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Impaired glucose-1,6-biphosphate production
due to bi-allelic PGM2L1 mutations is associated
with a neurodevelopmental disorder
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Summary
We describe a genetic syndrome due to PGM2L1 deficiency. PGM2 and PGM2L1 make hexose-bisphosphates, like glucose-1,6-bisphos-

phate, which are indispensable cofactors for sugar phosphomutases. These enzymes form the hexose-1-phosphates crucial for NDP-

sugars synthesis and ensuing glycosylation reactions. While PGM2 has a wide tissue distribution, PGM2L1 is highly expressed in the

brain, accounting for the elevated concentrations of glucose-1,6-bisphosphate found there. Four individuals (three females and one

male aged between 2 and 7.5 years) with bi-allelic inactivating mutations of PGM2L1 were identified by exome sequencing. All four

had severe developmental and speech delay, dysmorphic facial features, ear anomalies, high arched palate, strabismus, hypotonia,

and keratosis pilaris. Early obesity and seizures were present in three individuals. Analysis of the children’s fibroblasts showed that

glucose-1,6-bisphosphate and other sugar bisphosphates were markedly reduced but still present at concentrations able to stimulate

phosphomutases maximally. Hence, the concentrations of NDP-sugars and glycosylation of the heavily glycosylated protein LAMP2

were normal. Consistent with this, serum transferrin was normally glycosylated in affected individuals. PGM2L1 deficiency does not

appear to be a glycosylation defect, but the clinical features observed in this neurodevelopmental disorder point toward an important

but still unknown role of glucose-1,6-bisphosphate or other sugar bisphosphates in brain metabolism.
Glycosylation defects are a major group of metabolic dis-

eases comprising more than 100 different defects and

a significant proportion of them are due to deficiencies

in enzymes involved in the synthesis of nucleoside diphos-

phate sugars (NDP-sugars).1 In several instances, the syn-

thesis of NDP-sugars starts with the conversion of a hex-

ose-6-phosphate to a hexose-1-phosphate. This step is

catalyzed by a phosphomutase and is followed by the addi-

tion of a nucleotidyl group to the phosphate on carbon 1,

resulting in the activated sugars uridine diphosphate

(UDP)-glucose, UDP-N-acetyl-glucosamine, and guanosine

diphosphate (GDP)-mannose. The three phosphomutases

that are needed to form glucose-1-phosphate (phospho-

glucomutase 1 [PGM1]),2 N-acetyl-glucosamine-1-phos-

phate (phosphoglucomutase 3 [PGM3]),3 and mannose-

1-phosphate (phosphomannomutase 2 [PMM2])4 all

require low concentrations of the corresponding hexose-

bisphosphate (glucose-, N-acetyl-glucosamine-, and

mannose-1,6-bisphosphate) as a cofactor.5–7 This cofactor

participates in the reaction mechanism and is therefore

indispensable.8,9
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The main enzymatic reaction forming these hexose-bi-

sphosphates uses the high-energy intermediate of glycol-

ysis 1,3-bisphosphoglycerate as a phosphoryl donor and

a hexose-1 or 6-phosphate as a phosphate acceptor.10,11

In vertebrates, two proteins have been shown to catalyze

this reaction: PGM2 and PGM2L1. PGM2 is a multifunc-

tional enzyme able to catalyze several phosphomutase re-

actions on ribose-phosphate, deoxyribose-phosphate,

and glucose-phosphate and, at a much lower rate, the syn-

thesis of hexose-1,6-bisphosphates and ribose-1,5-bisphos-

phate.11 PGM2L1 has similar catalytic activities, but its bi-

sphosphate synthesizing activity is higher compared to its

mutase activity, which makes it suitable to synthesize high

concentrations of glucose-1,6-bisphosphate and other

hexose- and pentose-bisphosphates.12 This is also consis-

tent with the tissue distribution of these two enzymes:

PGM2 is widely distributed in tissues, while PGM2L1 is

almost restricted to the brain. Intriguingly, the brain is

characterized by a very high concentration of glucose-

1,6-bisphosphate (>100 mM), which is at least 100-fold

more than the concentration needed for the functioning
2Institute of Human Genetics, Department of Genetics and Pharmacology,

an Genetics, Technische Universität München, 81675 Munich, Germany;

Denmark; 5Medical Genetics, Department of Pediatrics, University of Mas-

nt of Pediatrics I, Division of Pediatric Neurology, Medical University Inns-

of Southern Denmark, 5000 Odense, Denmark; 8de Duve Institute, UCLou-

thern Jutland, 6200 Aabenraa, Denmark; 10Department of Pediatrics,

etics and Applied Genomics, University of Tübingen, 72076 Tübingen, Ger-
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of sugar phosphomutases.12,13 These findings suggest that

glucose-1,6-bisphosphate and PGM2L1 play a still un-

known role in the brain. Here, we report the identification

of four children with PGM2L1 deficiency sharing a com-

mon, largely neurological phenotype. More than 10 years

after themolecular identification of PGM2L1,11 the discov-

ery of this developmental disorder highlights the impor-

tance of glucose-1,6-bisphosphate in the brain.

