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ARTICLE INFO ABSTRACT

Keywords: Variants in Phosphomannomutase 2 (PMM2) lead to PMM2-CDG, the most frequent congenital disorder of
Congenital disorder(s) of glycosylation glycosylation (CDG). We here describe the disease course of a ten-month old patient who presented with the
PMM2

classical PMM2-CDG symptoms as cerebellar hypoplasia, retinitis pigmentosa, seizures, short stature, hepato-
and splenomegaly, anaemia, recurrent vomiting and inverted mamillae. A severe form of tetralogy of Fallot was
diagnosed and corrective surgery was performed at the age of 10 months. At the end of the cardiopulmonary
bypass, a sudden oedematous reaction of the myocardium accompanied by biventricular pump failure was
observed immediately after heparin antagonization with protamine sulfate. The patient died seven days after
surgery, since myocardial function did not recover on ECMO support. We here describe the first patient carrying
the homozygous variant g.18313A > T in the PMM2 gene (NG_009209.1) that either can lead to ¢.394A > T (p.
1132F) or even loss of 100 bp due to exon 5 skipping (c.348_447del; p.G117Rfs*4) which is comparable to a null
allele. Proliferation and doubling time of the patient’s fibroblasts were affected. In addition, we show that the
induction of cellular stress by elevating the cell culture temperature to 40 °C led to a decrease of the patients’
PMM2 transcript as well as PMM2 protein levels and subsequently to a significant loss of residual activity. We
assume that metabolic stressful processes occurring after cardiac surgery led to the drop of the patient’s PMM
activity below a life-sustaining niveau which paved the way for the fatal outcome.

Phosphomannomutase 2
Splicing variant

Exon skipping
N-glycosylation

1. Introduction

Congenital disorders of glycosylation (CDG) are about 140 genetic
defects in glycoprotein and glycolipid glycosylation as well as glycos-
aminoglycans and GPI-anchor synthesis ([19]; [8]). Within the protein
N-glycosylation, PMM2-CDG (about 900 reported patients) is by far the
most common CDG [22].

In PMM2-CDG (OMIM: 601785) the conversion of mannose-6-
phosphate to mannose-1-phosphate by the cytosolic phosphomanno-
mutase 2 (PMM?2) is affected. This reduces GDP-mannose, an essential
nucleotide-activated sugar substrate for the early steps in N-glycosyla-
tion [28]. This leads to the accumulation of shortened dolichol-linked
oligosaccharides (Manj.sGlcNAc,-PP-Dol) and subsequently to reduced

provision of full-length dolichol-linked oligosaccharides (GlcsMangGle-
NAc,-PP-Dol) needed for the transfer onto the nascent glycoprotein by
the oligosaccharyl transferase complex. As a consequence, glycosylation
sites on glycoproteins are partially non-occupied by N-glycans leading to
protein N-hypoglycosylation, indicated by a CDG type 1 pattern of
serum transferrin after isoelectric focusing or HPLC separation.
PMM2-CDG is a multisystem disease including neurological
involvement and variable dysmorphism such as prominent forehead,
long face, epicanthal folds, almond-shaped eyes, short nose, anteverted
nares, long philtrum, thin upper lip, high-arched palate, large and pro-
truding ears, microcephaly or macrocephaly, abnormal fat pads, inver-
ted mamillae and cryptorchidism in boys [1]. The severity of the clinical
presentation is mainly attributed to the patient’s biallelic variant status
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and thus the residual activity of PMM2.

PMM2 is a 28kDa protein (NP_000294.1) encoded by 741 bp
(NM_000303.3). The PMM2 gene (NG_009209.1) comprises eight exons
and spans about 20 kbp on chromosome 16p13.2. Nearly 200 intronic
and exonic variants are already associated with PMM2-CDG (see NCBI,
ClinVar: https://www.ncbi.nlm.nih.gov/clinvar), most of them result in
amino acid substitutions affecting the enzymatic conversion of
mannose-6-phosphate or the stability of the protein.

