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Abstract

The most common congenital disorder of glycosylation (CDG), phosphomannomutase 2 (PMM2)-CDG, is caused by mutations
in PMM2 that limit availability of mannose precursors required for protein N-glycosylation. The disorder has no therapy and
there are no models to test new treatments. We generated compound heterozygous mice with the R137H and F115L
mutations in Pmm2 that correspond to the most prevalent alleles found in patients with PMM2-CDG. Many Pmm2&!37H/F115L
mice died prenatally, while survivors had significantly stunted growth. These animals and cells derived from them showed
protein glycosylation deficiencies similar to those found in patients with PMM2-CDG. Growth-related glycoproteins insulin-
like growth factor (IGF) 1, IGF binding protein-3 and acid-labile subunit, along with antithrombin III, were all deficient in
Pmm2RI37H/FISL mjce but their levels in heterozygous mice were comparable to wild-type (WT) littermates. These
imbalances, resulting from defective glycosylation, are likely the cause of the stunted growth seen both in our model and in
PMM?2-CDG patients. Both Pmm2R*37"#/F115L moyse and PMM2-CDG patient-derived fibroblasts displayed reductions in PMM
activity, guanosine diphosphate mannose, lipid-linked oligosaccharide precursor and total cellular protein glycosylation,
along with hypoglycosylation of a new endogenous biomarker, glycoprotein 130 (gp130). Over-expression of WT-PMM?2 in
patient-derived fibroblasts rescued all these defects, showing that restoration of mutant PMM2 activity is a viable therapeutic
strategy. This functional mouse model of PMM2-CDG, in vitro assays and identification of the novel gp130 biomarker all shed
light on the human disease, and moreover, provide the essential tools to test potential therapeutics for this untreatable
disease.
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Table 1. Pmm2R*/H/FIL genotype caused embryonic lethality at > 12.5 dpc, which was not reversed by mannose supplementation

Mannose Gestational Litters, n Total WT/W R137H/WT R137H/F115L P-value compared

administered stage events, n pups, or F115L/WT pups, n (%) with expected

to dams n (%) pups, n (%) distribution
Expected frequency
25% 50% 25%

No Term 80 600 177 (29.5) 366 (61.0) 57 (9.5) <0.0001

Yes Term 26 195 53(27.2) 127 (65.1) 15(7.7) <0.0001

No 12.5 dpc 15 101 27 (26.7) 51 (50.5) 23 (22.8) 0.8493

No 9.5 dpc 14 117 29 (24.8) 62 (53.0) 26 (22.2) 0.7510

Expected frequency is based on Mendelian genetics. In the mannose treatment groups, females were administered 9 mg/ml mannose in drinking water for 1 week prior

to mating. Mannose treatment continued during pregnancy and halted after pups were born. P-values generated using chi-square test against expected Mendelian

distribution.

Introduction

Congenital disorders of glycosylation (CDG) are rare genetic dis-
eases in which glycosylation pathways are defective (1).
Phosphomannomutase 2 (PMM2)-CDG (previously known as
CDG-Ia, OMIM Entry No. 212065) is the most commonly diag-
nosed type and is caused by loss-of-function mutations in
PMM2 (2-4). PMM2 is an indispensable enzyme that catalyzes an
early step of the N-glycosylation pathway by converting man-
nose-6-phosphate (M6P) to mannose-1-phosphate (M1P), which
is the precursor of guanosine diphosphate mannose (GDP-man-
nose), and is necessary for the production of dolichol-linked
oligosaccharides (DLOs) and a myriad of N-glycans
(Supplementary Material, Fig. S1) (1,3,5). Thus, deficiency in
PMM2 enzymatic activity causes N-linked hypoglycosylation of
proteins. Patients with PMM2-CDG exhibit a wide range of
symptoms that can include strabismus, developmental delay,
failure to thrive, ataxia, susceptibility to infections,
coagulopathy and an increased rate of childhood mortality
(3,4,6-10). There is currently no cure or approved treatment for
PMM2-CDG. Moreover, no viable mouse model is available for
preclinical testing of potential therapeutics.

Here, we report the generation of the first viable Pmm2 hypo-
morphic mouse model. The mutant mice carry mutations
(R137H and F115L) in the highly conserved PMM2 protein that
correspond to the two most prevalent mutations in patients
with PMM2-CDG, R141H (NM_000303.2:c.422G > A (p.Argl41His)
ClinVar 7706) and F119L (NM_000303.2:¢c.357C > A (p.Phe119Leu)
ClinVar 7711). This novel mouse model recapitulates many dis-
ease features seen in patients with PMM2-CDG. Using a panel of
in vitro assays, we confirmed the deficiency in the N-glycosyla-
tion pathway in mouse embryonic fibroblasts (MEFs) from
Pmm2R$7H/FISL mytants and showed it was consistent with the
deficiency in fibroblasts from patients with PMM2-CDG. We also
identified a novel cellular glycosylation biomarker, glycoprotein
130 (gp130). Our mouse model, novel biomarker and cell-based
assays provide a platform to study the molecular pathobiology
of PMM2-CDG.