Weperformed clinicalwhole-exome sequencing (WES) in

all four families asWES trio analysis (supplemental subjects

and methods) to explore the cause of an identified

neurodevelopmental disease affecting young children.

This disclosed bi-allelic variants in PGM2L1 in all four

affected children (PT1, PT2, PT3, and PT4—see Table 1),

which were connected via the web-based tool Gene-

Matcher.14 The PGM2L1 (MIM: 611610) variants identified

(GenBank: NM_173582.4) were as follows: for PT1, homo-

zygous variant c.1548_1549delTC (p.Pro517Lys*19); for

PT2, compound heterozygous for the frameshift variants

c.51delC (p.Tyr18Thrfs*36) and c.1115delA (p.Asn372I-

lefs*8); for PT3, homozygous truncating variant c.172C>T

(p.Arg58*); and for PT4, homozygous truncating variant

c.1282G>T (p.Glu428*). In addition, microarray analysis

did not identify any clinically relevant copy number varia-

tions in anyof the affected individuals andnoneof the addi-

tional gene variants identified appeared to contribute to the

phenotype (supplemental subjects and methods).

Clinically, all four individuals (three females and one

male, between the ages of 2 and 7.5 years) had severe devel-

opmental and speech delay, dysmorphic facial features

(Figure 1), ear anomalies, high-arched palate, strabismus,

muscular hypotonia, and keratitis pilaris/dry skin. All preg-

nancies were uneventful and growth parameters were

normal at birth. There was no significant failure to thrive.

Three out of the four children developed significant over-

weightness after the age of 2 to 3 years (BMI > 97th percen-

tile). Two out of the four children had primary ataxia. Three

had seizures, including tonic-clonic and absence seizures.

One child developed status epilepticus and severely re-

gressed with this event, losing all motor milestones. One

child was unable to sit independently or use words. Only

one child learned to walk independently and developed

speech; this individualhad intellectual disability andbehav-

ioral abnormalities and demonstrated aggressive outbursts

andpica (Table1andsupplementary subjects andmethods).

Two children developed early severe caries. None of the

children had cardiac, urogenital, endocrine, or skeletal

anomalies. Hearing was normal. Vision was impaired

only in the affected individual who had a severe episode

of status epilepticus. Brain MRI was unremarkable in two

affected individuals and a third demonstrated frontal atro-

phy; in one child, the MRI showed symmetric supratento-

rial parenchymal anomalies, signal changes in the lower

cerebellar hemispheres, in the nucleus lentiformis, and be-

tween the cortex and the whitematter. One child, who had

unremarkable MRI, had a magnetic resonance spectros-

copy (MRS) examination, which showed mildly elevated
1152 The American Journal of Human Genetics 108, 1151–1160, Jun
lactic acid and decreased N-acetylaspartate (NAA) levels.

Metabolic studies were performed and were unremarkable

in all individuals. Transferrin glycoform analysis was per-

formed in the blood of three out of the four affected indi-

viduals and was equally unremarkable (Table 1 and supple-

mental subjects and methods).

Given that all four children harbor predicted loss-of-func-

tion variants of PGM2L1, we anticipated that such variants

would reduce the level of glucose-1,6-bisphosphate and

other sugar-bisphosphates that are normally synthesized

by PGM2L1. Therefore, it was of interest to investigate these

and other metabolites in PGM2L1-deficient versus control

fibroblasts.Accordingly, a skinbiopsywasobtained for func-

tional studies as part of the clinical workup in three out of

the four children, and consent for research usage was ob-

tained. Residual deidentified biological material was used

for fibroblast-based functional assays (Mayo Clinic IRB 16-

004682-19). Deidentified data on participating individuals

were collected under the oversight of the respective institu-

tional review boards or equivalent ethical committees. In-

spection of the chromatograms derived from the liquid

chromatography/mass spectrometry (LCMS) analysis of

the fibroblasts’ extracts showed a peak corresponding to

an ion with an m/z value of 338.9890, matching mono-de-

protonated glucose-1,6-bisphosphate, which was strongly

reduced in extracts of fibroblasts deficient in PGM2L1.

