204)ERK2 levels after
rhGH and rhIGF1 treatments (F; ,3 = 9.82, p<0.005 and
Fi .3 = 7.69, p<0.05, respectively), and on p(Ser2448)
mTOR levels after rhGH treatment (F ,; = 13.9,
p=0.001) were only found in females. Finally, sex effects
on p(Tyr618/Ser612)IRS1 ratio were observed after
rhIGF1 and rhPAPP-A2 treatments (F, 4, = 7.37, p=0.01
and F,,; = 12.4, p=0.001, respectively), whereas sex
effects were also found on the p(Tyr279/Ser609)GSK3[3
ratio after rhGH treatment, and p(Thr172)AMPKa lev-
els after rhPAPP-A2 treatment (F, 44 = 5.45, p<0.05 and
F, 45 =104, p<0.01, respectively). See the Supplementary
Tables S6 and S7 for further statistical analysis.
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Multiple comparisons showed that rhGH treat-
ment increased the p(Tyr618/Ser612)IRS1 ratio only in
Pappa2"™* and Pappa2°’*° males, but not females, com-
pared to respective untreated mice (**/***p<0.01/0.001;
Fig. 7C). No significant differences in the p(Tyr618/
Ser612)IRS1 ratio were observed after rhIGF1 treatment
(Fig. 7C). However, rhPAPP-A2 treatment specifically
increased the p(Tyr618/Ser612)IRS1 ratio in Pappa2*®/<
males compared to respective untreated males (*p <0.05;
Fig. 7C). No significant differences in p(Tyr607)PI3K
levels were found after any of the treatments (Fig. 7D).
rhIGF1 and rhPAPP-A2 treatments, but not that of
rhGH, specifically decreased p(Ser473)AKT levels in
Pappa2*®’* males and females compared to respec-
tive untreated mice (*p<0.05; Fig. 7E). rhGH treatment
increased p(Ser473)AKT levels in Pappa2*"™* females
only (**p<0.01; Fig. 7E). In addition, only rhIGF1 treat-
ment decreased p(Ser2448)mTOR levels in Pappa2*®/<
males compared to respective untreated males (*p <0.05;
Fig. 7F). No significant differences in the p(Tyr279/
Ser609)GSK3p ratio were found after any of the treat-
ments (Fig. 7G). p(Tyr204)ERK2 levels were specifically
decreased in Pappa2*V"* males treated with rhIGF1, and
in Pappa2<°*® females treated with rhPAPP-A2, com-
pared to respective untreated mice (*p<0.05; Fig. 7H).
p(Thr172) AMPKa levels were specifically increased in
Pappa2*®’* males, but not females, treated with rhGH
and rhIGF1, and in Pappa2®’ females, but not males,
treated with rhPAPP-A2 (*p<0.05; Fig. 7I). In con-
trast, Pappa2”’/** male and female mice treated with
rhPAPP-A2 showed decreased p(Thr172)AMPKa levels
(*p<0.05; Fig. 7I). Regarding genotype, the p(Tyr618/
Ser612)IRS1 ratio was specifically lower in rhGH-
treated Pappa2®’® males, but not females, compared to
respective treated Pappa2"™* mice (*p<0.01; Fig. 7C).
p(Tyr607)PI3K levels were specifically lower in rhIGF1-
treated Pappa2®’® males, but not females, compared to
respective treated Pappa2*"™* mice (*p<0.05; Fig. 7D).
Untreated (saline) PappaZkO/l“’ male and female mice
showed higher p(Ser2448)mTOR levels compared
to respective untreated Pappa2™' mice (*p<0.05;
Fig. 7F). In addition, untreated Pappa2“’*® males
showed a lower p(Tyr279/Ser609)GSK3p ratio, whereas
untreated Pappa2®’® females showed higher p(Tyr204)
ERK2 levels compared to respective untreated
Pappa2*?™* mice (*p<0.05; Fig. 7G, H). Finally,
p(Thr172) AMPKa levels were specifically higher in
PAPPA2-treated Pappa2*® females compared to
PAPPA2-treated Pappa2*™* females (*p<0.05; Fig. 7I).
Representative immunoblots are shown in Fig. 7] (see
also the Supplementary Figure S4 for unedited blots).