Here we describe the first PMM2-CDG patient with homozygosity for
variant NG_009209.1:2.18313A > T which provokes two effects: short-
ening of the protein length by exon splicing and an amino acid alteration
of the PMM2 protein composition due to a nucleotide substitution.

2. Materials and methods
2.1. Patient material

The study was performed in accordance with the Declaration of
Helsinki and approved by the Ethics Committees of the Medical Faculty
Aachen. Written informed consent was obtained from the parents for
biochemical and sequencing analysis. The parents also consented to
molecular testing (Sanger sequencing) of their own PMM2 status.
Written informed consent was also obtained for the use of clinical
information.

2.2. Isoelectric focusing and SDS-PAGE of serum transferrin

Isoelectric focusing of serum transferrin was carried out as described
by Niehues and co-workers [20].

2.3. Cell culture and cell collecting

Patient and control fibroblasts were cultured in Dulbecco’s modified
Eagle’s medium (high glucose, Life Technologies) supplemented with
10% fetal calf serum (PAN Biotech) and 1% Pen/Strep at 5% CO; at
37°C. Growth medium was changed every 72h. Two days before
running the assays, 2 x 10° fibroblasts were seeded and cultivated under
the above-mentioned conditions at 37 °C and 40 °C, respectively. After
48h cells were collected by scraping and used for the isolation of pro-
teins and total RNA.

2.4. PMM and MPI activity assay

PMM activity was determined in control and patient fibroblasts. To
isolate proteins, the scraped cells were solubilized (50 mM Hepes,
pH7.1) and centrifuged (45 min at 45,000 rpm and 4 °C). 30 pg of pro-
tein from the supernatant was used for the assay. PMM activity was
determined via a coupled photometric assay at 340 nm for 120 min as
described [14]. The photometric assay was performed at 37 °C and
40 °C, respectively. The MPI activity was also performed in a photo-
metric assay with 30 ug protein as described [20].

2.5. Analysis of dolichol-linked oligosaccharides

1% 10° fibroblasts derived from a control and the patient were
cultured, and labelled with [2—3H]mannose for 30 min. Dolichol-linked
oligosaccharides (LLO) were extracted and analysed by HPLC [27].

2.6. SDS-PAGE and Western blot

SDS-PAGE (10%) and Western blot were performed with the same
protein material isolated for the PMM activity assay (see above). 10 ug of
protein of the patient and controls were used per lane. Further procedure
was as described previously [11]. All antibodies were diluted in PBS-T
(0.1% Tween in PBS). Primary antibodies used were anti-PMM2 (rab-
bit anti human, polyclonal; Proteintech) in a 1:1000 dilution and anti-

Molecular Genetics and Metabolism Reports 25 (2020) 100673

B-actin (mouse anti human; polyclonal, Sigma-Aldrich) in a 1:10,000
dilution. As secondary antibodieswe used anti-rabbit IgG conjugated
with horseradish peroxidase (HRP) for PMM2 detection (Santa Cruz)
and anti-mouse IgG-HRP for p-actin (Santa Cruz). Both secondary anti-
bodies were diluted 1:10,000 in PBS-T. Protein signals were detected by
light emission with Pierce™ ECL Western blotting substrate. Quantifi-
cation of signal strength was performed by using ImageJ (www.imagej.
nih.gov).

2.7. Variant analysis in PMM2

Total RNA was extracted from control and patient fibroblasts (incu-
bated at 37 °C) using the RNAeasy kit (Qiagen). First strand cDNA of
PMM2 (NM_000303.3) was synthesized from 0.5 pg of total RNA with
Omniscript reverse transcriptase (Qiagen) and the primer hPMM2 R1 (5’-
GACTGCACATGCCTGGCATAG-3'). In a first round of PCR the cDNA was
amplified with primers PMM2 F1 (5-CGGAAGTTCCGGGCCGAGT-3')
and PMM2 R1 by using the HotStar-Tag-Polymerase kit (Qiagen). In a
nested PCR, primers were PMM2 _F2 (5’-CTCGTGCCAACGTGTCTTGTA-
3’) and PMM2 R2 (5’-GCAGAGCCTGCCTAGGCTG-3'). Thermo Cycler
conditions were: 94 °C for 1 min, followed by 35 cycles with 94 °C for
30s, 55°C for 30 s and 72 °C for 1.5 min.

