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Abstract

Background: Given the lack of reliable data on the prevalence of bleeding abnormalities and
thrombotic episodes in PMM2-CDG patients, and whether coagulation abnormalities change over
time, we prospectively collected and reviewed natural history data. Patients with PMM2-CDG
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often have abnormal coagulation studies due to glycosylation abnormalities but the frequency of
complications resulting from these has not been prospectively studied.

Methods: We studied fifty individuals enrolled in the Frontiers in Congenital Disorders of
Glycosylation Consortium (FCDGC) natural history study with molecularly confirmed diagnosis
of PMM2-CDG. We collected data on prothrombin time (PT), international normalized ratio
(INR), activated partial thromboplastin time (aPTT), platelets, factor 1X activity (FIX), factor XI
activity (FXI), protein C activity (PC), protein S activity (PS) and antithrombin activity (AT).

Results: Prothrombotic and antithrombotic factor activities were frequently abnormal in PMM2-
CDG patients, including AT, PC, PT, INR, and FXI. AT deficiency was the most common
abnormality in 83.3% of patients. AT activity was below 50% in 62.5% of all patients (normal
range 80-130%). Interestingly, 16% of the cohort experienced symptoms of spontaneous bleeding
and 10% had thrombosis. Stroke-like episodes (SLE) were reported in 18% of patients in

our cohort. Based on the linear growth models, on average, patients did not show significant
change in AT (n=48; t(23.8)=1.75, p=0.09), FIX (n=36; t(61)=1.60, p=0.12), FXI (n=39;
t(22.8)=1.88, p=0.07), PS (n=25; t(28.8)=1.08, p=0.29), PC (n=38; t(68)=1.61, p=0.11), INR
(n=44; 1(184)=-1.06, p=0.29), or PT (n=43; t(192)=-0.69, p=0.49) over time. AT activity
positively correlated with FIX activity. PS activity was significantly lower in males.

Conclusion: Based on our natural history data and previous literature, we conclude that caution
should be exercised when the AT levels are lower than 65%, as most thrombotic events occur

in patients with AT below this level. All five, male PMM2-CDG patients in our cohort who
developed thrombosis had abnormal AT levels, ranging between 19% and 63%. Thrombaosis was
associated with infection in all cases. We did not find significant change in AT levels over time.
Several PMM2-CDG patients had an increased bleeding tendency. More long-term follow-up is
necessary on coagulation abnormalities and the associated clinical symptoms to provide guidelines
for therapy, patient management, and appropriate counseling.

Keywords

CDG; glycosylation; factor XI; antithrombin; thrombosis; abnormal coagulation; bleeding;
thrombosis

INTRODUCTION

In humans, glycosylation starts in the cytoplasm and continues in the endoplasmic reticulum
and the Golgi apparatus. Proper glycosylation is vital for producing properly functioning
glycoproteins, glycolipids and glycosylphosphatidylinositol anchored proteins®. When
glycosylation fails, the functionality of the proteins is greatly reduced or even lost, causing
severe abnormalities in development and metabolism?. Additionally, aberrantly glycosylated
proteins have higher turnover rates due to endocytosis by the liver, lowering their levels in
the bloodstream.2 Congenital Disorders of Glycosylation (CDG) are a heterogeneous group
of inherited metabolic disorders caused by a defect in various steps along the glycosylation
pathways. There are some 170 CDG known at the time of publication, and they vary in
severity as well as in incidence rate3-5. Phosphomannomutase 2-congenital disorder of
glycosylation (PMM2-CDG, MIM #212065) is the most common N-glycosylation disorder,
with more than 900 patients worldwide reported in the literature so far®. PMM2-CDG affects
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almost all organs and organ systems, leading to neurologic, ophthalmologic, gastrointestinal,
cardiac, skeletal, and endocrine symptoms’.

Importantly, laboratory analysis of coagulation is frequently abnormal in PMM2-CDG
patients®. According to the international clinical guidelines for PMM2-CDG, abnormal
coagulation has been reported in more than 300 patients in the literature®. These often
include abnormal procoagulant factors and anticoagulant factors, even in the same patient.
Coagulation factors IX (FIX) and X1 (FXI) are important markers of PMM2-CDG, along
with antithrombin (AT), protein C (PC), and protein S (PS)10. Both abundance and
activity of these factors are commonly measured as low (both for abundance and for
activity) in PMM2-CDG patients and can pose a potential risk for bleeding and thrombotic
complications!0. However, there is limited research around the clinical relevance of these
coagulation defects, the actual risk for bleeding diathesis and thrombotic events in PMM2-
CDG patients, and the significance of the reduced coagulation factors in these patients.

Current literature on the prevalence and management of coagulation abnormalities in
PMM2-CDG patients is limited to retrospective studies, clinical expertise, and case
reports. Here, we performed the first study on prospectively collected data, in addition

to retrospective data, to investigate the relevance of coagulation abnormalities associated
with PMM2-CDG, to improve our knowledge on the incidence of complications related to
laboratory abnormalities, and if these change over time.

METHODS

Subjects

Patients with a molecularly confirmed diagnosis of PMM2-CDG were included in

the study. All patients are enrolled in the Frontiers in Congenital Disorders of
Glycosylation Consortium (FCDGC) natural history study upon written and informed
consent (Institutional Review Board [IRB]:19-005187; https://clinicaltrials.gov/ct2/show/
NCT04199000?cond=CDG&draw=2&rank=4). Data was collected prospectively, and
retrospective data was available for many patients as well, if patients have been previously
followed-up by standard of care. The mean follow-up time for the prospective study was
20.2 months and median follow-up time was 20.5 months. The shortest follow up time was
5 months, as patient 33 (P33) was enrolled at 1 month old and died at age 6 months. The
longest follow up time was 38 months (P37).

Data extraction

Data was collected and extracted from the electronic clinical files and electronic laboratory
data system. The following laboratory studies on proteins regulating coagulation were
collected as part of the natural history study according to clinical care: prothrombin time
(PT), international normalized ratio (INR), activated partial thromboplastin time (aPTT),
platelets, factor IX activity (FIX), factor XI activity (FXI), protein C activity (PC), protein S
activity (PS) and antithrombin activity (AT). All studied coagulation factors are glycosylated
proteins and collected according to clinical guidelines®11-17,
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Mono-oligo/di-oligo ratio and A-oligo/Di-oligo ratio from mass spectrometry of
glycosylated transferrin testing were collected for each patient. Carbohydrate deficient
transferrin (CDT) testing measures serum transferrin N-glycosylation and is the gold
standard test for screening, and for assessing therapeutic outcomes?8,

Clinical vascular events including both bleeding and thrombotic events were extracted from
the electronic clinical files by a systematic search of the following keywords: “bleeding”,
“bruising”, “surgery”, “clotting”, “thrombosis”, “DVT”, “embolism”, “stroke”, “vascular”
and “hematology”. Available data was selected on clinical relevancy. We also reviwed the
use of thrombosis prophylaxis and in female patients, estrogen replacement therapy and

concurrent thrombosis prophylaxis.