Results

Generation of a hypomorphic PMM2-CDG mouse model
that mimics the human disease phenotype

We aimed to create a viable hypomorphic mouse model of
PMM2-CDG. Previous reports showed that Pmm2 null mice die
very early in embryogenesis (11) and mice of a hypomorphic

line (Pmm2R137H/F118L)

hypomorphic mouse line that harbored the Pmm
compound heterozygous mutations (Supplementary Material,
Fig. S2), which is equivalent to the most common genotype
(PMM2RM#IH/FIIL found in human patients with PMM2-CDG
(Supplementary Material, Fig. S3) (2,13-17). Our model is distinct
from a previously described Pmm2 mouse model (Pmm28t37H
F118Ly 'in which the F118L mutation is equivalent to a synthetic
mutation F122L in the human PMM2 protein (12). Homozygous
Pmm2R137H/RI37H e mbryos showed complete embryonic lethality,
which is consistent with homozygous PMM2R 4RI myts.
tions never being observed in human PMM2-CDG (18).
Significant embryonic lethality also occurred in our Pmm2R8*37¥
FI13L hopulation at > 12.5 days post coitum (dpc) (Table 1). In the
previous Pmm2R137H/F8L model, Schneider et al. (12) showed
that providing mannose (9mg/ml) in the drinking water of
dams rescued embryonic lethality. The authors suggested that
exogenous mannose increases the metabolic flux of mannose
into the pathway and overcomes the reduced PMM2 activity
caused by R137H and F118L mutations. Providing our dams with
the same amount of mannose did not rescue embryonic lethal-
ity in Pmm2R¥7WFIBL pyups (Table 1); however, this amount of
mannose significantly rescued embryonic lethality in
Pmm2F15VFISL homozygous mutants (Table 2). We attempted
to identify prenatal gross organ defects in Pmm2R*37H/F115L
mutant mice by histological examination of surviving embryos
at 16.5 dpc; however, no significant genotype-specific histologi-
cal changes in mutant versus wild-type (WT) embryos were
observed at this developmental stage (data not shown).

Our Pmm2 hypomorphic model yields viable Pmm2R127H/F115L
offspring for postnatal studies, enabling comparison with the
clinical and molecular features of patients with PMM2-CDG. We
observed significant postnatal death in Pmm2R*¥7HF115L mjce
(50.9% survival at postnatal Day 65) while survival of heterozy-
gous pups was similar to WT siblings (98.9% and 100% survival at
Day 65, respectively, Fig. 1A). All Pmm2R37HF15L mytant mice
were visibly smaller than their littermates (Supplementary
Material, Fig. S4A) and displayed lower body weight versus WT or
heterozygous Pmm283WT and pmm2F 115V WT littermates (Fig. 1B
and C). We also observed that 3 of 31 (10%) Pmm2837H/F115L mjce
exhibited various ocular anomalies, including appearance of sec-
reta and inability to open the eye (Supplementary Material, Fig.
S4B) and 2 of 31 (6%) mice displayed hind leg hypotonia
(Supplementary Material, Fig. S4C). Multiple (9 of 31; 29%)
Pmm2R*¥7HFISL mice also had various degrees of kyphosis
(Supplementary Material, Fig. S4D), a disease feature docu-
mented in patients with PMM2-CDG (6,8,9). Two-dimensional

die by mid-gestation (12). We created a
2R137H/F115L
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Table 2 Pmm2F1/F115 genotype caused embryonic lethality that could be reversed by mannose supplementation

Mannose Gestational Litters, n Total WT/WT pups, F115L/WT F115L/F115L P-value compared

administered stage events, n n (%) pups, n (%) pups, n (%) with expected

to dams distribution
Expected frequency
25% 50% 25%

No Term 10 82 23 (28.1) 51 (62.2) 8(9.75) 0.0056

Yes Term 16 111 31(27.9) 57 (51.4) 23(20.72) 0.5395

No 12.5 dpc 18 132 38 (28.8) 63 (47.7) 31(24.48) 0.6020

No 9.5 dpc 7 58 14 (24.1) 33 (56.9) 11 (18.97) 0.4932

Expected frequency is based on Mendelian genetics. In the mannose treatment group, females were treated with 9 mg/ml mannose in drinking water for 1 week prior

to mating. Mannose treatment continued during pregnancy and halted after pups were born. P-values generated using chi-square test against expected Mendelian

distribution.

(2D) micro-computed tomography (CT) imaging revealed a more
pronounced curvature of the spine in Pmm28*7%F115L mjice com-
pared with WT (Supplementary Material, Fig. S4E). 3D micro-CT
scans further detailed the abnormal skeletal features seen in
Pmm2R*37HFISL mijce, which included kyphosis, failed closure of
the posterior fontanelle (the lower bone at the back of the skull)
and defective development of the cervical spine near the base of
the skull (Supplementary Material, Fig. S5).

Next, we performed histological examination of three pairs of
sex-matched WT and Pmm2R37H/FI5L mice at 4 weeks of age.
Mild myocardial atrophy characterized by decreased thickness of
both left and right ventricular walls and the interventricular sep-
tum, and decreased width of individual myofibers were observed
in all three Pmm2R¥H/F115L mice examined (Fig. 2A and B;
Supplementary Material, Table S1). In the liver, we detected
hepatocellular eosinophilic cytoplasmic hyaline bodies in
Pmm2R*7HFISL mice (Fig, 2C). Mild dilation in the proximal
tubule was observed consistently in the kidneys of
Pmm2R*37HFI5L mice, and was characterized by increased lumi-
nal space and loss of definition of the brush border of tubular epi-
thelium (Fig. 2D). Rare degenerate cells were also present within
the tubular epithelium or lumen (not shown). In contrast to
patients with PMM2-CDG, we did not observe changes in the
brain/cerebellum in Pmm2R37HFISL mytant mice (Fig. 2F;
Supplementary Material, Table S1). Specifically, the density of
Purkinje cells in the cerebellar folia did not differ between the
two groups. It should be noted that histological examination was
only performed on Pmm2R7HF15L mytant mice surviving to 4
weeks of age. Abnormal central nervous system pathology could
have been present in the more severely affected mutants that
died postnatally; however, we were unable to preserve these
samples for histology. No histological differences were detected
in lungs and spleens between WT and Pmm28*H/F115L mice (data
not shown).