In summary, we observed a sex-specific effect of
treatment on liver protein levels of key regulators of
IGF1 signaling pathways. Specifically, rhPAPP-A2
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decreased phosphorylated forms of AKT and ERK2, and
increased phosphorylated forms of AMPK in the liver of
Pappa2°’® females, suggesting downregulation of cell
growth and protein synthesis and tight regulation of cell
proliferation and lipid metabolism.

Effects of rhGH, rhIGF1 and rhPAPP-A2 on liver protein
expression of GH intracellular pathway regulators

Protein and phosphoprotein expression levels of canoni-
cal intracellular signaling of GH were also analyzed in
the liver of Pappa2*™* and Pappa2“°’*° male and female
mice treated with rhGH, rhIGF1 and rhPAPP-A2 for 30

A
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postnatal days (PND) from PND5 to PND35 (Fig. 8A, B).
See the Supplementary Figure S7 for total protein expres-
sion levels and the Supplementary Tables S8 and S9 for
complete statistical analysis. Interaction between treat-
ment and genotype was specifically observed in phos-
phorylated STAT5 [p(Tyr694)STAT5] levels in mice
treated with rhIGF-1 (F, 4; = 4.65, p<0.05) and rhPAPP-
A2 (F 4; = 4.23, p<0.05), suggesting a genotype-depen-
dent effect of rhIGF-1 and rhPAPP-A2 treatments on
p(Tyr694)STATS5 levels. Interaction between genotype
and sex was observed in p(Tyr705)STAT3 levels after GH
treatment only (thGH: F, 4; = 5.56, p<0.05). Analyzing
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Fig. 8 Experimental design (A) and schematic diagram (B) of the analysis of key regulators of GH signaling pathways in the liver of Pappa
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the sexes separately, interaction between treatment and
genotype in p(Tyr694)STAT5 levels was specifically
observed in females, but not males, treated with all three
treatments (rhGH: F, 5, = 11.2, p<0.01; rhIGF1: F,,, =
10.0, p<0.01; thPAPP-A2: F, ,, = 8.64, p<0.01).

An effect of rhPAPP-A2 treatment was only found on
the p(Tyr694)STATS5 levels was only found (F, 4, = 6.83,
p<0.05). In addition, a sex effect on p(Tyr1008)JAK2 lev-
els was specifically observed in a rhGH-dependent man-
ner (F, 4, = 4.42, p<0.05), suggesting increased levels in
females. Analyzing the sexes separately, effects of rhGH
and rhPAPP-A2 treatments on p(Tyr694)STAT5 levels
were observed in females, but not males (thGH: F, 3, =
12.8, p=0.001; thPAPP-A2: F, ,; = 4.63, p<0.05). Geno-
type effects on p(Tyr694)STATS5 levels after rhGH and
rthPAPP-A2 treatments (F, 3; = 8.24, p<0.01 and F,,, =
10.5, p<0.01, respectively) were only found in females,
whereas a genotype effect on p(Tyr705)STAT3 levels
after rhGH treatment (F,3, = 10.1, p<0.01) was only
observed in males. See the Supplementary Tables S8 and
S9 for further statistical analysis.

Multiple comparisons showed that Pappa2 deletion
decreased p(Tyr1008)JAK2 levels only in rhGH-treated
females, but not males, compared to respective untreated
mice (*p<0.05; Fig. 8C). In contrast, Pappa2 deletion
increased p(Tyr705)STAT3 levels in all treated males, but
not females (*»<0.05; Fig. 8D), and increased p(Tyr694)
STAT5 levels in all treated females, but not males
(**p<0.01; Fig. 8E), compared to respective untreated
mice. Regarding treatment, rhGH specifically increased
p(Tyr705)STAT3 levels in Pappa2*’** males only
(*p<0.05; Fig. 8D). In addition, rhGH and rhIGF1 treat-
ments increased p(Tyr694)STAT5 levels in Pappa2™™
females only (*/**p<0.05/0.01; Fig. 8E). Finally, rhPAPP-
A2 treatment specifically decreased p(Tyr694)STAT5
levels in Pappa2*®’® females only (**p<0.01; Fig. SE).
Representative immunoblots are shown in Fig. 8F (see
also the Supplementary Figure S4 for unedited blots).