The Nijmegen Patient CDG Rating Scale (NPCRS) was performed in every patient at

the time of the laboratory sample collection. The NCPRS is a clinical tool developed to
determine the clinical severity and disease progression of patients with CDG in an objective
way and is validated for all age groups. Depending on the NPCRS score, patients are scaled
in a mild (0-14), moderate (15-25) and severe (>26) category.19

Statistical analysis

All statistical analyses were performed using GraphPad Prism version 8.3 (Dotmatics,
USA) or SAS 9.4 (SAS Institute Inc., Cary, NC). For categorical variables, frequencies and
percentages are provided; for continuous variables, descriptive statistics, including sample
size, mean, median, standard deviation, and range of values (i.e., minimum and maximum
values), are provided. Patients” mean laboratory values across time were averaged to obtain
the mean laboratory value for the full sample. Patients with at least one measurement of a
given coagulation factor were included in all plots and analyses for that coagulation factor.
As an exploratory analysis, we estimated the within-patient and between-patient correlation
between AT activity and Factor X1 activity.

For each coagulation factor, we estimated a linear growth model with a random intercept
and random slope for time since first measurement (in months). Time since each patient’s
first measurement was selected as the time metric of interest so that the linear growth model
parameters would reflect within-patient change over time without consideration for age. If
we encountered convergence issues due to the random slope variance being close to zero, we
estimated the linear growth model without a random slope for time since first measurement.
As a supplemental analysis, sex differences in the coagulation factors were evaluated by
including sex in the linear growth models. Statistical significance was defined as p<0.05 for
all analyses.

In the subsample of patients with two or more measurements of AT activity, we calculated
percent change between each patient’s first and last measurement (i.e., [last measurement —
first measurement] / first measurement x 100%). To examine normalization of patients” AT
activity over time, we summarized the number of patients classified as abnormal at their first
measurement who were classified as normal (i.e., AT activity of 80% to 130%) at their last
measurement.
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Fifty patients, with ages ranging from 6 months to 35 years, were included in the study. All
patients were clinically followed at our CDG outpatient clinic at Mayo Clinic, Rochester.
The median age was 8 years (range: 6 months to 35 years) and 66% (33/50) of participants
were male. Seven patients were older than 18 years, 57% of them were female (4/7).
Detailed patient characteristics can be found in Table 1.

Molecular findings

All 50 patients had genetically confirmed PMM2-CDG diagnosis. The most common variant
was ¢.422G>A (p.Argl41His), 33/100 (33%) PMM?2 alleles consisted of this variant in our
50 patients. We found only one homozygous variant: ¢.357C>A (p.Phe119Leu). Genotypes
of all patients are displayed in Table S1.

Laboratory findings: coagulation studies

Main findings for coagulation markers in the overall cohort and stratified for children,
adults, female, and male patients are shown in Table 1. Laboratory findings for all patients
individually are shown in Table 2 and Figure S1. We found that PMM2-CDG affected

the activity of anticoagulant and procoagulant factors, as well as clotting time and platelet
levels. Levels of AT, PC, and PS were abnormal in 83.3% (40/48), 73.7% (28/38), and
42.3% (11/26) of patients respectively. FXI activity was low in 51.3% (20/39), whereas FIX
activity was low in only 27.8% of patients (10/36). PT was high in 62.7% (27/42) of patients
and INR was high in 46.5% (20/43) of patients. Of the 42 patients with available aPTT
values, 13 (31.0%) had abnormal results. Platelet levels were available for 41 patients: of
these, 18 (43.9%) had abnormal values. The mean value was 312.4 (normal 187-400 K/pL).
Platelet levels were decreased in 9 patients, fluctuated between both increased and decreased
in 2 patients, and 7 patients had elevated levels.

Interestingly, AT activity and Factor XI activity were strongly positively correlated within
patients (#within=0.72) and between patients (/hetween=0.88).

Total protein levels were available for 40 patients: 20 patients (50.0%) had abnormal levels
(normal 6.3-7.9 g/dL). 18 patients had decreased levels, one patient had increased levels,
and one patient had both decreased and increased levels.

Based on the linear growth models, on average, patients did not show significant change

in AT activity (7=48; £23.8)=1.75, p=0.09), FIX activity (7=36; £61)=1.60, p=0.12), FXI
activity (/7=39; £22.8)=1.88, p=0.07), PS activity (7=25; {28.8)=1.08, p=0.29), PC activity
(m=38; #68)=1.61, p=0.11), INR (/=44; (184)=-1.06, p=0.29), or PT (/=43; #{192)=-0.69,
£~=0.49) over time. Figure 1 shows patients’ predicted linear growth curves for AT activity
and FXI. For AT activity, 40 patients had two or more measurements, with the median time
between the first and last measurement being 26.8 months (range=1.3 to 109.8 months).
The percent change between each patient’s first and last measurement was highly variable
(median=13.6%, range=-46.6% to 203.0%). All 8 patients with normal AT activity at their
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first measurement (i.e., AT activity of 80% to 130%) had normal AT activity at their last
measurement. Of the 32 patients with abnormal AT activity at their first measurement, 26
(81.3%) had abnormal AT activity at their last measurement.

Sex did not significantly predict AT activity (/7=48; {46.4)=1.77, p=0.08), FIX activity
(m=36; {33.6)=1.22, p=0.23), FXI activity (7=39; 37.8)=1.66, p=0.11), PC activity (7=38;
436.1)=1.76, p=0.09), INR (r=44; £22.4)=0.01, p=0.99), or PT (=43; 22.7)=-0.56,
p=0.58). On average, PS activity was 22.78 points lower in male patients than in female
patients (7=25; #22.8)=3.17, p=0.004).