Pmm2-mutant mice have dysregulated levels of
circulating proteins

Patients with PMM2-CDG typically have decreased levels of cir-
culating antithrombin III (ATIII), insulin-like growth factor (IGF)-
1, IGF binding protein-3 (IGFBP-3) and acid-labile subunit (ALS)
(19-21). These plasma proteins were also deficient in Pmm2R37H
F115L mice when compared with WT mice or heterozygous litter-
mates carrying one of the mutant alleles: ATIII was reduced by
37% (P <0.0001), IGFBP-3 by 41% (P <0.0001) and IGF-1 by 30%
(P <0.0001; Fig. 3A). Pmm28*37H/F115L mice had a nearly complete
absence of ALS (Fig. 3B, upper), an IGF-binding protein that is

normally highly N-glycosylated. In contrast to patients with
PMM2-CDG (22), plasma transferrin glycosylation was normal in
Pmm2R37HWFLISL mice, as measured by western blot (Fig. 3B,
lower) and confirmed by additional liquid chromatography-
mass spectrometry (LC-MS) protein analysis (data not shown).

To identify novel potential biomarkers in Pmm2R*37H/F11sL
sera, we tested an array of antibodies against 83 serum proteins
from WT and Pmm2R*37HF15L samples and validated our find-
ings by enzyme-linked immunosorbent assay (ELISA). Two gly-
coprotein biomarkers, pentraxin 3 (PTX3) and IGFBP-1 were
significantly upregulated in Pmm2R37HFIL mice (Fig. 3C). N-
glycosylated PTX3 was upregulated ~2-fold (P<0.0001) in
Pmm2RI37H/FISL samples compared with the other genotypes.
Strikingly, IGFBP-1, an O-glycosylated protein that binds to IGF-
1but not to ALS (23, 24), was upregulated >13-fold in Pmm2R*37H/
F115L mice compared with control WT mice (Fig. 3C).

Pmm2-mutant fibroblasts are deficient in the PMM2
pathway

We analyzed MEFs from these mutant embryos and found that
PMM2 protein levels in Pmm28*37%WT and pmm2F15YWT MEFs
were ~50% of levels in WT MEFs, whereas PMM2 levels in
Pmm2RI¥7HFISL MEFs  were ~25-30% that of WT MEFs
(Supplementary Material, Fig. S6). In vitro total PMM enzymatic
activity in Pmm2R37WWT and pmm2Ft5YWT MEFs was ~45-60%
of that in WT MEFs, whereas activity in Pmm2R37H/F115L \EFg
was 15-16% of WT PMM2 activity (Fig. 4A). Lower cellular PMM
activity also resulted in reductions in mannose-related down-
stream metabolites, such as GDP-mannose (Fig. 4B) and DLO
(Fig. 4C), and in global protein mannosylation (Fig. 4D). Finally,
we looked at the glycosylation status of endogenous gp130, a
heavily N-glycosylated protein (25). Western blot results
showed that WT MEFs expressed full length, fully glycosylated
gp130, whereas the Pmm2R137H/F115L MEFs expressed under-gly-
cosylated gp130 (Fig. 4E).

PMM2 pathway activity is diminished in PMM2-CDG
patient primary fibroblasts

To better understand the PMM2 pathway in CDG patients, we
tested fibroblasts isolated from 10 patients with different PMM2
genotypes (Supplementary Material, Table S2). Western blots
revealed that these fibroblasts expressed less PMM2 protein
than PMM2 WT HFF-1 fibroblasts (Fig. 5A). As expected, total
PMM activity in these patient fibroblasts was 37-89% lower than
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Figure 1. Survival and growth of Pmm2837%/F115L mjce was reduced. (A) 600 pups

from 80 matings of Pmm2**37WT and pmm2F1**YWT were monitored for postna-
tal lethality. The Pmm2R**”"/F115L genotype induced postnatal death. The four
deaths in the heterozygotes all occurred on postnatal Day 1 due to abandonment
of pups by young mothers because the mother was disturbed. Pmm2R*37H/F115L
mice demonstrated lower body weight in males (B) and females (C) throughout
the period monitored. Only litters with surviving Pmm2837#/F12°L mice were used
to generate Band C.

Human Molecular Genetics, 2016, Vol. 25, No. 11 | 2185

that of control HFF-1 cells (Fig. 5B). In addition, levels of metabo-
lites downstream of PMM?2, such as DLO (Fig. 5C) and GDP-man-
nose (Fig. 5D), were also reduced in patient cells. All of the CDG
patient fibroblasts had a diminished ability to fully mannosylate
proteins in vitro (Fig. 5E).

To demonstrate that the overall reduction in pathway activ-
ity and mannosylation was specifically due to defective PMM2
activity, we rescued the phenotype by overexpressing WT-
PMM2 in patient cells. We used CDG-168 cells since they have
the human mutations (PMM2R4/F119) that correspond to the
mutations in our mouse model. As expected, overexpressing
WT-PMM2 (Fig. 6A) restored normal intracellular levels of GDP-
mannose (Fig. 6B), DLO (Fig. 6C) and global mannosylation (Fig.
6D) in CDG-168 cells.