In summary, we observed sex-specific effects of geno-
type and treatment on liver protein levels of key regu-
lators of GH signaling pathways. Specifically, Pappa2
deletion increased a phosphorylated form of STAT3 in
the liver of males, but not females, and increased a phos-
phorylated form of STATS5 in the liver of females, but
not males. Only rhPAPP-A2 treatment decreased STAT5
phosphorylation in the liver of Pappa2*®’® females,
suggesting that treatment with rhPAPP-A2 suppresses
STATS5 activation probably by continuous GH stimula-
tion specifically in females.

Discussion

The present study aims to evaluate whether Pappa?2 defi-
ciency and pharmacological manipulation of the GH/
IGF1 system are associated with sex-specific differences

Page 18 of 25

in growth-related signaling pathways. We describe the
expression of the main components of IGF1 ternary
complexes and IGF1 intracellular signaling pathways in
the hypothalamus, pituitary gland and liver, key tissues
involved in the physiological control of growth. More-
over, special emphasis was placed on the differential
responses of males and females to this genetic alteration
and on the response to pharmacological administration
of rhGH, rhIGF1 and rhPAPP-A2. It is known that PAPP-
A2 is a key regulator of IGF1 bioavailability and that
IGF1, acting as an autocrine, endocrine and paracrine
factor, is responsible for promoting efficient growth,
development and maintenance at all physiological stages.
As growth and the GH/IGF system are sexually dimor-
phic in rodents [30] and human in an age-specific man-
ner [12], analyzing sex-specific IGF1 system alterations
due to the lack of PAPP-A2 proteolytic activity and the
response to rhGH, rhIGF1 and rhPAPP-A2 treatments
can provide relevant information about the physiopatho-
logical mechanisms and signaling pathways underlying
the differential implications of PAPP-A2 in growth physi-
ology between males and females. In addition, results
may also support the use of promising drugs to alleviate
postnatal growth retardation underlying low IGF1 bio-
availability observed in PAPP-A2 deficient patients.

Homozygous Pappa2*®’* mice recapitulate several fea-
tures of the phenotype described in patients with PAPP-
A2 mutations [1, 3, 4, 11], especially regarding auxology
(short stature, thin long bones, decreased bone mineral
density), hormone levels (elevated serum concentrations
of IGF1, IGFBP3, IGFBP5 and IGFALS) and metabolic
status (disturbance in carbohydrate metabolism). Pappa2
deficient mice have growth retardation from the neona-
tal period to adulthood, with Pappa2°’*® mice having
reduced body and bone (femur and tibia) length through-
out lifespan [20, 21, 23], which was also found here. In
addition, the IGF1 system was described to be altered
at the local level in bone of these mice, which probably
contributes to not only reduced bone growth but also to
the alterations in bone structure (crystallographic param-
eters), composition (mineral-to-organic matrix ratio, car-
bonate substitution, collagen maturity) and remodeling
(osteopontin, osteocalcin, alpha-1 type 1 collagen) in a
sex-dependent manner [16, 23].

Here we demonstrate sex-specific reductions in
body length at puberty and adulthood, as well as femur
length (raw and relative to body length) in adulthood,
and female-specific increases in body and femur length
at puberty in mice treated with thPAPP-A2 for 30 days
(PND5-35). Females have been previously described
to be smaller and have a lighter skeleton than males
[21, 23, 31]. Moreover, we previously described sex-
specific differences in bone structure and composi-
tion of Pappa2 deletion mice [23]. The present study
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indicates that loss of Pappa?2 differentially affects body
and femur length in adulthood, but not at puberty
onset, in males and females, and thus also altering the
normal sex differences in these parameters. At puberty
onset, Pappa2°’*° males and females are significantly
shorter than the respective Pappa2"’/*' males and
females, with females being shorter than males in both
genotypes. In adulthood, Pappa2’*® females, but not
Pappa2*°’* males, are significantly shorter than their
respective Pappa2”™* controls. On the contrary, in
adulthood the femur of Pappa2*®’* males, but not of
females, is significantly shorter than that of their respec-
tive Pappa2"’™ controls. Compared to rhGH and
rhIGF1, rhPAPP-A2 administration specifically increased
body and femur length in Pappa2*°’*° females at puberty
onset. As these sex differences in response to Pappa2 loss
and rhPAPP2 treatment emerged at puberty, our results
suggest that the action of PAPP-A2 on growth interacts
with pubertal sex steroids through changes at the bio-
chemical and molecular levels in the GH-IGF1 axis.