Clinical findings

Clinical findings available for all 50 patients, followed at our outpatient clinic, are
summarized in Table 3. Prolonged or excessive bleeding or bruising was the most frequent
vascular event (AE) in our cohort: 8 patients (16%) reported having frequent bleeding and/or
bruising. Of note, one patient (P17) presented with bleeding originating from esophageal
varices. Four patients (8%) reported having frequent epistaxis, presenting with nose bleeds
between the age of 11 months to 11 years. Hematemesis and hematochezia were reported

in 5 patients (10%). Three patients reported hematochezia, one presented with hematemesis,
and one suffered from both hematemesis and hematochezia. Both cases of hematemesis
were isolated episodes at 2 years old and 10 years old in P28 and P48 respectively.
Hematochezia was recurrent in P20 and P38 but was an isolated event in P28 and P36.
Perioperative bleeding was reported in 4 patients (8%)—two patients during infancy (9
months old and 11 months old respectively) and two in adolescence (15 years old). In all
cases transfusion of Packed Red Blood Cells (PRBC) and Fresh Frozen Plasma (FFP) was
necessary peri- or postoperatively. While patient 36 received FFP preoperatively, bleeding
still occurred during surgery and required additional treatment with FFP and PRBC.

Five patients (10%) suffered a deep venous thrombosis (DVT). P1 developed multiple DVTs
of the left brachial vein at the age of 3 years. At the time of the event, he was suffering from
an infection and was dehydrated, and his AT level was low at 63%. During a septic episode,
P12 experienced coagulopathy with reported AT levels around 40%. This resulted in a DVT
in the left popliteal vein at age 9 months. One patient (P31) acquired a first DVT in the left
lower extremity at 20 years old. Unfortunately, at the age of 29 years, P31 was hospitalized
due to COVID-19 infection and a pneumothorax. During this period of immobilization, he
suffered another DVT in the left lower extremity. On both occurrences, P31 had very low AT
levels of 21% and 32%, respectively. P33 developed a portal venous thrombosis at the age
of 8 months old. His AT value at the time of thrombosis was 46%. One patient developed

a DVT in the lower extremities during the neonatal period at 11 days old (P40). He was
treated in the neonatal intensive care unit (NICU) with antibiotics for a possible sepsis at the
time of thrombosis. AT levels at that time are not recorded. However, upon enroliment in the
study at age 8 months he had an AT level of 44%.

Nine patients (18%) in our cohort had a history of stroke-like episodes (SLE). All of them
had episodes of transient hemiparesis lasting for 24 hours or longer, without imaging signs
of stroke on MRI or CT, and without seizure like activity on EEG. Two of the patients

had somnolence and transient encephalopathy. No thrombotic episodes were confirmed, and
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the motor function spontaneously recovered in all individuals. Patients who had seizures
prior to the SLE were treated for their seizures both acutely and long term, and none of

the patients were known with migraines. Four patients (P8, P10, P33 and P42) developed a
SLE in the context of a febrile illness. A period of high fever and persistent vomiting was
followed by SLE in P17. One patient (P44) suffered a SLE after a head trauma. SLE with
left hemiparesis presented in P27 after a prolonged seizure. P36 had multiple SLEs starting
at the age of 17 years. His episodes occurred either after head trauma or during a period of
fever followed by vomiting and dehydration. In one patient (P48) the SLE was associated
with hypoglycemia. P32 and P33, twin brothers with identical genotypes, unfortunately died
at respectively 6 months and 12 months old. P33 suffered of liver failure and a portal venous
thrombosis, as mentioned above.

After acquiring a DVT, P31 and P40 were prescribed direct oral anticoagulants (DOACS) to
prevent thrombosis. P31 is treated with edoxaban indefinitely while P40 was treated with
rivaroxaban for 3.5 months. Three patients (P1, P31 and P40) have been treated with heparin
(e.g. enoxaparin). P38 and P46 take a low dose of aspirin to prevent DVTs and thrombosis
from occurring. Two patients in our cohort, P4 and P5, have been prescribed aminocaproic
acid as needed in the case of excessive bleeding. Six patients (P1, P12, P17, P24, P36 and
P43) have received PRBC and/or FFP perioperatively.

All four female patients above the age of 16 years (P18, P19, P38 and P48) have

been prescribed estrogen therapy (estradiol patch or oral) to induce puberty and mediate
symptoms due to hypergonadotropic hypogonadism. P38 has been prescribed aspirin as
thrombosis prophylaxis. (Patient characteristics displayed in Table S2.)

Nijmegen Patient CDG Rating Scale (NPCRS)

The NPCRS score of all 50 patients was collected. The median total score was 22 (moderate
severity), ranging from 9 to 37. The median scores of Section I, Section Il and Section 111
were respectively 8, 3 and 11. The NPCRS scores of all patients are shown in Table S3.

Patients with clinical findings regarding coagulation typically had a moderate or severe
NPCRS score. Three patients reporting easy bleeding/bruising had a moderate score, five
had a severe score. Epistaxis presented in one mild, one moderate and two severe patients,
while excessive bleeding during surgery occurred in two moderate and two severe cases.
Hematemesis or hematochezia was found in one mild, three moderate and one severe
patient. Two moderate and three severe patients suffered from a DVT. One mild, three
moderate and five severe patients reported SLE. (NPCRS scores for each symptomatic
patient included in Table 3.)

DISCUSSION

In this prospective study, we found that prothrombotic and antithrombotic proteins are
abnormal in more than 80% of PMM2-CDG patients. We confirmed that the most frequently
abnormal pro- and anticoagulant parameters are AT, PC, PT, INR, and FXI. AT deficiency
was the most common coagulation abnormality in PMM2-CDG according to our results,
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comparable with previous retrospective findings. In our cohort AT was abnormal in 83.3%
of patients (40/48). According to a previously published study, one in three patients had AT
activity levels below 50%20. However, our study showed that AT activity levels were below
50% (normal range 80-130%) in 62.5% of patients at least once during the evaluations
(30/48). The INR and PT showed in 46.5-62.8% of patients increased values. FIX, PS,
aPTT and platelets were also documented to be abnormal in several patients. In our natural
history data, we observed transient decrease in intraindividual factor levels during episodes
of infections or stress in four patients (P27, P29, P39, and P41). Based on the linear growth
models, on average, the patient cohort did not show significant change in AT activity or
Factor XI activity over time. We concluded, that as fluctuations can occur, annual evaluation
of coagulation factors should be recommended for all patients.

Bleeding episodes or easy bruising was the most frequently reported complication

of coagulopathy in our cohort. Perioperative bleeding, epistaxis, hematemesis, and
hematochezia were also reported as bleeding complications. In all cases of perioperative
bleeding a blood transfusion was necessary. Ten percent (5 out of 50) of PMM2-CDG
patients in our cohort developed a DVT, in association with an infection. All four patients
with available lab results had low AT activity levels at the time of DVT. (Unfortunately

for P40 we do not have an AT level at the time of event.) Similarly, a previous cohort

study by Linssen et al. described 14 out of 100 PMM2-CDG patients developed a DVT and
10 of them had significantly decreased AT levels.8 Thrombosis occurred predominantly in
young children, and none of them developed recurrence?!. One patient had recurrent DVTs
and developed them in adulthood. Infection, especially in combination with dehydration
and immobilization, might be an indication for thrombosis prophylaxis with anticoagulant
therapy in young PMM2-CDG patients.