Genomic DNA from control and patient fibroblasts was isolated with
the Genomic DNA Isolation Kit (Sigma-Aldrich). 100 ng of genomic DNA
was used for amplification of PMM2 exon 5 (NG_009209.1) in two
rounds of PCR with primers PMM2_Ex5-6_F1 (5-GCTGAGAAA-
CATTGACCACACT-3') together with PMM2 Ex5-6_ R1 (5-CATA-
CTTCATTATCAATAGCTCAC-3') and PMM2 Ex5-6 F2 (5’ -GCTGTT
TATCTATGATGTTGCCCAA-3') paired with PMM2 Ex5-6 R2 (5’-
TGGGTATCCAAGTTTGGAACAC-3') under the above-mentioned condi-
tions. cDNA and exon PCR products were separated on 1% agarose gels
and fragments were isolated with the peqGOLD (PeQLab) gel extraction
kit. Variant analysis was performed by Sanger sequencing. The variant
was uploaded to ClinVar Submission Wizard (SUB6890963; www.ncbi.
nlm.nih.gov/clinvar/).

2.8. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from patient and control fibroblasts incubated
at 37 °C and 40 °C using the MasterPure RNA purification kit (Epicentre
Biotechnologies). One pg of RNA was reverse transcribed using random
hexamer primers (Invitrogen) and the RevertAid Reverse Transcriptase
(Thermo Scientific). Quantitative real-time PCR was performed with Sen-
siFAST SYBR No-ROX-Mix (Bioline) with 50 ng cDNA in a CFX Connect
Real-Time System (Bio Rad) with the following parameters: step 1: 95 °C,
15s; step 2: 95 °C, 15 s; step 3: 60 °C, 1 min; step 4: 72°C 10s; step 5: 65 °C
to 100 °C, 5min; step 6: hold on 4 °C. Steps 2-4 were repeated 35 times.
Primers were qPCR_PMM2 _Ex5-8 F (5’-TGTCCCCTATTGGAAGAAGC-3'),
qPCR_ PMM2 Ex5-8 R (5’-GATCTCATGGTCATTGCC-3') and qPCR_PMM
2 Ex6-8 F (5’CAGATCTACGGAAAGAGT3’) together with qPCR_PM
M2 Ex6-8 R (5’GATCTCATGGTCATTGCC3’). PMM2 expression was
normalized against the gene expression of Ras-related protein (RAB7A) by
using primers RAB7A_qPCR F (5’-TGGGAGATTCTGGAGTCGGG-3') com-
bined with RAB7A_qPCR R (5’-CACACCGAGAGACTGGAACC-3').

2.9. Immunofluorescence studies

One day before preparation, 6 x 10* fibroblasts were seeded on glass
cover slips. Inmunofluorescence was carried out as described (Hansske
et al., 2001). Cells were stained with antibodies against PMM2 (Pro-
teintech, rabbit anti-human, 1:400 in PBS-T) and MPI (Sigma Aldrich,
mouse anti-human, 1:500). After incubation with fluorochrome-
conjugated secondary antibodies (Alexa Fluor 488, ThermoFisher,
goat anti-rabbit, 1:500; Alexa Fluor 568, ThermoFisher, goat anti-
mouse, 1:500), respectively, cells were mounted with Mowiol and ana-
lysed by confocal fluorescence microscopy.
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2.10. Cell proliferation studies by live cell monitoring

Cell proliferation was assessed by following the manufacturer’s
guidelines using the XCelligence device (ACEA Biosciences). We seeded
1000 cells to the measuring cavities and cultured them under standard
conditions for 120 h. Cell density was computer-based recorded every
30 min. Quantification was carried out with slope values (1/h) measured
during the logarithmic growth phase according to the manufacturer’s
guidelines.

2.11. Statistics

With exception of the LLO analysis, all experiments have been
repeated at least three times. Data were analysed using Student’s t-test
for single comparisons or one-way ANOVA followed by Bonferroni’s test
for multiple comparisons. Significances of p values: *p <0.05;
**p < 0.005; ***p <0.001. Data are displayed as means + standard
deviation (SD).