Mice lacking Pappa?2 also altered plasma concentra-
tions of the main components of IGF1 ternary/binary
complexes (e.g., IGF1, IGFBP5), similar to PAPP-A2
deficient patients [4], with a difference between the
sexes shown in mice. The absence of Pappa2 caused
an increase in plasma levels of total IGF1, especially in
female mice. Pappa2®’*® females also had significant
increases in plasma levels of IGFBP5, whose binding to
IGF1 is directly controlled by the proteolytic activity of
PAPP-A2 [7, 8]. Total IGF1 levels were found to have a
similar plasma profile, suggesting that part of IGF1 is
bound in ternary and/or binary complexes in conjunc-
tion with IGFBP5. Therefore, one would expect reduced
IGF1 actions through IGFIR in target tissues. Contrary
to rhGH effects, rhIGF1 and rhPAPP-A2 administra-
tions decreased plasma levels of total IGF1 and IGFBP5.
These results contrast to the elevated levels of total IGF1
maintained in PAPP-A2 deficient patients treated with
rhIGF1 [4]. Plasma levels of bioactive IGF1 exert negative
feedback actions on the production and secretion of GH
by somatotropic cells of the anterior pituitary gland. In
both Pappa2“°’*° males and females GH concentrations
were increased in the pituitary gland, an effect that can
be caused by low IGF1 availability and could result in
more liver production of IGF1 and IGFBP5 [32], as can
be partially observed after rhGH administration. In our
animal model, at least in the liver of Pappa2“®’*° females,
increased GH secretion is supported by higher mRNA
levels of GH targets, such as Ghr, Igfl, Igfbp3, Igfals and
Stcl, similar to rhGH administration that was associated
with higher mRNA levels of Igfl, IgfIr, Igfbp5, Igfals and
Stcl, suggesting upregulation of IGF ternary complexes.

Although low IGF1 bioavailability would increase GH
synthesis, as observed here, this increase is not reflected
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in the plasma of animals lacking Pappa2, as previously
reported in patients with PAPP-A2 deficiency [1]. How-
ever, as GH is secreted in a pulsatile fashion, a single
plasma measurement does not necessarily reflect its
total integrated levels, nor the efficiency of the pulsa-
tile pattern to promote growth. Several studies reported
that there is not always a perfect correlation between
IGF1 and GH actions, suggesting that IGF1 production
depends on additional factors that modulate this axis
[33-35]. In agreement, mice with liver IGF1 deficiency
(LID) have reduced circulating total IGF1 levels and a
consequent increase in plasma GH levels, whereas mice
with Igfals gene deletion (ALSko) have reduced levels of
circulating total IGF1 with normal GH levels [33]. Only
double-knockout mice (LID+ALSko) were described to
have a marked increase in free IGF1 levels [33].