Nonetheless, an accurate quantification of glucose-1,6-

bisphosphate was difficult to achieve via its m/z value

(338.9890) becauseof apartial overlapof theelutionprofiles

ofglucose-1,6-bisphosphate andfructose-1,6-bisphosphate,

which have the same elemental composition. Fortunately,

we noticed that fragmentation of glucose-1,6-bisphosphate

during electrospray ionization gave rise to an ionwith anm/

zvalueof241.0121,whichmatcheda fragmentproducedby

the elimination of H3PO4 and was at least 10-fold more

abundant in the case of glucose-1,6-bisphosphate than of

fructose-1,6-bisphosphate. On the basis of the analysis of

this fragment (m/z value 241.0121), we could conclude

that PGM2L1 deficiency led to an approximate 90%

decrease in the concentration of glucose-1,6-bisphosphate

but not to its complete absence (Figure 2).

Glucose-1,6-bisphosphate was consistently found to be

reduced by about 10-fold in PGM2L1-deficient fibroblasts,

regardless of whether the m/z values of ions 241.0121

(Figure 3A) or 338.9890 (Figure 3B) were used for the quan-

tification, while fructose-1,6-bisphosphate (which is not

formed by PGM2L1, but by phosphofructokinase) was un-

changed. We similarly found that the concentrations of

N-acetyl-glucosamine-1,6-bisphosphate and ribose-1,5-bi-

sphosphate, two other products previously shown to be

formed by PGM2L1 in vitro,11 were also markedly reduced

in the PGM2L1-deficient fibroblasts, yet they were still

significantly present (Figures 3C and 3D).

Hexose-/pentose-bisphosphates are activators of phos-

phomutases, which are required for the synthesis of NDP-

sugars.8,9 Thus, a major question was whether the decrease

in hexose- and pentose-bisphosphates might lower the level
e 3, 2021



Table 1. Clinical features of four PGM2L1-deficient individuals

Individuals PT1 PT2 PT3a PT4

Age/sex 7 years/male 7.5 years/female 7 years/female 30 months/female

Ethnic background Turkish French-Canadian (Cajun) Middle Eastern Pakistani

Genetic variants
(GenBank: NM_173582.4)

c.1548_1549delTC (homozygous) c.[51delC]; [1115delA] c.172C>T (homozygous) c.1282G>T (homozygous)

Protein p. Pro517Lysfs*19 p.[Tyr18Thrfs*36]; [Asn372Ilefs*8] p.Arg58* p.Glu428*

Global development delay þ þ þ þ

Intellectual disability þ þ þ not applicable

Gross motor skills 18 months sitting, 34 months walking 10 months sitting, 18 months walking 7 years can sit/stand with support; no
targeted hand activity

8 months sitting,
30 months walking

Speech delay single words (4–5) at 34 months severe speech delay severe, no verbal language 30 months babbling, no speech

Abnormal behavior no meaningful contactb severe pica and aggressive behavior � �

Neurologic features þ þ þ þ

Hypotonia þ þ (truncal) shifting tonus, with hypertonia þ

Muscle weakness þ þ � �

Seizures þ þ � þ

Pyramidal signs þb � � �

Ataxia � þ � þ

MRI dilation of the frontal
interhemispheric cleft

unremarkable (MRS showed decreased
NAA and mildly elevated lactic acid)

symmetric infra/supra tentorial
parenchymal anomalies; signal changesc

unremarkable

Dysmorphic features þ þ þ þ

Ears over-folded helices, large earlobes,
pronounced antitragus

prominent ears, large ear lobes,
and over-folded helices

large earlobes prominent ears

Eyes long eyelashes, down-slanting palpebral
fissures

epicanthal folds, down-slanting
palpebral fissures

� �

High arched and narrow palate þ þ þ �

Nose flat nasal bridge, broad and
bulbous nasal tip, a long philtrum

prominent nasal tip, flat nasal
bridge, under-developed nasolabial fold

prominent nose, flat philtrum �

Thin upper lip þ þ � �

Pointy chin þ � þ �

Teeth early caries early caries � �

Skin abnormalities þ þ þ þ

Dry skin þ (keratosis pilaris) þ (keratosis pilaris) þ (keratosis pilaris) þ (eczema)

(Continued on next page)