Next, we investigated whether specific glycoprotein expres-
sion was also influenced by PMM2 activity in these patient fibro-
blasts by western blotting. Using these skin fibroblasts, we were
unable to examine the expression of the liver-specific glycopro-
teins (ATIII, IGF-1 and ALS) that were severely affected by PMM2
mutations in mice. However, we found that expression of glyco-
sylated intercellular adhesion molecule-1 (ICAM-1) induced by
tumor necrosis factor-o (TNFo) was greatly enhanced in CDG-
168 fibroblasts when they overexpressed WT-PMM2 (Fig. 6E). In
addition, expression of fully glycosylated gp130 and secretion of
IGFBP-3 were significantly increased in CDG-168 fibroblasts that
overexpressed WT-PMM2, as measured by western blotting and
ELISA, respectively (Fig. 6F and G). These data are consistent
with our observations that Pmm2R'¥’H/FI15L MEFs from our
mouse model expressed significantly less fully glycosylated
gp130 compared with WT MEFs, and that plasma IGFPB-3 levels
in Pmm2R1¥7HFISL mijce were significantly lower than in WT
mice.

Discussion

Our main objective was to develop a viable mouse model that
mimicked human PMM2-CDG. Previously, Schneider et al. (12)
created a Pmm2 hypomorphic mouse model with R137H and
F118L mutations which showed complete embryonic lethality of
Pmm2R37HWFLSL ang was thus severely limited in its utility. In
contrast, Pmm2F118L/F18L mytants were indistinguishable from
WT siblings. Our novel model is unique, since the genotype
Pmm2RI37H/FLISL §s equivalent to the most common mutation in
patients with PMM2-CDG, PMM2R4HVFLISL pyyyppRIS7H/FLISL e
also showed some embryonic lethality. This partial embryonic
lethality could not be rescued by administering mannose
to dams, in contrast to the embryonic lethality of the
Pmm2R37H/FLSL ganotype, which could. This difference may be
due to the specific nature of the second Pmm2 mutation. PMM2
with the F119L mutation (equivalent to F115L in mice) displays
only 25% of the activity of WT PMM2 (27), whereas PMM2 with
the F122L mutation (equivalent to F118L in mice) is expected to
display a mild loss of enzymatic activity (12). It might also be
due to the different genetic backgrounds of the two strains
used, which was a C57Bl6-SV129 mixed background in the cur-
rent study, and C57BI6 in the Schneider et al. Pmm2R*37H/F118L
mice. Differences in chow and housing could also contribute to
the differences between the two studies.

However, a significant number of Pmm2R37H/F1I5L offepring
survived, and showed many disease features observed clinically
in patients with PMM2-CDG. The mortality rate in patients with
PMM2-CDG can be as high as 20% in the early years of life (28)
but the degree of pre and perinatal lethality is unknown. Our
Pmm2RI37HFLISL mice also exhibited a high level of postnatal


Deleted Text: ,
Deleted Text: if 
Deleted Text: ,
Deleted Text: to 
Deleted Text: Discussion
Deleted Text: (12) 
Deleted Text: 26
Deleted Text: 27

2186 | Human Molecular Genetics, 2016, Vol. 25, No. 11

A Whole heart

B Interventricular septum
6 % 1 Lt

Pmm2WTwT

Pmm2R137THF115L

Figure 2 Surviving Pmm2®8**’"/F115L mice showed additional postnatal defects in multiple organ systems. Three pairs of sex-matched 4-week-old Pmm2% ™" and

Pmm2R137H/F115].

mice were examined. Representative H&E staining of sections from (A) the whole heart (bar =500 um), (B) interventricular septum, (C) liver, (D) kidney

and (E) cerebellum shown (bar=20um for B, C, D and E). A and B demonstrate the decreased wall thickness of both ventricles and the interventricular septum, and
decreased diameter (amount of cytoplasm) of individual myofibers in Pmm2**¥”"#/F115L compared with Pmm2""”WT mice. C demonstrates the accumulation of cytoplas-
mic hyaline bodies in the liver of the mutant mice, indicated by arrows. D demonstrates the tubular dilation observed in the kidneys of mutant mice. E illustrates the

lack of an effect on the Purkinje cell density in the cerebellum of mutant mice.

mortality. Patients also have significant postnatal growth failure
(29), and many have additional symptoms such as kyphosis,
ophthalmological problems and axial hypotonia (28). All of our
surviving Pmm2R*3H/F115L mytants had stunted growth, while
heterozygous mice carrying a single mutation were indistin-
guishable from WT siblings. A small percentage of Pmm2Rr37
F115L mice exhibited hind leg hypotonia, eye defects and curva-
ture of the spine. Although seen in other CDGs, ocular anoma-
lies are not often seen in PMM2-CDG. The hind leg hypotonia
we observed is considered to be a peripheral motor neuropathy,
which contrasts with the central hypotonia seen in children
with PMM2-CDG. The exact causes of these differences in dis-
ease features between mutant mice and human patients are
currently unknown. Although the number of individual mice
affected with these additional disease features was small, our
results nonetheless indicate that this new PMM2-CDG mouse
model shows the broad spectrum of heterogeneity of disease
presentation that is often seen in patients with PMM2-CDG.

Our Pmm2R*¥7H/FII5L mice also had molecular characteristics
typical of patients with PMM2-CDG including reduced levels of
IGF-1, IGFBP-3, ALS and ATIII (19-21). Although IGF-1 is not N-
glycosylated, its level is 3.2-fold lower in the compound hetero-
zygous mice, presumably due to the loss of its two stabilizing N-
glycoproteins, IGFBP-3 and ALS. When IGF-1 is in a ternary com-
plex with IGFBP-3 and ALS, its half-life is 16-20 h (23). The half-
life of IGF-1 drops dramatically when it is in unbound form (1-
2min), or when bound only to IGFBP-3 (20-30 min). We specu-
late that the loss of N-glycosylation of IGFBP-3 and ALS led to
decreased protein levels and a subsequent reduction in IGF-1
levels due to its decreased half-life. This imbalance of the IGF
system is likely to be the major reason for the growth defects
found in the Pmm28¥H/F115L mytant mice, and growth defects

are the most consistent gross abnormality in patients with
PMM2-CDG.