A recent publication described the occurrence of DVT in adolescent female CDG patients
on estrogen replacement with a history of delayed puberty.22 In our cohort, all four female
patients above the age of 16 years have been placed on estrogen therapy and as coagulation
factors have been normal in most cases, only one, with abnormal levels has been prescribed
prophylactic anticoagulation (See Table S2). Based on the fluctuating AT levels detected in
our study in some of the patients, and the recent report, estrogen replacement therapy may
warrant prophylactic anticoagulation, either by antiplatelet therapy (e.g. aspirin) or DOACs
(e.g. rivaroxaban).

Interestingly, all patients with a history of DVT were male. Epistaxis and perioperative
bleeding were also reported exclusively in males. Mean levels of endogenous anticoagulant
factors (i.e., AT, PC, and PS) were lower in male patients but the difference only reached
statistical significance for PS activity (See Table 1). All other coagulation factors did not
significantly differ by sex. These observations may indicate that male PMM2-CDG patients,
especially those with low PS activity, are particularly at risk for thrombosis. It is worth
noting that we expected a higher risk in females, especially on estrogen therapy?2. Based on
the data one should suggest to regularly follow Protein S activity in males.

Stroke-like episodes (SLE) are known to be prevalent in PMM2-CDG but are not clearly
related to coagulation abnormalities.8 SLE were frequently reported in our cohort (18%)
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and were diagnosed based on clinical symptoms, absence of stroke on MRI or CT, and no
seizure like activity on EEG. The exact cause of SLE in CDG has not yet been identified.®
Multiple hypotheses have been formulated such as a vascular origin and/or metabolic
origin.23-25 Cerebrovascular factors may be partly responsible for the development of
SLE.26 The cause of vasculogenic SLE could be related to the acute, and transient imbalance
in anticoagulant proteins (i.e., AT, PC, and PS). pinterestingly, all patients with a history of
stroke-like episodes and/or thrombotic events had hypercoagulant TGA results.29 We found
that AT activity and FXI activity are also strongly positively correlated in our cohort. The
literature suggests that low clotting factors could have a preventative effect when decreased
in parallel with AT deficiency. The low number of thrombotic episodes in our group of CDG
patients compared to primary AT deficiency could be due to the counterbalance of low FXI,
and potentially also other procoagulant factors. However, patients in our own cohort who
developed DVT had both low AT and low clotting factor levels. The discrepancy could be
explained by additional stress factors such as infection or fever.

25 |n a large retrospective multicentric cohort study of 968 patients with primary AT
deficiency, de la Moreno-Barrio et al. found 7.5% of patients developed a thrombotic event.
Of the patients with a thrombotic event and an available AT activity level, 83.7% (36/43) had
an AT activity level of 65 or less (Normal range: 80-130%)27. We cannot conclude on an
exact cut off level for the risk for thrombosis in PMM2-CDG. Based on our natural history
data and previous literature, we conclude that caution should be exercised when the AT
activity levels are lower than 65% (reference range: 80-130), as the majority of thrombotic
events occur in patients with AT below this level. Disequilibrium between pro-coagulant
and anti-coagulant factors is believed to be the underlying pathological mechanism for
bleeding and thrombotic events.8:28 A study by Pascreau et al.2%, provides a basis to further
interpret the coagulation abnormalities seen in CDG patients. Similar to our data and what is
previously described in the literature, they found that AT and FXI are the main coagulation
factors affected, followed by PC, PS and FIX respectively. The study used Thrombin
Generation Assay (TGA) to assess the impact of combined deficiencies of procoagulant

and anticoagulant factors on the hemostatic balance in patients with CDG. Their results
evidenced a hypercoagulant state in vitro, likely due to lower AT activity and impairment

of the PC system. However, the researchers hypothesized that in vivo the procoagulant
effect of AT deficiency and PC system impairment is counterbalanced by the lower level

of FXI. Their analysis showed a strong correlation between AT and FXI levels in the study
population.

We propose that clinical management should consist of yearly follow-up of bleeding and
clotting parameters (PT, PC, PS, AT, FIX, and FXI) and parent education for warning
signs10. Coagulation studies should be repeated once a year and before surgery, invasive
procedure or during illness or environmental stress.® FFP should be administered to patients
during surgery who have an increased bleeding tendency. After a patient develops a DVT,
low molecular weight heparin treatment (LMWH) is often prescribed to prevent recurrent
DVT in the following 6 weeks to 6 months, depending on severity and the presence of
provoking factors.

Mol Genet Metab. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Graef et al.

Page 10

Data on the efficacy of antithrombotic treatment in PMM2-CDG is limited. There has been
a report of a patient with primary AT deficiency where LMWH treatment was inefficient
because heparins must bind to AT to function. Given the prevalence of AT deficiency in
PMM2-CDG, there might be a concern that LMWH has lower efficacy in CDG patients as
well.% However, it has also been described that hypoglycosylated isoforms of antithrombin,
missing the N-glycan chain at Asn135, have greater affinity for heparin.2-31 While patients’
AT levels are often reduced, this could be counteracted by the improved affinity of the
residual AT to heparin. As mentioned in the clinical guidelines, DOACs (e.g., rivaroxaban)
have been successfully used as alternative prophylaxis in PMM2-CDG.? In our cohort,

two patients who remained at risk of thrombosis were given DOACS to prevent excessive
clotting. In case a procedure is necessary, a hematologist should always be consulted on the
proper course of action regarding the anticoagulant therapy.

Coagulation studies can be used to confirm diagnosis of PMM2-CDG as the abnormalities
in both procoagulant and anticoagulant factors is pathognomonic for CDG. Next to their
clinical relevance, AT and FXI are excellent biomarkers for CDG and could be potential
biomarkers for future clinical trials. Although a few patients normalized their coagulation
data, based on the linear growth models, on average, patients did not show significant
change in the activity of AT, FIX, FXI, PS, PC, or in PT over time. . In future clinical
trials, especially those aimed at improving glycosylation, like the one currently underway
(NCT04925960), this observation is crucial.

CONCLUSION

We conclude that yearly follow up for PT, PC, PS, AT, FIX, and FXI activities, as directed
by the current JIMD guidelines, is essential for appropriate clinical care in PMM2-CDG.