T
h
e
A
m
e
rica

n
Jo
u
rn
a
l
o
f
H
u
m
a
n
G
e
n
e
tics

1
0
8
,
1
1
5
1
–
1
1
6
0
,
Ju
n
e
3
,
2
0
2
1

1
1
5
3



Table 1. Continued

Individuals PT1 PT2 PT3a PT4

Abnormal hair growth hypertrichosis of the back excessive arm hair growth � �

Ocular abnormalities þ þ þ þ

Exotropia þ þ þ þ

Hypermetropia � � þ �

Vision loss þb � � �

GI abnormalities þ � � þ

Swallowing difficulties þb � � some feeding difficulties

Early obesity (at age 2 to 3) þ þ � þ

Current obesity; BMI/centiles þ; 19.3/99th þ; 25.1/99th �; 17.4/85th þ; 22.2/99th

Extremities � þ � þ

Joints � hypermobility � hypermobility

Hands and feet � small hands and feet and short toes � deep palmar creases

Laboratory investigations

Transferrin glycosylation in blood normal normal normal not performed

Plasma acyl carnitine pattern normal normal normal normal

Urinary organic acids normal normal normal normal

All four pregnancies were unremarkable and birth parameters were normal, except for PT1 in which a relative microcephaly was noted; no cardiac abnormalities and no failure to thrive were detected.
aParents are first cousins.
bSymptoms appeared after status epilepticus and resuscitation.
cSignal changes observed were in lower cerebellar hemispheres, nucleus lentiformis, and scattered on the verge between cortex and white matter.
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Figure 1. Dysmorphic features of three
PGM2L1-deficient individuals
(A and B) Individual 1 (PT1) at the age of 1.5
years before status epilepticus occurred (A)
and at the age of 5 years after the status epi-
lepticus episode (B); note over-folded heli-
ces, large earlobes, pronounced antitragus,
down-slanting palpebral fissures, stra-
bismus, flat nasal bridge, broad and bulbous
nasal tip, long philtrum, thin upper lip, and
small hands.
(C and D) Individual 2 (PT2) at the age of 7.5
years; note obesity, epicanthal folds, down-
slanting palpebral fissures, strabismus,
prominent ears and nasal tip, flat nasal
bridge, under-developed nasolabial fold,
thin upper lip, and pointy chin.
(E and F) Individual 3 (PT3) at the age of 9
years with strabismus, down-slanting palpe-
bral fissures, broad nasal bridge, bulbous
nasal tip, pointy chin, smooth philtrum,
and large earlobes.
ofNDP-sugars in these cells and therebycompromiseprotein

glycosylation. However, no significant change was observed

in the level of UDP-hexose (sum of UDP-glucose and UDP-

galactose), UDP-glucuronate, UDP-GlcNAc/GalNAc, cyti-

dine monophosphate (CMP)-sialic acid, GDP-mannose/

GDP-glucose, GDP-fucose (Figures 3E–3J), and cytidine

diphosphate(CDP)-ribitol (seenoteinthe legendofFigure3),

indicating that the level of none of the precursors required

for glycosylation reactions was affected. We also found that

there was no change in the concentration of ATP and of

ADP, twomajor nucleotides involved as substrate or product

for amultitude of enzymes (Figures 3K and 3L). Experiments

that were designed to rescue the PGM2L1 defect in fibro-

blasts from three PGM2L1-deficient individuals as well as a

control individual showed that the level of the various hex-

ose-bisphosphates were increased by 10- to 20-fold by

complementation with PGM2L1 (Figures S1A and S1B),

reaching levels above the ones observed in control cells. In

contrast, UDP-hexose, UDP-glucuronate, UDP-GlcNAc/Gal-

NAc, CMP-sialic acid, ADP, and ATP were not changed (Fig-

ures S1C–S1H). Accordingly, LCMS analysis of extracts

from HEK293T cells overexpressing either a glucose-1,6-bi-

sphosphate degrading enzyme (PMM1) or two glucose-1,6-

bisphosphate forming ones (PGM2 or PGM2L1) showed a

strong decrease or increase in intracellular glucose-1,6-bi-

sphosphate (Figures S2A and S2B), N-acetyl-hexosamines-

1,6-bisphosphate (Figure S2C), and ribose-1,5-bisphosphate

(Figure S2D) without impacting the levels of NDP-sugars,

CMP-sialic acid, ADP, or ATP (Figures S2E–S2J). Taken

together, these data indicated that the loss of PGM2L1 activ-

ity in fibroblasts from PGM2L1-deficient individuals caused

a significant yet incomplete loss of the hexose-/pentose-bi-

sphosphates, activators of phosphomutases, but that this

did not affect the level of the NDP-sugars, suggesting that

protein glycosylation was most likely not affected.
The America
In agreement, analysis by immunoblotting of the migra-