Next, we sought to identify novel circulating PMM2-CDG bio-
markers. We found that IGFBP-1 was highly upregulated (>13-
fold) in the Pmm2X*¥H/F115L moyuse population but was nearly
undetectable in the Pmm2%WWT samples. The IGFBP-1 increase
could be due to transcriptional regulation operating via an
unknown mechanism to maintain IGF homeostasis. In the
PMM2-deficient animals, this increase could be part of a com-
pensatory mechanism that attempts to stabilize IGF-1 upon loss
of IGFBP-3 and ALS. We also found that PTX3 was significantly
upregulated in the Pmm28t37H/F115L moyse population compared
with WT littermates. PTX3 binds to several members of the
complement system and is an important marker for inflamma-
tion (30). Despite the fact that PTX3 has a single N-glycosylation
site, Pmm2R¥7HFIL mice had elevated levels of circulating
PTX3. The exact mechanisms and biological significance of this
upregulation are unknown at this point. As with the growth
reduction phenotype, these alterations in molecular marker lev-
els were observed in Pmm2R**¥W/FIL but not Pmm2R37HWT of
Pmm2F15YWT genotypes.

Transferrin glycosylation status is commonly used as a bio-
marker for human CDGs (31-34). However, circulating transfer-
rin from Pmm28*37HF115L mice did not show hypoglycosylation
by western blot. This observation was supported by additional
LC-MS protein analysis. Schneider et al. reported normal trans-
ferrin glycosylation in their Pmm2 hypomorphic model (12).
Transferrin glycosylation was also normal in mice that have
hypomorphic mutations (Mpi¥?**“¥2>°%) in phosphomannose
isomerase (MPI), and show hypoglycosylation of other proteins
(35). Thus, it appears that transferrin is not a reliable hypoglyco-
sylation marker in mice, in contrast to humans.
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Figure 3 Pmm2R*¥7H/F115L mjce have significantly altered levels of disease-rele-
vant plasma biomarkers. (A) Mean (+SD) levels of ATIII, IGF-1 and IGFBP-3 meas-
ured by ELISA in plasma of Pmm2WTWT (n=21), Pmm2R*7WWT or ppym2F11st/WT
(n=20) and Pmm2R*37H/F115L (n — 7) mice. P-values were generated using one-way
ANOVA test followed by Tukey post-hoc tests for multiple comparisons. (B)
Glycosylation and expression level of ALS and transferrin in mouse plasma
(genotype indicated above, hypomorphic mutants labeled in red). The two lanes
on the far right are controls. Glycosylated control was a sample of normal B6
mouse plasma. Deglycosylated control was a sample of normal B6 mouse
plasma de-glycosylated in vitro by N-glycanase. Note an increase in migration
rate for both ALS and transferrin after N-glycanase treatment. (C) Mean (+SD)
levels of PTX3 and IGFBP-1 measured by ELISA in plasma of Pmm2WWT (n =21),
Pmm2RE7HWT or ppym2F11SYWT (3 — 20) and Pmm2R*7H/FH5L (1 — 7) mice. P-values
were generated using one-way ANOVA test followed by Tukey post-hoc tests for
multiple comparisons.

Collectively, our biomarker analysis suggests that IGFBP-3,
IGF1, ALS and ATIII could be useful biomarkers in future studies
of therapeutic interventions as they are also known to be
altered in patients with PMM2-CDG. In addition, IGFBP-1 and
gp130 measurements may provide a larger dynamic range for
tracking disease normalization by therapeutic interventions in
this mouse model, although further validation will be needed to
assess their relevance in patients.

Using in vitro studies, we also confirmed that metabolic
changes in MEFs isolated from Pmm2R*37H/F115L mice were simi-
lar to changes observed in fibroblasts isolated from patients
with PMM2-CDG. Levels of key metabolites such as GDP-man-
nose and DLO were significantly reduced in Pmm2R*37H/F115L
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was significantly reduced in Pmm2R37H/F115L \EFs when incubated for 5h with-
out glucose. This difference was rescued in vitro by high glucose concentration
(data not shown) as reported previously (26). (C) DLO levels in Pmm2R37H/F11sL
MEFs were significantly lower than that in Pmm2%V™WT, Levels of endogenous
DLO were completely suppressed by addition of tunicamycin at 10 ug/ml over-
night prior to harvesting. (D) Global mannosylation was reduced in Pmm2-
mutant MEFs as measured by incorporation of *H mannose into cellular protein
fractions. (E) Hypoglycosylation of gp130 was detected in Pmm2R*7H/F115L \EFs
as judged by SDS-PAGE migration detected by western blotting. Each experiment
was repeated at least twice. In A-D, representative data from one experiment
are shown as mean =+ SD from triplicate.