As thrombotic episodes are life-threatening, patients with AT deficiency should be aware

of clinical warning signs, and parents should be educated for the necessary emergency
strategy. As most PMM2-CDG patients never develop thrombotic episodes, preventive
anticoagulants should be only recommended in patients with a positive thrombotic history or
patients receiving estrogen replacement therapy. In addition, AT and FXI activity are reliable
potential biomarkers for future clinical trials.
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PMM?2 Phosphomannomutase 2
AT Antithrombin
PT Prothrombin time
INR International normalized ratio
aPTT Activated partial thromboplastin timea
CDT Carbohydrate deficient transferrin
FVII Coagulation factor VIII
FIX Coagulation factor 1X
FXI Coagulation factor XI
PC Protein C
PS Protein S
SLE Stroke-like episode
NCPRS Nijmegen CDG Patient Rating Scale
DVT Deep venous thrombosis
DOAC Direct oral anticoagulants
PRBC Packed Red Blood Cells
FFP Fresh frozen plasma
LMWH Low molecular weight heparin
REFERENCES

1.

Reily C, Stewart TJ, Renfrow MB, Novak J. Glycosylation in health and disease. Nat Rev Nephrol.
2019;15(6):346-366. doi:10.1038/s41581-019-0129-4 [PubMed: 30858582]

. Gilbert Ashwell: sweet on science. Nat Med. 2008;14(6):608. doi:10.1038/nm0608-608 [PubMed:

18535573]

. Ondruskova N, Cechova A, Hansikova H, Honzik T, Jaeken J. Congenital disorders of

glycosylation: Still “hot” in 2020. Biochim Biophys acta Gen Subj. 2021;1865(1):129751.
doi:10.1016/j.bbagen.2020.129751 [PubMed: 32991969]

. Ferreira CR, Rahman S, Keller M, Zschocke J. An international classification of inherited metabolic

disorders (ICIMD). J Inherit Metab Dis. 2021;44(1):164-177. doi:10.1002/jimd.12348 [PubMed:
33340416]

. Boyer SW, Johnsen C, Morava E. Nutrition interventions in congenital disorders of glycosylation.

Trends Mol Med. 2022;28(6):463-481. doi:10.1016/j.molmed.2022.04.003 [PubMed: 35562242]

. Lao JP, DiPrimio N, Prangley M, Sam FS, Mast JD, Perlstein EO. Yeast Models of

Phosphomannomutase 2 Deficiency, a Congenital Disorder of Glycosylation. G3 (Bethesda).
2019;9(2):413-423. doi:10.1534/g3.118.200934 [PubMed: 30530630]

. Ligezka AN, Mohamed A, Pascoal C, et al. Patient-reported outcomes and quality of life in PMM2-

CDG. Mol Genet Metab. 2022;136(2):145-151. doi:10.1016/j.ymgme.2022.04.002 [PubMed:
35491370]

Mol Genet Metab. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Graef et al.

Page 12

8. Linssen M, Mohamed M, Wevers RA, Lefeber DJ, Morava E. Thrombotic complications in patients
with PMM2-CDG. Mol Genet Metab. 2013;109(1):107-111. doi:10.1016/j.ymgme.2013.02.006
[PubMed: 23499581]

9. Altassan R, Péanne R, Jaeken J, et al. International clinical guidelines for the management of
phosphomannomutase 2-congenital disorders of glycosylation: Diagnosis, treatment and follow up.
J Inherit Metab Dis. 2019;42(1):5-28. doi:10.1002/jimd.12024 [PubMed: 30740725]

10. Lam C, Krasnewich DM. PMM2-CDG. In: Adam MP, Everman DB, Mirzaa GM, et al., eds.; 1993.

11. QuJ, Ma C, Xu X-Q, et al. Comparative glycosylation mapping of plasma-
derived and recombinant human factor VIII. PLoS One. 2020;15(5):e0233576. d0i:10.1371/
journal.pone.0233576

12. Pegg CL, Zacchi LF, Recinos DR, Howard CB, Schulz BL. Identification of novel glycosylation
events on human serum-derived factor IX. Glycoconj J. 2020;37(4):471-483. d0i:10.1007/
510719020-09922-2 [PubMed: 32378017]

13. Faid V, Denguir N, Chapuis V, Bihoreau N, Chevreux G. Site-specific N-glycosylation
analysis of human factor XI: Identification of a noncanonical NXC glycosite. Proteomics.
2014;14(2122):2460-2470. doi:10.1002/pmic.201400038 [PubMed: 25092234]

14. Picard V, Ersdal-Badju E, Bock SC. Partial glycosylation of antithrombin 111 asparagine-135
is caused by the serine in the third position of its N-glycosylation consensus sequence and is
responsible for production of the beta-antithrombin I11 isoform with enhanced heparin affinity.
Biochemistry. 1995;34(26):8433-8440. doi:10.1021/bi00026a026 [PubMed: 7599134]

15. Wu W, Suttie JW. N-glycosylation contributes to the intracellular stability of prothrombin
precursors in the endoplasmic reticulum. Thromb Res. 1999;96(2):91-98. doi:10.1016/
s0049-3848(99)00070-5 [PubMed: 10574586]

16. Ward S, O’Sullivan JM, O’Donnell JS. The Biological Significance of von Willebrand Factor O-
Linked Glycosylation. Semin Thromb Hemost. 2021;47(7):855-861. doi:10.1055/s-0041-1726373
[PubMed: 34130346]

17. Berry LR, Van Walderveen MC, Atkinson HM, Chan AKC. Comparison of N-linked
glycosylation of protein C in newborns and adults. Carbohydr Res. 2013;365:32-37. doi:10.1016/
j.carres.2012.10.019 [PubMed: 23178562]

18. Magalhédes APPS de, Burin MG, Souza CFM de, et al. Transferrin isoelectric focusing for the
investigation of congenital disorders of glycosylation: analysis of a ten-year experience in a
Brazilian center. J Pediatr (Rio J). 2020;96(6):710-716. doi:10.1016/j.jped.2019.05.008 [PubMed:
31677975]

19. Achouitar S, Mohamed M, Gardeitchik T, et al. Nijmegen paediatric CDG rating scale: a
novel tool to assess disease progression. J Inherit Metab Dis. 2011;34(4):923-927. doi:10.1007/
$10545011-9325-5 [PubMed: 21541726]

20. Schiff M, Roda C, Monin M-L, et al. Clinical, laboratory and molecular findings and long-term
follow-up data in 96 French patients with PMM2-CDG (phosphomannomutase 2-congenital
disorder of glycosylation) and review of the literature. J Med Genet. 2017;54(12):843-851.
doi:10.1136/jmedgenet-2017-104903 [PubMed: 28954837]