3. Results
3.1. Patient report

This 10 month-old boy from related Turkish parents was referred for
treatment of tetralogy of Fallot with severely hypoplastic infundibulum,
pulmonary valve and pulmonary artery branches (Fig. 1). The patient
showed also a small stature, inverted mamillae, bilateral radial aplasia,
right-sided clubfoot, left-sided drop foot, retinitis pigmentosa, hep-
atosplenomegaly, cerebellar hypoplasia, reduced signals in the T2
sequence in consensus with white matter abnormality and generalized
muscular hypotonia. Laboratory findings showed thrombocytopenia and
increased serum transaminases. Because of recurrent hypoxemic spells,
a modified Blalock-Taussig-shunt was placed at the age of six weeks. The
postoperative course was uneventful. The boy showed neither throm-
botic nor bleeding complications on standard antiplatelet therapy. At six
months of age, a balloon angioplasty of the shunt and the hypoplastic
pulmonary valve was performed. Corrective surgery at this time was not
performed because the boy showed significant comorbidities: recurrent
vomiting, leading to a failure to thrive, seizures necessitating anticon-
vulsive therapy and a presumably viral encephalitis. Corrective surgery
was postponed until ten months of age and after this surgery and during
weaning from cardiopulmonary bypass, transesophageal echocardiog-
raphy (TOE) showed no residual defects and a good biventricular
function. In order to reverse the anticoagulant effects of heparin at the
end of the surgery, protamine sulphate was administered.. Shortly after,

Fig. 1. Intra-operative transesophageal echocardiography showed significant
hypertrophy with increased septum thickness. Numbers indicate the penetra-
tion depth of echo in cm.
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intensified catecholamine support was needed to stabilize the patient.
TOE revealed increasing thickening of the myocardium of both ventri-
cles compatible with biventricular edema and a severely reduced
biventricular function, possibly due to microthrombotic cardiac
ischemia. The patient was put on cardiopulmonary support by extra-
corporeal membrane oxygenation (ECMO). However, due to persistent
non-recovery of biventricular function followed by multiorgan failure
the boy died seven days after surgery. In respect to the multiple
morphological stigmata and the unusual clinical course after cardiac
surgery, diagnostic laboratory tests were initiated.

3.2. Isoelectric focusing of serum transferrin revealed a CDG-I pattern

Initial CDG diagnostics was conducted by isoelectric focusing of
serum transferrin which revealed a CDG type 1 pattern (Fig. 2A: elevated
asialotransferrin (8%, ref. val. 0% - 2%) and disialotransferrin (16%,
ref. val. 5% - 13%), and decreased tetrasialotransferrin (21%, ref. val.
30% - 55%); see [7] for ref. values)).

3.3. Sanger sequencing of the PMM2 gene identified a rare homozygous
variant

Analysis of the patient’s PMM2 gene by Sanger sequencing showed
the homozygous variant NG_009209.1:g.18313A > T in exon 5. Both
parents are carriers for the mutation. Interestingly, on cDNA level two
different effects were provoked. First, base exchange c.394A > T leads to
amino acid substitution p.I132F (Fig. 2B). Second, exon 5 was spliced
out, whereby 100 bp (c.348-447 bp) were skipped and the PMM2 open
reading frame was significantly altered (Fig. 2C and D). Concerning the
amino acid substitution, isoleucin 132 is a highly conserved amino acid
from Homo sapiens to Xenopus tropicalis (Fig. 2D), indicating its impor-
tant role for function. Regarding the loss of 100 bp by deletion of exon 5,
three alternative amino acids would be introduced after arginine 116.
The patient’s PMM2 would then be terminated due to a premature stop
codon (Fig. 2E), leading to a protein with a theoretical molecular weight
of 13.5kDa (correlating with a loss of 51% of the wildtype protein size).

3.4. Reduced PMM activity due to diminished PMM2 protein and reduced
PMM2 transcript levels

The PMM activity in fibroblasts at the physiological relevant 37 °C
was significantly reduced to 7.4% (& 1.3%; n = 6; ***p < 0.001; controls
(100.0% + 22.6%)) (Fig. 2F). MPI activity was normal (data not shown).