MEFs, leading to reduction in overall protein mannosylation.
Similar metabolic changes were detected in vitro in 10 PMM2-
CDG fibroblast cell lines with different genotypes. The reduction
in, but not complete depletion of, PMM activity we observed in
all the CDG patient-derived cells supports the hypothesis that
disease alleles are hypomorphic, and that mutations leading to
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Figure 5 PMM?2 pathway activity characterization of PMM2-CDG patient fibroblasts. (A) Western blot showing lower expression level of PMM2 protein in a panel of
PMM2-CDG patient fibroblasts (B) PMM activity was diminished in multiple PMM2-CDG patient fibroblast cell lines with different genotypes compared with normal
fibroblasts. Data represent the average of three assays run in quadruplicate and error bars represent SD. (C) DLO levels were reduced in patient fibroblasts. (D)
Intracellular levels of GDP-mannose were diminished in multiple PMM2-CDG patient fibroblast cell lines with different genotypes compared with normal fibroblasts,
under glucose-free conditions. Data represent the average of three experiments and error bars represent SD. This difference was rescued in vitro by high glucose con-
centration (data not shown) as reported previously (26). (E) Protein mannosylation levels were also reduced in patient fibroblasts. Each experiment was repeated at
least twice. Representative data from one experiment are shown as mean=SD from triplicates.

complete loss of PMM2 are lethal [further supported by the early
embryonic lethality of Pmm2 null mice (11)]. As expected, over-
expression of WT human PMM2 in patient-derived fibroblasts
restored PMM2 pathway metabolite levels and protein
mannosylation.

Significantly, we discovered that the glycoprotein gp130
was hypoglycosylated in both Pmm2R37HFLSL MEFs and

PMM2-CDG patient fibroblasts. Gp130 is a co-receptor for all
members of the interleukin-6 (IL-6) receptor family and is
required for signal transduction by IL-6-type cytokines (36). Its
stability is enhanced by N-glycosylation at nine sites (25). We
also noted that primary fibroblasts isolated from other types
of CDG had reduced N-glycosylation of gp130 (unpublished
results).
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Figure 6 WT-PMM2 over-expression restored PMM2 pathway activity and res-
cued expression of three endogenous glycoproteins in CDG-168 patient fibro-
blasts. (A) Western blot showing over-expression of human WT-PMM2 in CDG-
168 cells. (B) GDP-mannose, (C) DLO and (D) global mannosylation levels were all
elevated by WT-PMM2 over-expression (mean=SD from four independent
experiments). For B and G, each experiment was repeated at least twice.
Representative data from one experiment are shown as mean=SD from tripli-
cate. (E) CDG-168 cells with and without WT-PMM2 over-expression were
treated with TNF« at the indicated concentrations for 18h, cell lysates were pre-
pared and equal volumes of sample were probed for ICAM-1, PMM2 and f-tubu-
lin (as a loading control) by western blotting. (F) CDG-168 cells with and without
WT-PMM2 over-expression were probed for gp130, PMM2 and f-actin levels. (G)
Human IGFBP-3 levels in cell culture supernatants were analyzed by ELISA,
mean + SD, statistical significance tested with Student t-test. Representative
data from three independent experiments are shown.
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Patients with PMM2-CDG have not shown clinical improve-
ment when given mannose supplements (37,38). In the present
study, mannose supplementation did not improve survival of
Pmm2R7H/FLSL hyps, but it did improve survival of Pmm2F15L
F115L homozygous pups. The mechanism is unknown, but it may
involve substrate stabilization of the mutant PMM2 dimer inter-
face or protection against thermal denaturation (39). Another
possibility is that mannose supplementation increases man-
nose flux into the glycosylation pathway (22,40). Reducing MPI
activity further enhances this flux by redirecting mannose from
glycolysis toward glycosylation (35,41). Our preliminary (unpub-
lished) results support this concept since mannose supple-
ments (20mg/ml mannose) rescue embryonic lethality of
Pmm2R37H/FISL mytant mice only when they also carry an
Mpi¥2%5¢/¥255C mytation. These results encourage further explo-
ration of the potential therapeutic value of increasing mannose
flux toward glycosylation.

In summary, our study describes the first clinically relevant
mouse model of PMM2-CDG. Viable mice with the patient-rele-
vant genotype, Pmm2R37HFIL were generated. This allowed,
for the first time, detailed postnatal phenotypic and molecular
characterization of an in vivo PMM2-CDG disease model and
indeed, this model recapitulated many human disease features.
We also paired our mouse model with in vitro assays analyzing
fibroblasts from patients with PMM2-CDG, and showed a high
degree of correlation between the two systems. This validated
model can now be used to assess future glycosylation-enhanc-
ing therapies with the potential to treat this disease.

Materials and Methods

2F115L

Generation of Pmm and Pmm28*37H knock-in mice

The Pmm2F***: and Pmm2%**”" knock-in targeting vectors were
assembled using genomic fragments of the mouse Pmm2 gene
including a 3.0-kb 5" arm and a 7.6-kb 3’ arm retrieved from
129S6/SvEv BAC DNA (OriGene Technologies) via an Escherichia
coli-based chromosome engineering system (42), a loxP-flanked
neomycin resistance cassette (Neo') and a thymidine kinase (TK)
gene, which served as negative selection for genomic integra-
tion. The 3’ arm contained murine Pmm2 exon 5 bearing the
F115L or R137H mutations, which were created by PCR-based
mutagenesis. The linearized targeting construct was electropo-
rated into 129S6/SVEv mouse embryonic stem (ES) cells.
Following homologous recombination in ES cells, an expression
vector for Cre recombinase was transiently transfected to delete
the Neo" cassette. Targeted ES cells were identified by PCR and
sequencing analyses, and then injected into mouse blastocysts
to produce chimeric mice. The chimeric mice were bred to
C57BL/6] mice for germline transmission. Mice were genotyped
using PCR primers spanning the position of the residual loxP site
(5'-CCTCTGACATTTCCTCCAACAAG-3’ and 5-GCGTAAGGCATG
CGCCATCAC-3), generating a 168-bp PCR product in WT mice
and a 270-bp PCR product in knock-in mice. Initial litters were
also analyzed for the presence of mutation by PCR and sequenc-
ing. All mutant animals were bred on a mixed 129x C57BL/6]
background.