21. Kathleen Deska Pagana PhD, RN Timothy J. Pagana, MD FACS and Theresa Noel Pagana
MDF. Moshy’s Diagnostic and Laboratory Test Reference 15th Edition. 15th editi. Elsevier; 2020.
https://evolve.elsevier.com/cs/product/9780323675215?role=student

22. Eklund EA, Miller BS, Boucher AA. Thrombosis risk with estrogen use for puberty induction
in congenital disorders of glycosylation. Mol Genet Metab. 2023;138(4):107562. doi:10.1016/
j.ymgme.2023.107562

23. Ishikawa N, Tajima G, Ono H, Kobayashi M. Different neuroradiological findings during two
stroke-like episodes in a patient with a congenital disorder of glycosylation type la. Brain Dev.
2009;31(3):240-243. doi:10.1016/j.braindev.2008.03.012 [PubMed: 18485644]

24. Finsterer J, Aliyev R. Metabolic stroke or stroke-like lesion: Peculiarities of a phenomenon. J
Neurol Sci. 2020;412:116726. doi:10.1016/j.jns.2020.116726

25. Mastrangelo M, Ricciardi G, Giordo L, Michele M De, Toni D, Leuzzi V. Stroke and stroke-like
episodes in inborn errors of metabolism: Pathophysiological and clinical implications. Mol Genet
Metab. 2022;135(1):3-14. doi:10.1016/j.ymgme.2021.12.014 [PubMed: 34996714]

Mol Genet Metab. Author manuscript; available in PMC 2024 June 01.


https://evolve.elsevier.com/cs/product/9780323675215?role=student

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Graef et al.

26.

27.

28.

29.

30.

31.

Page 13

Bedkowska N, Zontek A, Paprocka J. Stroke-like Episodes in Inherited Neurometabolic Disorders.
Metabolites. 2022;12(10). doi:10.3390/metab012100929

de la Morena-Barrio B, Orlando C, de la Morena-Barrio ME, Vicente V, Jochmans K,

Corral J. Incidence and features of thrombosis in children with inherited antithrombin

deficiency. Haematologica. 2019;104(12):2512-2518. doi:10.3324/haematol.2018.210666
[PubMed: 30975910]

Arnoux JB, Boddaert N, Valayannopoulos V, et al. Risk assessment of acute vascular events in
congenital disorder of glycosylation type la. Mol Genet Metab. 2008;93(4):444-449. doi:10.1016/
j.ymgme.2007.11.006 [PubMed: 18093857]

Pascreau T, de la Morena-Barrio ME, Lasne D, et al. Elevated thrombin generation in patients
with congenital disorder of glycosylation and combined coagulation factor deficiencies. J Thromb
Haemost. 2019;17(11):1798-1807. doi:10.1111/jth.14559 [PubMed: 31271700]

McCoy AJ, Pei XY, Skinner R, Abrahams JP, Carrell RW. Structure of beta-antithrombin

and the effect of glycosylation on antithrombin’s heparin affinity and activity. J Mol Biol.
2003;326(3):823-833. d0i:10.1016/s0022-2836(02)01382-7 [PubMed: 12581643]

Turk B, Brieditis I, Bock SC, Olson ST, Bjork 1. The oligosaccharide side chain on Asn-135

of alpha-antithrombin, absent in beta-antithrombin, decreases the heparin affinity of the inhibitor
by affecting the heparin-induced conformational change. Biochemistry. 1997;36(22):6682-6691.
d0i:10.1021/bi9702492 [PubMed: 9184148]

Mol Genet Metab. Author manuscript; available in PMC 2024 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

de Graef et al.

Page 14

Synopsis:

Most PMM2-CDG patients display chronic coagulation abnormalities without significant
improvement, associated with a frequency of 16% clinical bleeding abnormalities, and
10% thrombotic episodes in patients with severe antithrombin deficiency.
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Factor XI - Patients' Predicted Linear Growth Curves

25 S0 75 100
Months Since First Measurement

Patients’ predicted linear growth curves for AT activity (left) and Factor XI (right). Based on
the linear growth models, on average, patients did not show significant change in AT activity
(n=48; 123.8)=1.75, p=0.09) or Factor XI activity (/7=39; #22.8)=1.88, p=0.07). The linear
growth model for AT activity included a random slope for time since first measurement (in
months), whereas the linear growth model for Factor XI did not. The normal range is 80% to

130% for AT activity and 55 to 150 for Factor X1 activity.
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Patient characteristics (n=50) and main findings for coagulation markers and NPCRS scores in the overall
cohort and stratified for children, adults, female, and male patients.

Patient characteristics no. (%)
(n=50)
Age group
0-1 years 2(4)
2-11 years 35 (70)
12-20 years 7(14)
>20 years 6 (12)
Sex
Male 33 (66)
Female 17 (34)
Coagulation markers Mean (SD) Number of Abnormal Children (0-18 Adults Female Male
(normal range) datapoints values (%) years) Mean (>18 years) | Mean (SD) Mean
(SD) Mean (SD) (SD)
Antithrombin (80— 62.9 214 40/48 (83.3) 62.9 (26.8) 62.6 734 57.6
130%) (28.1) (39.1) (29.8) (26.2)
INR (0.9-1.1) 1.10 202 20/43 (46.5) 1.11 (0.17) 1.07 1.09 111
(0.16) (0.09) (0.09) (0.18)
PT (9.4-12.5 sec) 12.8 194 27/43 (62.8) 12.9 (2.12) 12.4 125 12.9
(2.00) (0.935) (1.39) (2.27)
aPTT (25-37 sec) 329 138 13/42 (31.0) 33.1(5.58) 31.4 325 33.0
(5.27) (2.67) (4.13) (5.83)
Protein C activity (70— 65.3 99 28/38 (73.7) 63.2 (23.2) 76.7 75.1 59.6
150%) (27.7) (46.4) (33.5) (22.5)
Protein S activity (60— 71.0 53 11/26 (42.3) 69.9 (17.3) 75.7 84.5 62.7
140%) (19.6) (29.3) (20.8) (13.6)
Factor 1X activity 80.3 85 10/36 (27.8) 76.8 (17.0) 98.1 85.0 7.7
(65-140%) (17.8) (9.32) (17.9) (17.6)
Factor XI activity 67.0 144 20/39 (51.3) 67.4 (23.7) 64.5 73.8 63.2
(55-150%) (24.2) (29.2) (25.2) (23.3)
Platelets (187-400 312 202 18/41 (43.9) 321 (111) 261 (40.3) 321 308 (90.9)
x109/L) (106) (134)
Mean (SD) Children and Adults Male
The Nijmegen Patient CDG Rating adolescents (0- | (>18 years) Female Mean
Scale, NPCRS [range] 18 years) Mean Mean (SD) | Mean (SD)
(SD) (SD)
Section I: Current Function [0-21] 8(3.2) 8(3.2) 7(3.2) 8(3.18) 8
(3.15)
Section I1: System 3(2.5) 4 (2.6) 3(1.5) 3(1.68) 3
Specific Involvement [0-30] (2.84)
Section I11: Current 11 (2.8) 11 (2.4) 10 (4.7) 10 (2.94) 11 (2.60)
Clinical Assessment [0-27]
Total score: [0-78] 22(6.2) 23(5.8) 20(8.1) 20 (6.09) 23(6.15)
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Patient Sex Age