In Western blot analysis of fibroblasts, the patient’s PMM2 expres-
sion was significantly reduced to 19.4% (+ 11.8%; n = 6; ***p < 0.001;
controls (100.0% =+ 23.8%)) (Fig. 2G). Notably, no additional protein
band was observed at 13.5kDa in the patient. We also like to mention
that the localization of the patient’s PMM2 was not affected since it co-
localizes with the cytosolic MPI in immunofluorescence analysis. Also, it
was not mislocalized into the nucleus (data not shown). To further
elucidate whether the PMM activity reduction was due to an impact on
the patient’s PMM2 mRNA level, qRT-PCR studies were performed.
Normalized to RAB7 of the control (103.0% + 27.0%), the quantity of
the patient’s PMM2 mRNA of the missense variant carrying transcript
was significantly diminished (47.0% +8.5%; n=9; ***p <0.001)
(Fig. 2H). Additional qPCR analyses of the transcript with loss of exon 5
revealed almost the same significant reduction of mRNA expression
level (42.0% + 7.0%; n=9; ***p <0.001) (data not shown). Next, we
analysed the cells’ doubling time and proliferation. Comparison of the
slope values measured during the logarithmic growth phase (between
55h to 110 h) showed that the patient’s fibroblasts needed 1.25 times
longer doubling time (29.9h + 1.8 h) than the control (23.9h + 0.3 h;
n=3; ***p <0,002; Fig. 2J). Besides, the proliferation of the patient’s
fibroblasts (0,017 + 0,004) was significantly reduced to 44.7% + 10.5%
(controls 0,038 +0,004; n = 3; ***p < 0,002) (Fig. 2K).

Putting stress on the cells by incubating them at 40 °C and repeating
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Fig. 2. A Isoelectric focussing of serum
transferrin revealed elevated amounts of
disialo- and asialotransferrin in case of the
patient (lane 4), indicating a CDG-I disease.
As internal standards also a healthy control
(lane 1) and CDG-I (lane 2) as well as CDG-
1I patients’ samples (lane 3) are included. B
Sanger Sequencing of PMM2 exon 5 showed
homozygosity for variant c¢.394A>T (p.
1132F) in the patient. The parents are het-
erozygous carriers. C Due to the loss of exon
5, amplification of the PMM2 cDNA by RT-
PCR revealed a 100 bp shorter PCR product
in case of the patient than in the control. D
PMM2 protein alignment demonstrated
Tle'®2 as a highly conserved amino acid in a
highly conserved stretch through different
species. E Schematic intron-exon structure
of PMM2 from exon 3 to exon 7 (gDNA) and
the spliced mRNA fragment (mRNA) of a
healthy control and the patient with dele-
tion of exon 5 leading to a shift in the open
reading frame and a mutated C-terminus
ending in Lys-Lys-Arg-Lys-Lys-Ile-* (short:
KKRKKI*). F PMM2 activity analysis of a
control and the patient. At 37°C the pa-
tient’s activity was reduced to 7%, whereas
at 40°C, the activity was only 3% as
compared to the value measured at 37 °C. G
Western blot analysis for PMM2 of control
and patient fibroblasts. In comparison to the
control, the patient’s PMM2 expression was
clearly reduced to 19% at 37 °C and further
declined to 10% at 40 °C. H PMM2 qRT-PCR
studies of control and patient fibroblasts. At
37 °C the PMM2 expression in the patient
cells was diminished to 47% compared to
the control, whereas only 4% residual
PMM2 transcript level could be detected at
40 °C in case of the patient. I HPLC analysis
of LLOs derived from control (in blue) and
patient’s fibroblasts (in orange) after meta-
bolic labelling with [2->H]mannose dis-
played accumulations of shortened
oligosaccharide structures Manys (Many.
5GlcNAc,-PP-Dol) accompanied by deple-
tion of the full-length oligosaccharide Glcs.
(GlcsMangGleNAc,-PP-Dol). J — L Analysis
of cell growth. (J) XCelligence device anal-
ysis of cell proliferation of a control (blue)
and the patient (orange) measured over
5days. (K) PMMz2-deficient cells needed
about 1,25 times longer for doubling
compared to control fibroblasts and showed
a significantly reduced cell proliferation (L).