Mice were bred and maintained in a barrier facility under
pathogen-free conditions at WuXiAppTec (Shanghai, China).
For mannose treatment studies, pregnant dams and pups were
continuously supplied with 5 mM mannose in their drinking
water. Mice were housed on 12 h/12 h light/dark cycle and given
ad libitum access to food and water.
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Cell culture including MEF isolation and growth
conditions

HFF-1 cells were from ATCC. PMM2-CDG patient-derived fibro-
blasts were isolated as described (43-46). HFF-1s and PMM2-CDG
fibroblasts were cultured in Dulbecco’'s modified Eagle’s
medium (DMEM) (Invitrogen) supplemented with 30% fetal
bovine serum (FBS) (Invitrogen). MEFs were harvested from
embryos at 12.5 dpc. MEFs were cultured in DMEM (Invitrogen)
supplemented with 10% FBS (Invitrogen), 2 mm GlutaMAX (Life
Technologies), 100 units/ml penicillin and 100 pg/ml streptomy-
cin, at 37 °C with 5% CO..

Mouse embryo fixation, staining and histology

For histological analysis, mouse embryos were harvested at dif-
ferent days of development. Whole embryos were fixed in 10%
neutral-buffered formalin, embedded in paraffin, sectioned (3-
pm thick) and stained with hematoxylin and eosin (H&E)
according to standard laboratory protocols.

Micro-CT imaging

Mice were anesthetized by 1% pentobarbital sodium (50 mg/kg,
i.p.) for micro-CT scans with a GE eXplore Locus (GE Healthcare).
All scans were performed in the same mode: 80kV X-ray volt-
age, 450 pA current, 0.045mm effective pixel size, 360° tomo-
graphic rotation and a rotation step of 0.9° with an exposure
time of 400 ms for each view. All scans were reconstructed as 3D
images by eXplore MicroView 2.0 analysis software with the
same parameters.

Western blotting of mouse plasma and cell culture
samples

Mouse plasma samples were diluted 1:1000 in phosphate-buf-
fered saline (PBS). Control BL/6 mouse plasma was either
untreated (intact glycosylation) or deglycosylated with N-
Glycanase (PROzyme) per the manufacturer’s protocol. Cell lines
were grown as indicated and lysed in equal volumes of RIPA
lysis buffer (Boston Bioproducts) containing protease and phos-
phatase inhibitors (Roche). Briefly, 20 ul of each diluted plasma
sample or equal amounts of cell culture extract was boiled for
10min in 1x loading buffer (Boston Bioproducts). Samples were
electrophoresed on a 4-15% gradient gel (Bio-Rad), transferred
to nitrocellulose membranes (Invitrogen) and probed for anti-
gens of interest. The following primary antibodies were used:
anti-Transferrin (Abcam, ab82411); biotinylated anti-ALS (R&D
Systems, BAF1436); anti-ICAM-1 (Santa Cruz Biotechnology, sc-
8439); anti-GP130 (Cell Signaling Technology, CST-3732); anti-
PMM2 (Abcam, ab138817); anti-B-actin (Cell Signaling
Technology, CST-3700) and anti-p-tubulin (Cell Signaling
Technology, CST-2128). Antigens were visualized using IRDye
secondary antibodies and an Odyssey Imager (both LI-COR
Biosciences).

PMM-specific activity assay

Cells were assayed for total PMM-specific activity with a proce-
dure adapted from a previous report (41). Cells were collected,
washed in PBS, resuspended in 50 mm HEPES pH 7.4 and lysed
by sonication. Cell extracts were cleared of debris by spinning at
14 000 rpm for 10 min and protein concentration was estimated

by the BCA method (Thermo Scientific). Reaction mixtures con-
tained 60 pg of cellular protein (in a final volume of 135ul per
assay) in HEPES buffer, 30 ul of 7x enzyme mix (1.8 ul phospho-
glucose isomerase, 1.6l of glucose-6-phosphate dehydrogen-
ase, 11.4 ul mannose phosphate isomerase, 50 mm HEPES pH 7.4
to a final volume of 1000 pl), 30 ul of 7x chemical mix (1.35mg
NADP, 7.1l 4.9 M MgCl,, 1501l of 100 uM glucose-1,6-bisphos-
phate, 50 mm HEPES pH 7.4 to a final volume of 1000 ul) and 15 pl
of substrate (10 mm M1P). Samples were read at 340nm every
2min for 2-3h.

GDP-mannose quantification via LC-MS

Cells were plated at 2.5x 10° cells per well in 6-well plates and
grown overnight. The next day, cells were allowed to equilibrate
for 1h in basal labeling media [RPMI (Life Technologies) contain-
ing 3% dialyzed FBS and supplemented with non-essential
amino acids and i-glutamine with no glucose or mannose].
Cells were then incubated in basal labeling media with or with-
out 5 mm glucose for 4h. Next, cells were promptly washed in
ice-cold ammonium carbonate buffer (7.2 g/, pH 7.4) and placed
on dry ice. Metabolites were extracted with 80/20 methanol/
water at —20°C containing an internal standard, U-**Cs U-"°N;
?Hs glutamic acid. Samples were dried, sealed and stored at
—80°C until LC-MS analysis was performed.