The sex differences associated with the effects of
Pappa?2 deletion and low IGF1 bioavailability are sup-
ported by strong evidence for cross-regulation between
IGF1 and estrogen receptors (ERa and GPER) in growth,
sexual maturation and neuroendocrine function [36—
40]. In particular, the non-classical estrogen receptor
GPER (GPR30) has been described to be relevant in
bone growth in a sex-dependent manner [41, 42]. Here,
we analyzed sex differences in the gene expression of
the main components of the IGF1 system in the hypo-
thalamus, pituitary gland and liver of male and female
Pappa2°’*® mice. As expected, Pappa2 mRNA levels
were dramatically reduced in the hypothalamus and pitu-
itary gland of Pappa2°’*° male and female mice, and no
Pappa2 expression was detected in their liver. Signifi-
cantly attenuated proteolytic activity of PAPP-A2 in the
hypothalamus and pituitary gland (and probably in the
liver) would most likely reduce local IGF1 bioavailability
and increase circulating IGF1 half-life, due to increased
expression of components of IGF ternary/binary com-
plexes. Following a comprehensive analysis of the mRNA
levels of IGF1 system components in the hypothalamus-
pituitary-liver axis, animals lacking Pappa2 presented
changes in the gene expression of Igfl, Igfbp3, IgfbpS5,
Igfals, Stcl, Ghr, with some changes being sex-depen-
dent (Pappa2, Gh, Ghrhr, Igfl, Igfbp3). In fact, there are
marked sex differences in the mRNA levels of IGF1 sys-
tem components (Pappa2, Ghrh, Ghrhr, Gh, Ghr, Igfl,
Igflr, Igfbp5, Igfals) in different tissues in this animal
model (Fig. 9A). In Pappa2“®’* mice increased mRNA
levels of Igfbp5 were found in the hypothalamus, Igf1 in
the pituitary gland, and Igfl, Igfbp3, Igfals and Stcl in
the liver. These results, together with increased circulat-
ing concentrations of IGF1 and IGFBP5, agree with an
upregulated expression of key components of the IGF1
ternary/binary complexes that probably result in lower
local levels of bioactive IGF1 in the hypothalamus, pitu-
itary gland and liver. Although animals lacking Pappa2
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Fig. 9 (A) Schematic diagrams summarizing the alterations in the hypothalamus-pituitary-liver axis that result in decreased body and femur length in
Pappa2*®’*® mice (males and females) in adulthood. Increased and decreased levels are represented by a blue arrow for males and a red arrow for females.
The effect of genotype is indicated by an asterisk (¥). Reduced body and femur length of Pappa2*®’*> mice and female-specific increased expressions of

components of IGF1 binary/ternary complexes (IGF1 and IGFBP5 in plasma,

Igfbp5 in hypothalamus, and Igfbp3 and Igfals in liver) could be consistent

with reduced IGF1 availability and signaling in target tissues. Sex-specific modulation of key sensors of IGF1 signaling pathways (phosphorylation of
AKT, mTOR, GSK3B and ERK1/2 in the female hypothalamus, phosphorylation of GSK3[ and ERK1/2 in the male pituitary gland, and phosphorylation of

PI3K and AMPKa in the female liver) may be relevant to explain growth impa

irment through a dysregulated IGF1 system due to PAPP-A2 deficiency. (B)

Schematic diagrams summarizing changes in IGF1 ternary complex components and IGF1 signaling pathways that result in increased body and/or femur
length after the pharmacological administration of rhGH, rhIGF1 and rhPAPP-A2 for 30 days (PND5-35) in Pappa2“®’*® mice (males and females) at puberty
onset. Increased and decreased levels are represented by a blue arrow for males and a red arrow for females. The effect of treatment is indicated by an
asterisk (*). Female-specific increases in body and femur length and female-specific decreases in expressions of components of IGF1 ternary complexes
(IGF1 and IGFBPS5 in plasma, and Igfbp3 and Igfals in liver) could be consistent with increased IGF1 availability and signaling in target tissues. Female-
specific modulation of key sensors of liver IGF1 signaling pathways (reduced phosphorylation of AKT and ERK2, and increased phosphorylation of AMPKa)
may be relevant to explain growth improvement through a regulated IGF1 system by rhPAPP-A2 treatment

show a dysregulated IGF1 system, the gene expres-
sion of hypothalamic hormones involved in pituitary
GH production, such as Ghrh and Ghih, is not particu-
larly affected by genotype. These results suggest that
the increased GH levels in the pituitary gland could be
a direct consequence of decreased negative feedback of
IGF1 at this level. It should also be noted that previous
studies suggest a central and peripheral role of IGFBP5
in energy metabolism [43]. Igfbp5 expression was specifi-
cally increased in the hypothalamus of male mice fed a
high-fat diet without affecting other members of the IGF

system [44], and IGFBP5 was altered in the hypothala-
mus of Pappa2®’® mice of both sexes.