Used symbols: = = dolichol,

tose, . = N-Acetylglucosamine, ‘

mannose, . = glucose, ‘ = sialic acid

= galac-
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the analyses on the transcript and protein level, we found that the pa-
tient’s PMM2 protein expression dropped by 53.1% to 10.3% (£ 6.9%;
n.s.) in comparison to the data measured at 37 °C (Fig. 2G). This phe-
nomenon was accompanied by an almost equivalent loss (minus of
54.1%) of PMM activity to 3.4% (£ 0.3%; n = 6; ***p < 0.001) (Fig. 2F).
Additionally, our qRT-PCR analysis revealed that due to the temperature
increase in cell culture, the patient’s PMM2 missense variant carrying
transcript declined to 4.0% (+ 0.3%; n = 9; ***p < 0.001) which is equal
to a minus of 91.5% in comparison to the amount measured at 37 °C
(Fig. 2H). Concerning the patient’s PMM2 transcript level without exon
5, we detected 7.0% (£ 2.7%; n=9; ***p < 0.001; data not shown).In
addition, LLO analysis revealed significant accumulations of shortened
dolichol-linked oligosaccharides (esp. Mans-sGlcNAcy-PP-Dol; Fig. 2I),
pointing to a severe impact of the patient’s PMM2 deficiency on the
early steps of glycoprotein biosynthesis.

4. Discussion

The present patient was homozygous for the variant NG_009209.1:
g.18313A > T in exon 5 of the PMM2 gene. To our knowledge this is the
first time that homozygosity for this variant was found. Accordingly,
database search revealed no entry in e.g. ClinVar or Ensemble. We found
only one patient in the literature who was compound-heterozygous for
¢.394A > T (p.I132F) and ¢.338C > T (p.P113L) [17]. The closely related
variant ¢.395T > C (p.I132T) was found in 12 patients and was then
associated with ¢.422G > A (p.R141H; 7 cases; Matthijs et al.,1998;
[6,17,29]), ¢.368G > A (p.R123Q; 3 cases; [4,6,17,29]), c.620 T > C (p.
F207S; 1 case, [24]) and ¢.58C>T (p.P20S; [17]). These patients
consistently showed a severe phenotype. There is no information
available about premature deaths.

On the cDNA level, we found that variant NG_009209.1:
g.18313A > T leads to c.394A > T and subsequently to amino acid ex-
change p.I132F but as well to pseudosplicing of 100 bp (c.348_447del; p.
G117Rfs*4) which comprised the complete exon 5 of the PMM2 gene.
This is in accordance with a former study on a compound-heterozygous
patient (c.394A>T and ¢.338C>T) showing that NG_009209.1:
g.18313A > T was a splicing enhancer sequence [17]. Due to the exon
loss and the subsequent shift in the open reading frame, a significantly
shortened PMM2 protein of 13.5kDa would be generated in which
amino acids glycine 117, threonine 118 and phenylalanine 119 are
changed into lysine 117, lysine 118 and isoleucine 119 before a pre-
mature termination occurred. Thereby this mutated protein would end
in a KKRKK(I*) sequence, a single (monopartite) stretch of basic amino
acids which displays a consensus motif for a nuclear localization signal
in heat shock events [16]. However, we neither detected the shortened
13.5kDa PMM2 by Western blot nor in the nucleus by immunofluores-
cence studies which indicates that it was not present. Whether already
the shortened mRNA was degraded by nonsense mediated mRNA decay
or the truncated protein by the unfolded protein response as quality
control system of the cell, remains outside the scope of this manuscript.
In addition, due to the fact that amino acids argininel23, argininel34
and argininel41 which are needed for substrate binding of GDP-
mannose at the active side of the enzyme would be affected [2], we
estimate that this protein would have had no activity. This is in line with
experimental data for the most common amino acid substitution (p.
R141H) in PMM2-CDG, originating from another base pair variant in
exon 5, which leads to a protein with no enzymatic activity [13]. Ac-
cording to Andreotti and coworkers [2], p.I132F does not affect the
active site of PMM2. Besides, the structural prediction of the PMM2
dimer by PDBePISA [15] indicates that variant p.1132F is buried in the
structure and is not found at the protein interface (supplementary
figure). However, computational simulation with DynaMut [23] pre-
dicts a destabilization of the protein (AAG: —0.492 kcal/mol) and hence
supports the assumption that the homozygous mutation p.I132F reduces
both, the protein dynamics and the stability resulting from vibrational
entropy changes (supplementary figure). Although two differently
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mutated PMM2 proteins can form heterodimers where one subunit
stabilizes the other in a complementary fashion [3], we assume that this
kind of dimerization is prevented in the presented patient due to ho-
mozygosity of variant p.I132F, which might be an additional explana-
tion for the severity of this case. As the low residual PMM activity (7%)
in the patient’s fibroblasts arose from the full-length PMM2 protein
carrying the p.I132F substitution only, we rate it as one of the severe
PMM2 mutations [18,30].