GDP-mannose was quantified by coupling an ultra-perform-
ance LC (UPLC) column (Waters) with a Xevo TQ-S mass spec-
trometer. Separation was accomplished using reverse phase ion
pairing chromatography, applying an Acquity UPLC HSS T3,
1.8um, 2.1 x 50 mm column (Waters). Mobile phase A consisted
of 95/5 water/methanol plus 15 mum acetic acid, 10 mw tributyl-
amine, pH 4.95, and phase B was methanol. A linear gradient
was run at 0.4 ml/min unless otherwise noted: Omin, 2% B;
1min, 2% B; 5min 60% B; 5.3 min 90% B, 0.3 ml/min; 5.5 min, 2%
B, 0.375 ml/min; 6 min, 2% B; 7 min 2% B. The source parameters
applied were: capillary voltage 3kV, desolvation temperature
300°C, desolvation gas 800 I/h. GDP-mannose was monitored in
negative ionization mode, with the 604 — 442 transition, 24 V
collision energy and cone voltage of 62. Quantitation was per-
formed against an external calibration curve.

Global protein mannosylation quantification

Cells were seeded at 3x 10* cells per well in 96-well plates and
grown overnight. The next day, cells were incubated with
serum-free DMEM (Life Technologies) containing 0.5 g/l glucose,
20 uCi *H-mannose and 4 pCi **S-methionine for 8h at 37°C.
Cells were harvested in 400l Tris-EDTA, 650ul DMEM was
added and the cells were spun at 3500rpm for 10 min. Pellets
were frozen at —20°C overnight. The next day, cell pellets were
resuspended in 100pul 10 mm Tris-HCI pH 7.4 with 1% NP40.
Next, 20 ul of each lysate was mixed with 5ul BSA (10 mg/ml),
175ul water and 200pl TCA 20%, then placed on ice for 2h.
Samples were then centrifuged at 13 000 rpm for 20 min and the
supernatant was discarded. The precipitate was resuspended in
50l of 0.2 N NaOH by pipetting, vortexing and then adding to
Sml of scintillation fluid. Radioactivity was counted with the
Beckman scintillation counter dual labeling program (channel
1=3H, channel 2=35S, channel 3 none) for 2min. Final data
were calculated as follows: 3°S=W2/0.632 and >H=W3-35S,
where W = window.
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DLO determination

Cells were seeded at 6x 10* cells per well in 48-well plates and
grown overnight. The next day, the cells were washed with PBS,
and 200 ul DMEM without glucose containing 4 pCi/ml [2-*H]-
mannose was added and incubated at 37°C for 1h. The labeling
medium was then removed and cells were washed with PBS.
Cells were then trypsinized, transferred to the 96-well polypro-
pylene cell culture plate and pelleted. Next, cells were lysed in
200 ul chloroform:methanol (C:M, 2:1) and vortexed for 1min.
The mixture was then centrifuged at 13 000 rpm for 10 min and
the C:M layer was removed. The extraction was repeated twice
more with 200 ul C:M (2:1) each. The final pellet was allowed to
air dry, and 200 ul water was then added. The samples were vor-
texed for 1min, centrifuged as above and the water was
removed. This step was repeated twice more. Samples were
then extracted with 100 pl chloroform:methanol:water (10:10:3)
three times, incubated for 10min and centrifuged for each
extraction to ensure maximum recovery. Samples were next
dried and 150ul of scintillation cocktail was added.
Incorporation of *H-mannose into DLO was measured by radio-
activity and counted with a MicroBeta reader (Perkin Elmer).
CellTiter-Glo (Promega) cell viability values were used to nor-
malize each sample for the number of cells. Samples were split
after trypsinizing and half tested with CTG, half extracted for
DLO levels.

ELISA assays

The following ELISA kits were used: mouse IGFBP-3 (R&D
Systems, MGB300), mouse IGF-1 (R&D Systems, MG100), mouse
antithrombin III (Abcam, ab10880), mouse PTX3 (R&D Systems,
MPTX30), mouse IGFBP-1 (R&D Systems, DY1588-05) and
human IGFBP-3 (R&D Systems, SGB300). All assays were run
according to the manufacturer’s protocol. In some cases, the
standard curve was adjusted to include more low concentra-
tions to increase confidence in dilute samples. For most kits,
plasma samples were diluted 1:1000 in PBS and then final dilu-
tions were prepared in the appropriate assay buffer. For PTX3,
the samples were diluted 1:100 and then to 1:300 in appropri-
ate buffer. For IGFBP-1, the WT/WT, F115L/WT and R137H/WT
samples were diluted 1:100 and then to 1:200 in appropriate
buffer.

Lentiviral over-expression of WT-PMM2 in PMM2-CDG
patient fibroblast cells

Lentiviruses directing over-expression of the cDNA for
WT-PMM2 and empty lentiviral vectors were generated by
transfecting 293T cells with PLVX-IRES-ELF1a-NEO-based over-
expression plasmids with packaging (psPAX2) and envelope
(pCMV-VSVG) plasmids in low antibiotic growth media, along-
side no vector cells to provide the selection resistance control.
Twenty-four hours post-transfection, cells were exchanged into
growth media. Viral supernatants were collected 48 and 72h
post-transfection and pooled for infection of target cells.

The desired cell lines were generated by seeding CDG-168
cells at a level giving 20-40% confluence 24 h later. Viral super-
natants were then added to the cells and polybrene added to
8 ug/ml, plates spun at 1200g for 60 min at 37 °C, and incubated
overnight. The next day, the supernatant was replaced with
growth media and cells selected with 200pug/ml Geneticin
(Invitrogen).
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Statistics

P-values were generated using one-way ANOVA followed by
Tukey post-hoc tests for multiple comparisons or chi-squared
test, using Prism v.6 (GraphPad).

Study approval

Mice were bred and maintained at WuXi AppTec. All animal work
was performed in accordance with protocols approved by the
WuXi AppTec Institutional Animal Care and Use Committee.

Supplementary Material

Supplementary Material is available at HMG online.
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