The increased Ghr mRNA levels in the liver of
Pappa2*®’* male and female mice (genotype effect) sub-
stantiate an increase in GH-stimulated IGF1 expression
in the liver [32]. Sex-specific effects of Pappa?2 deficiency
on the gene expression of IGF1 system components are
represented by: (1) a specific increase of Igfbp5 in the
hypothalamus of Pappa2°’*° males; (2) specific increases
of Gh and Igfl in the pituitary gland of Pappa2®/*
females; (3) a decrease of Ghrhr in the pituitary gland of
Pappa2*®’* males; and (4) increases of Igfl, Igfbp3 and
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Igfals in the liver of Pappa2“®’™® females. The female-
specific increase in the expression of components of the
IGF1 system in liver suggests that the increased synthesis
of IGF1, most likely stimulated by GHR activation in the
liver (increased expression of pituitary GH and liver Ghr)
is mainly sequestered in IGF ternary/binary complexes of
Pappa2°’*° females, also supported by the increased lev-
els of circulating levels of IGFBP5. However, there was no
change in the expression of the hypothalamic factors and
the intracellular signaling pathways analyzed were either
unaffected or increased in Pappa2 ' females, indicat-
ing that the lack of Pappa2 may have limited effects on
the IGF system at the level of the hypothalamus. It is
plausible to assume that reduced IGF1 bioavailability and
alteration of IGF1 intracellular signaling pathways were
tissue and sex-specific.

There are similar sex-specific effects of rhGH, rhIGF1
and rhPAPP-A2 treatments on liver Ghr mRNA levels,
resulting in increased levels in males and decreased lev-
els in females. Compared to rhGH and rhIGF1, where
an overall increased expression of the liver IGF1 sys-
tem components were detected, sex-specific effects of
rhPAPP-A2 on the liver gene expression of IGF1 system
components are represented by: (1) increases of Igfl and
Stc2, and decreases of Igfr1 and Stcl in liver of males; (2)
increases of Igfl, Igflr and Stcl, and decreases of Igfbp3
and Igfals in liver of females (Fig. 9B). These results sup-
port rhPAPP-A2-induced reduction in IGF ternary/
binary complexes and suggest higher IGF1 bioavailability
involving subsequent changes of IGF1 intracellular sig-
naling pathways.

Longitudinal growth and somatic maturation are
mainly regulated by IGF1 binding to IGFIR and the
subsequent IGF1R activation of main intracellular sig-
naling pathways in target tissues [32, 45—47]. Intracel-
lular signal of the IGFIR is reported to be regulated by
cross-interaction with ER and differential activation of
synergistic PI3K/AKT, GSK3, ERK and Wnt pathways,
with these actions possibly being tissue/cell specific [37,
48-51]. To determine sex differences in putative IGF1
signaling pathway dysregulation in response to Pappa2
deficiency, we analyzed key intracellular pathways,
including PI3K, AKT, AMPKa, ERK1/2, mTOR and
GSK3pB, among others, in the hypothalamus-pituitary-
liver axis of Pappa2“°’* male and female mice, and the
liver of mice treated with rhGH, rhIGF1 and rhPAPP-A2.
Sex-specific effects of Pappa2 deficiency on these sig-
naling pathways included: (1) a decrease of p(Ser2448)-
mTOR in the hypothalamus of Pappa2“°’*° males, and
increases of p(Ser2448)-mTOR, p(Thr202/Tyr204)-
ERK1/2, p(Ser473)-AKT and p(Ser9)-GSK3B in the
hypothalamus of Pappa2<®*® females; (2) an increase
of p(Ser9)-GSK3p (a tendency of p(Thr202/Tyr204)-
ERK1/2) in the pituitary gland of Pappa2“°’*° males; and
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(3) increases of p(Tyr607)-PI3K and p(Thr172)-AMPKu«
in the liver of Pappa2*°’ females (Fig. 9A). Sex-spe-
cific effects of treatment on these signaling pathways in
liver included: (1) increases of p(Tyr618/Ser612)IRS1
in rhGH and rhPAPPA2-treated males; (2) decreases of
p(Serd73)-AKT in rhIGF1 and rhPAPPA2-treated mice,
and increases in rhGH-treated females; (3) increases
of p(Thr172)-AMPKu in the liver of rhGH and rhIGF1-
treated males, and rhPAPPA2-treated females; and (4)
decreases of p(Ser2448)-mTOR and p(Tyr204)-ERK2 in
rhIGF1-treated males (Fig. 9B).