Inflammation, remodelling and proliferation are important process
in wound healing. This begins between day 4 and 5 after injury or sur-
gery with the migration of fibroblasts into the wound matrix [26]. Since
we found that the cell doubling time was significantly enhanced which
was accompanied by a significantly reduced proliferation rate, we
expect a general impact on the course of the healing.

It is well known that surgery can lead to wide and severe metabolic
disarrangements as increased oxygen and energy consumption, hor-
monal imbalance, hyperglycaemia, hyperlactatemia, increased gluta-
mate, aspartate and free fatty acid concentrations as well as increased
systemic inflammation [9,12]. More recent studies even showed that
after cardiac surgery extensive changes in the N-glycosylation of total
plasma proteins are initiated within the first three days after the onset of
the normal systemic inflammation [21]. Although this glycan-
dependent mechanism is not completely understood, it nonetheless
emphasises the importance of a functional glycosylation machinery
during the stressful period of healing.

No plasma or serum sample was taken during surgery to test for
respective N-glycan changes. But when we put stress on the patient’s
fibroblasts by elevating the incubation temperature to 40°C, we
significantly reduced the PMM2 transcript and protein level. Strikingly,
the residual PMM2 activity hereby fell to 3.4%. Since fibroblasts
generally show higher activities then, for example, leukocytes [10], one
cannot rule out an even more severe effect of hyperthermia on the ac-
tivity in other organs. However, a surgical wound and its surrounding
exhibit a significant increase in wound temperature [25]. So, we sup-
pose that at least the heart region around the surgery scar was impacted
by an extremely low PMM2 activity, being insufficient for the
glycosylation-dependent curing and proliferation processes which in
combination could have led to the patient’s bad outcome at day 7 after
surgery.

Protamine is an antidote routinely used to antagonize the heparin
effect after surgery. Whether the patient’s strong response to protamine
administration during weaning from the cardiopulmonary bypass was
directly related to the PMM2 glycosylation defect, is unclear. Reports
with experiences from surgeries of other CDG patients are rare. How-
ever, protamine administration itself is associated with immunological
and inflammatory alterations, and may induce an anaphylactic response
with hypotension, bradycardia, pulmonary vasoconstriction, and allergy
[5].

In conclusion, we consider homozygosity for the variant
NG_009209.1:g.18313A > T to be life threatening, not only during sur-
gery but also during a normal infection with fever, due to the temper-
ature sensitivity of PMM2 transcripts. Since the majority of PMM2-CDG
variants are not completely biochemically studied, more studies esp.
under hyperthermia conditions are needed. Besides, a moderate cooling
of the surgery area should be considered as potential benefit for (CDG)
patients carrying thermolabile variants. Moreover, due to potential side-
effects during surgeries, replacement of heparin and protamine appli-
cation by e.g. bivalirudin, a direct thrombin inhibitor, should be
considered for patients suffering from CDG or other severe metabolic
defects.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ymgmr.2020.100673.
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