& M)
)

Reference values:

10 F 8
11 F 5
12 M 3

13 M 3

Platelets
(x10%L)

187400

12-361

254-284

175-354

113-151

181-348

177-320

375-379

249-297

335-390

308-605

351

INR
(ratio)

0.9-
11

0.9-
13

1.1-
13

0.9-
1.2

1.0

1.0-1.1

1.2-
13

1.0

1.1-
13

1.0-
11

1.0

14

11

aPTT(sec)

25-37

41

32-33

25

29-33

3541

28

21-32

25-35

33

28

29

PT (sec)

94-12.5

10.7-15.8

12.0-
13.8

10.5-
13.7

11.0-
12.4

15.8—
16.7

11.6-
14.3

11.0-
12.0

10.3-
12.4

Factor
IX
(%)

65—
140

55-66

83-84

56-65

105

82-99

75

74

63-78

57-81

62

Factor
(%)

55—
150

32-39

6667

40-88

48

78—
118

72

51-68

96

64

65

Protein
S (%)

Protein
C (%)

70-150  60-140

66-90

46-82

60-81

55 47

7 114

94-100

68-81

42 46

56

80-101

69-81

33-69

23-51

20 58

69
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Antithrom

bin (%)

80-130

34-63

74-80

28-71

68

87-119

21-37

48-72

38

40-44

103-119

24-41

16-34

51

Genotype

p.Gly15
Ala;

p.Argld
1His

p.Alal0
8Val;

p.Thr23
7TArg

p.Argld
1His;

p.Phe68
Cys

p.Argl4
1His;

p.Glu20
8Ala

p.Argl4d
1His;

p.Glul3
9Lys

p.Argld
1His;

p.Asn21
6lle

p.Argl4
1His;

p.Proll
3lLeu

p.Proll
3Leu;
pVall82
Asp

p.Argld
1His;

p.Val12
9Met

p.Thr23
TArg;

p.Cys24
1Ser

p.Argld
1His;

p.Asn21
6lle

p.Argld
1His;

p.Asn21
6lle

p.Argl4
1His;

p.Vall2
9Met

Events

Perioperative
bleeding,
DVT

Easy bleeding
and bruising

SLE

Easy bleeding
and bruising,
SLE

Perioperative
bleeding,
DVT
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Patient Sex Age Platelets INR aPTT(sec) PT(sec) Factor Factor Protein Protein Antithrom  Genotype Events
(#) M/ (Y)  (x10%L) (ratio) I1X X1 C (%) S (%) bin (%)
F) (%) (%)
p.Argld
1.0- 1His;
14 M 7 11 31-35 58-77  42-71  49-69 71 25-43 p.Phels
3Ser
1.0- 11.5- 72— 95— p.Argl4
15 F 12 293-303 11 27-32 153 107 111 94-120  90-91 96-113 1His: *
16 M 10 246282 10 239 U2- ga 07 9%~ 598 5077 os12  PAOM Epistaxis
11 124 136 1His;
p.Proll
1.1- 12.0- 3Leu; Eas
17 F 7 198-258 50 22-50 217 70 30-96 29 72 33-147 p.Thr23 bleeding, SLE
TArg
8 F 19 206 29 139 190 905 93150 79 100-124 PV
116 Leu;
p.Argl4
19 F 23 11 31 1His;
p.Pro69Ser
p.Argl4 Easy
1.0- 11.2- 1His; bleeding,
20 M 10  268-342 11 37 191 72 82-89 133-148 0.AIg23 epistaxis.
8His hematochezia
p.Argl4
1.1- 12.9- 1His; ..
21 M 9 133-153 12 14.4 56 31-40 30 83 33-34 p.Val23 Easy bruising
1Met
p.Argld
75— 1His; .
22 M 5 420 112 106 59-85 p.Val23 Easy bleeding
1Met
p.Ser47
1.0- 10.3- Leu;
23 M 10  287-384 11 35-36 124 70-72  53-72 61 59 47-67 p.GIn33
Pro
p.Argl4
1.1- 11.7- 1His; Perioperative
24 M 17 167-254 12 35-38 13.6 74-76  22-30 46 70 27-34 p.1le153 bleeding
Thr
p.Argld
1.0- 13.1- 1His;
25 M 9 258-383 19 32.3-37 147 68-97 57-61  35-62 54-71 48-71 p.Proil
3Leu
p.Argl4
1.0- 11.5- 1His; o
26 M 13 230-316 11 32-34 124 74-75  67-82  73-74 86-108 p.Cys24 Epistaxis
1Ser
p.Asplé
12.8- 72— 8Asn;
27 M 8 212-383 1.2 27-36 12.9 103 38-61  41-57 81 40-80 p.Proll SLE
3lLeu
1.0- 11.1- pm:JSM Hematemesis
28 M 14 356-458 13 26-32 16.0 49 36 lle132 and
' ’ P. Th hematochezia
r
p.Argl4
0.9- 10.3- 1His;
29 M 8 238-337 11 41 119 58-80 35 40-51 45-91 p.Vald4
Ala
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Patient

G

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Sex
w7/
F)

Age
49)

10

29

0.5

26

35

1.08
333

1.83
333

9

Platelets
(x10%L)

209-331

108-319

392

29-467

61-297

615-620

188-423

292-344

119-401

706

372-408

INR
(ratio)

1.0-
13

13

1.9

1.0-
13

1.0

1.0

1.0-
11

11

0.9-
13

0.9

0.89-
1.13

1.0-
1.2

aPTT(sec)

27-36

45

50

31

24-42

26-31

35

34-38

27-35

21-35

25-28

40-45

31-32

PT (sec)