There are key signaling pathways via RAS/MEK/ERK
and PI3K/AKT/mTOR that are activated following cel-
lular activation of IGF1R, and mainly serve the function
of regulating unrestricted cell proliferation and decreased
sensitivity to apoptotic mechanisms that involve changes
in glucose and lipid metabolism and protein synthesis in
target tissues responsible for promoting growth, develop-
ment, and maintenance at all physiological stages [52—
54]. AKT, a principal target of PI3K signaling for IGF1,
regulates glucose metabolism via GSK3 phosphorylation/
inhibition and mTOR activation [52, 54, 55]. Increased
levels of AKT phosphorylation and the p110a/PI3K sub-
unit were also described to be related to the astrocytic
regulation of IGF1 in neuroinflammation in a sex-depen-
dent manner [51]. In our study, increased phosphorylated
levels of AKT, GSK3p and mTOR were specifically found
in the hypothalamus of Pappa2“°’*° females, and this may
suggest a close regulatory control of glucose metabolism
and protein synthesis in the female hypothalamus. Effects
of local activation of the PI3K/AKT signaling pathway,
via subsequent mTOR activation, are promoted by the
suppression of GSK3f (Ser9)-phosphorylation/inactiva-
tion, resulting in a key role in protein synthesis to coordi-
nate neural cell proliferation, neuronal differentiation and
polarization and axonal growth [56, 57]. Our results indi-
cated increased expression of GSK3f (Ser9)-phosphor-
ylation in the hypothalamus of Pappa2®/® female mice,
suggesting possible affectation of neuronal proliferation/
maturation. Our results also suggest that higher ERK1/2
phosphorylation (also known as p44 and p42 MAPK) is
probably inducing cell proliferation in the hypothalamus
of Pappa2’*° females (Fig. 9A). Together these results
could indicate increased cell turnover, or even increased
metabolism; hypotheses that should be analyzed in future
studies.

It is also important to focus on the hypothalamic
AMPK signaling pathway via mTOR, a primary oxygen
and nutrient sensing pathway that plays a key role in the
central modulation of glucose and amino acid utilization
and signaling through IGF1, an effect that could explain
differences in growth and development in a sex-specific
manner [58, 59]. Indeed, AMPK-mTOR signaling is also
necessary for bone development through promotion of
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chondrocyte proliferation and hypertrophy [60]. Our
results suggest that sex-specific effects of Pappa2 defi-
ciency on the hypothalamic expression of phosphory-
lated mTOR, that is decreased in Pappa2°’*° males and
increased in Pappa2*®’*° females (Fig. 9A), could result in
changes in the hypothalamic control of growth physiol-
ogy and maintenance in a sex-dependent manner.

In pituitary somatotropic cells, ERK signaling becomes
activated by GHRH and inhibited by somatostatin,
resulting in increased proliferative and non-prolifera-
tive responses, respectively [61]. In addition, activation
of ERK signaling is required for GH production, while
inhibition of PKA/CREB signaling pathway via GSK3f
dephosphorylation/activation is necessary to suppress
GH synthesis in somatotrophs [61-63]. Despite no evi-
dence of an AMPK role in hypothalamic control of
somatotropic function, AMPK activation was followed
by a reduction of GH storage and release in the pituitary
gland, an effect that may be inhibited by ERK1/2 phos-
phorylation and enhanced by the negative feedback regu-
latory action of IGF1 on the pituitary somatotropic cells
[18]. These studies support the fact that the genotype
effect due to increased levels of phosphorylated GSK3f3
(and a tendency in phosphorylated ERK1/2) agree with
increased GH secretion in the pituitary gland at least in
Pappa2°’*® males, as described above, whereas normal
GSK3 expression in the pituitary gland of Pappa2*®/<
females may result in a limited effect on GH production
(Fig. 9A).

Accumulated evidence indicates that PI3K/AKT path-
way activation and transcription factor-induced synthesis
and release of IGF1 in the liver are required for normal
longitudinal growth before and during puberty, body
composition (increasing body mass and decreasing body
fat) and protein, lipid, carbohydrate and mineral metabo-
lism [17]. IGF1 elicits transient insulin-like activation of
the PI3K p85 subunit, leading to AKT phosphorylation
and GSK3 inactivation, and thereby facilitating glycogen
synthesis, fatty acid synthesis for storage, cell apoptosis
protection and cell cycle progression [64]. In addition,
AMPK activity has the potential to interfere with GH-
induced IGF1-mediated cellular anabolic events (gly-
cogen and protein synthesis) by modulating PI3K/AKT
pathways and inhibiting the mTOR response in the liver
[18]. A controversial study associated IGFBP5 overex-
pression, that may result in low IGF1 bioavailability, with
increased glucose uptake and glycogen synthesis through
activating both the IRS1/AKT and AMPK pathways [65].
Our results suggest that increased phosphorylated levels
of PI3K and AMPK, specifically observed in the liver of
Pappa2°’*° female mice, may explain higher production
of IGF1 and IGFBP5, and key components of IGF1 ter-
nary/binary complexes (Igf1, Igfbp3 and Igfals), in addi-
tion to blocking anabolic events leading to a negative
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energy balance [4]. Our results also indicate that these
changes observed specifically in Pappa2*®’* females can
be counteracted after rhPAPP-A2 treatment, downregu-
lating IGF1 ternary/binary complexes through decreased
phosphorylated AKT and ERK2 levels and increased
phosphorylated AMPK levels.

IGF1 secretion in the liver is induced by GH activation
of JAK2-STAT5b intracellular signaling (Choi and Wax-
man, 2000). Activation of this pathway is required for the
sex-dependent effects of GH on liver gene expression,
including components of IGF1 ternary/binary complexes,
and whole-body growth rates. Our results indicated a
female-specific alteration of phosphorylated JAK2 and
STATS in the liver, an effect that was genotype- and treat-
ment-dependent. Notably, the increased STAT5 phos-
phorylation observed specifically in Pappa2’* females
were normalized after rhPAPP-A2 treatment only, sup-
porting downregulation of IGF1 ternary/binary com-
plexes through decreased phosphorylated STATS5.

Perspective and sifnificance

This study presents a systematic description of the sex-
specific changes found in body and femur length, IGF1
system and IGF1 signaling pathways through the hypo-
thalamus-pituitary-liver axis in a Pappa2-deficient ani-
mal model with growth retardation, and in the liver of
these mice after pharmacological manipulation of the
GH/IGF1 system by rhGH, rhIGF1 and rhPAPP-A2
administrations for 30 days. Reduction in body and bone
length of Pappa2<’*° mice and higher expression of
specific components of IGF1 binary/ternary complexes
in a female-specific manner (higher levels of IGF1 and
IGFBP5 in plasma, Igfbp5 in hypothalamus, and Igfbp3
and Igfals in liver) could be consistent with reduced IGF1
availability and signaling in target tissues. Indeed, sex-
specific alterations of IGF1 signaling pathways (AKT,
mTOR, GSK3p and ERK1/2 phosphorylation in the
female hypothalamus, GSK3p and ERK1/2 phosphoryla-
tion in the male pituitary gland, and PI3K and AMPKa
phosphorylation in the female liver) and GH signaling
pathway (STAT5 phosphorylation in the female liver)
could be relevant to explain growth impairment through
a dysregulated IGF1 system due to PAPP-A2 deficiency.
Compared to rhGH and rhIGF1, rhPAPP-A2 treatment
was associated with increased body and femur length,
and lower expression of specific components of IGF1
binary/ternary complexes in a female-specific manner
(lower levels of IGF1 and IGFBP5 in plasma, and Igfbp3
and Igfals in liver, and higher levels of Igfl and Igfir in
liver). Moreover, female-specific changes of IGF1 and
GH signaling pathways (AKT, AMPKa and STAT5 phos-
phorylation in the female liver) could be relevant to
explain growth improvement through increased IGF1
bioavailability.
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In conclusion, these results shed light on the involve-
ment of PAPP-A2 in sex-based growth physiology,
contribute to elucidate IGF1 signaling disruption in a
female-specific manner, and support the use of promising
drugs to alleviate progressive postnatal growth retarda-
tion underlying low IGF1 bioavailability in PAPP-A2 defi-
cient patients. Further studies are necessary to determine
how pubertal sex steroids and estrogen receptors, which
interact with the GH-IGF system to regulate sex-specific
growth promotion, are altered in the absence of Pappa2.
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