10.8-
14.3

11.5-
13.9

10.8—
13.2

13.0-
13.7

10.5-
14.1

10.7-
12.3

11.2-
12.2

9.8-10.2

10.0-12.5

11.0-
13.6

Factor
I1X
(%)

81-95

68

34-41

71-
112

111

97—
119

75

41-81

100-
109

Factor
Xl
(%0)

28-57

51

18-59

29-58

24-68

85

66—
122

22-38

63-77

Protein  Protein
C (%) S (%)

30-47 44-65

56 87

36-83

40-60 32-44

45-57 107

38-76

83-118

47-73 64-66

56 40-70

84
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Antithrom
bin (%)

66

14-27

47-82

78

24-71

40-48

28

24-67

38-88

44

60-118

39-73

21-54

51-75

Genotype

p.Argl4
1His;

p.Phell
9Leu

p.Phell
9Leu,

p.Phell
9Leu

p.Argld
1His;

p.Gly18
6Arg

p.Argl4
1His;

p.Phell
9Leu

p.Argld
1His;

p.Phell
9Leu

p.Argl4
1His;

p.Proll
3Leu

Events

DVT

DVT, SLE

Perioperative
Bleeding,
hematochezia,
SLE

Hemato
chezia

DVT

Easy bleeding
and bruising,
epistaxis

Easy bruising,
SLE

SLE
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Patient

G

45

46

47

48

49

50

Sex
w7/
F)

M

Age
49)

14

24

25

Platelets
(x10%L)

333-357

303-357

202-281

299-346

302-339

INR
(ratio)

0.9-
11

1.0

0.9-
11

1.0-
11

1.2

1.0-
11

aPTT(sec)

32-37

24-27

29-32

30-35

26-31

PT (sec)

11.8-
135

10.7-
111

11.9-
13.2

10.9-
11.9

12.7-
13.6

9.7-13.8

Factor
I1X
(%)

83-98

89-97

97

79—
115

Factor

Xl
(%)

108-

110

52-70

89—
109

50-66

45-65

Protein
C (%)

120-
121

94

137-
170

50-52

48-65

Protein
S (%)

100

Antithrom
bin (%)

47-57

92-107

59-72

96-128

35-47

46-60

Genotype

p.GIn37
Ter;

p.Proll
3Thr

p.Pro69
Ser;

p.Aspl4
8Asn

p.Phel5
7Ser;

p.Thr23
TMet

p.Argl2
3Gln;

p.Cys24
1Ser

p.Cys9T
yr,
p.Aspl4
8Asn

p.Argl4d
1His;

p.Asn21
6lle

Events

Hematemesis,
SLE

Hemostasis values are displayed as ranges for each patient (lowest value measured-highest value measured). The hemostatic values of patients who

had at least one abnormal result are displayed in bold.

Reference values—platelets: 187-400 x109/L; international normalized ratio (INR): 0.9-1.1; activated partial thromboplastin time (aPTT): 25-37
seconds; prothrombin time (PT): 9.4-12.5 seconds; factor 1X activity: 65-140%; factor XI activity: 55-150%; protein C activity: 70-150%; protein

S activity: 60-140%,; antithrombin activity (AT): 80-130%.

Abbreviations: M, male; F, female; Y, years; DVT, deep venous thrombosis; SLE, stroke-like episode.

*
Intronic—P15: ¢.640-23A>G, P16: ¢.640-23A>G, P36: €.639-15479C>T

*Kk
Splice—P18: ¢.255+1G>A

Abbreviations: international normalized ratio (INR), activated partial thromboplastin time (aPTT), prothrombin time (PT)
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Summary of bleeding, thrombotic, and other events (possibly related to coagulation abnormalities) in all

Table 3.

patients with symptomatic coagulation abnormalities.

Vascular events

Easy bleeding/bruising 4
10
17
20
21
22
41
42

Epistaxis 16
20

26
41
Excessive bleeding - perioperatively 1
12
24

36

Hematemesis/hematochezia 20
28

36

38

48

Deep venous thrombosis 1
12

31

33

Patient ID  Age at time of event (Years)

4

3/4-2

11

4&11

3/4

15

15

15

21

10

3/4

20& 29

3/4

Sex (M/F)
F

Genotype

p.Argl41His;
p.Phe68Cys

p.Thr237Arg;
p.Cys241Ser

p.Prol13Leu;
p.Thr237Arg

p.Argl41His;
p.Arg238His

p.Argl41His;
p.Val231Met

p.Argl41His;
p.Val231Met

p.Argl41His;
p.Phell9Leu

p.Argl41His;
p.Prol13Leu

p.Arg141His; *

p.Argl41His;
p.Arg238His

p.Arg141His;
p.Cys241Ser

p.Arg141His;
p.Phel19Leu

p.Gly15Alg;
p.Arg141His

p.Arg141His;
p.Asn216lle

p.Arg141His;
p.lle 153Thr

p.Phel19Leu; *

p.Arg141His;
p.Arg238His

p.Arg141His;
p.11e132Thr

p.Phell9Leu,
p.Phel19Leu

p.Arg141His;
p.Val231Met

p.Arg123Glin;
p.Cys241Ser

p.Gly15Alg;
p.Arg141His

p.Arg141His;
p.Asn216lle

p.Arg141His;
p.Phel19Leu

p.Argl41His;
p.Val231Met

Mol Genet Metab. Author manuscript; available in PMC 2024 June 01.

NPCRS
31

17

31

17

26

26

34

20

26

17

14

34

20

29

22

33

17

23

33

22

20

29

29

37
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Vascular events Patient ID
40

Other events Patient ID

Stroke-like episode 8

10

17

27

33

36

42

44

48

Age at time of event (Years)  Sex (M/F)
Neonatal M

Age at time of event (Years)  Sex (M/F)

4 M

7 F
3&4 F

4 M
1/2 M

17&21&24

8

5 F

5 F

Genotype

p.Argl41His;
p.Phell9Leu

Genotype

p.Prol13Leu;
pVal182Asp

p.Thr237Arg;
p.Cys241Ser

p.Prol13Leu;
p.Thr237Arg

p.Aspl48Asn;
p.Prol13Leu

p.Argl41His;
p.Val231Met

p.Phell9Leu; *

p.Argl41His;
p.Prol13Leu

p.Aspl88Gly;
p.Val231Met

p.Arg123Glin;
p.Cys241Ser

NPCRS
21

NPCRS
19

17

31

27

37

20

25

9

Abbreviations: deep venous thrombosis (DVT), stroke-like episode (SLE), Nijmegen Patient CDG Rating Scale (NPCRS)

*
Intronic—P16: ¢.640-23A>G, P36: ¢.639-15479C>T
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