tion pattern of the heavily glycosylated protein LAMP2,

whose glycans contribute to about 40% of its mass,15

shows that LAMP2 present in the extracts prepared from

PGM2L1-deficient fibroblasts has the same normal migra-

tion pattern as the protein from control cells (Figure 4A),

which also argues against a glycosylation defect in the

PGM2L1-deficient cells. We and others have shown in pre-

vious work that when glycosylation was impaired in cells,

the migration pattern of LAMP2 was altered.15,16

Because the changes in glucose-1,6-bisphosphate seen in

LCMS (Figures 2 and 3) did not provide an absolute quantifi-

cation, we also quantified glucose-1,6-bisphosphate in fibro-

blast extracts by using an enzymatic assay, which is based on

the observation that phosphoglucomutase (PGM1) is acti-

vated by glucose-1,6-bisphosphatewith a Ka (the concentra-

tion of enzyme activator at which half-maximal stimulation

of the enzymatic activity is reached) below 1 mM.17 Thus, to

determine the absolute concentration of glucose-1,6-bi-

sphosphate in thePGM2L1-deficient cells,weuseda spectro-

photometric assay that is based on the stimulation of

rabbit muscle phosphoglucomutase by glucose-1,6-bisphos-

phate.12 The use of appropriate dilutions of the extracts indi-

cated that the intracellular concentration of glucose-1,6-bi-

sphosphate amounted to 80 mM in control fibroblasts and

13 mM inPGM2L1-deficient ones (Figure 4B). Consequently,

even in PGM2L1-deficient cells, the concentration of

glucose-1,6-bisphosphate was more than one order of

magnitude above the Ka of PGM1 for glucose-1,6-bisphos-

phate, explaining that PGM2L1 deficiency does not affect

the formation of UDP-glucose (Figure 3E). A similar conclu-

sion also applies to other phosphomutases because NDP-

sugars dependent on the catalytic activity of PMM2 (GDP-

mannose; Figure 3I) and PGM3 (UDP-N-acetyl-hexosamine;

Figure 3F) were also not decreased.
n Journal of Human Genetics 108, 1151–1160, June 3, 2021 1155



Figure 2. Quantification of glucose-1,6-bi-
sphosphate in cell extracts via LCMS
Afragment (m/z¼241.0121) formed through
eliminationofH3PO4 in theLCMSanalysis of
the samples is 10-fold more abundant in
the case of glucose-1,6-bisphosphate than
fructose-1,6-bisphosphate. This allows the
specific identification of low amounts of
glucose-1,6-bisphosphate in cell extracts.
The arrow indicates the glucose-1,6-bisphos-
phate (G-1,6-bisP) peak (red chromatogram;
m/z ¼ 338.9890) or the fragment that is
formed through the elimination of H3PO4

(black chromatogram; m/z ¼ 241.0121) in
control (CT) and in the affected individual’s
fibroblasts (PT1).The secondpeak showncor-
responds to the same ions from fructose-1,6-
bisphosphate. The peaks shown correspond
to extracted-ion chromatograms of the
[M-H]� forms of each metabolite.
Because PMM1 is the enzyme that serves to degrade

glucose-1,6-bisphosphate12 and PGM2 is amultifunctional

enzyme that also catalyzes the synthesis of glucose-1,6-

bisphosphate and other hexose-bisphosphates,11,17,18

although less well than PGM2L1, we tested the impact of

overexpressing these enzymes in HEK293T cells on their

level of glucose-1,6-bisphosphate. As expected, overex-

pression of PMM1 caused amarked decrease in the concen-

tration of glucose-1,6-bisphosphate from 137 mM to 25 mM

and confirmed that PGM2 is indeed able to form glucose-

1,6-bisphosphate (Figure 4C). PGM2 overexpression in

HEK293T cells increased the concentration of this bisphos-

phate ester by about 2-fold, while that of PGM2L1, the

enzyme dedicated to make sugar bisphosphates, including

glucose-1,6-bisphosphate, increased it by about 20-fold

(Figure 4C). These findings are consistent with data pub-

lished in the literature. As initially reported for PGM2

purified from human erythrocytes17,18 and confirmed

with the recombinant enzyme,11 PGM2 also displays

some glucose-1,6-bisphosphate synthase activity, despite

its main phosphopentomutase activity. Furthermore the

glucose-1,6-bisphosphate synthase activity of PGM2 is

more powerfully inhibited by glucose-1,6-bisphosphate

than that of PGM2L1,11 indicating that PGM2L1 is more
1156 The American Journal of Human Genetics 108, 1151–1160, June 3, 2021
suitable to form the elevated concen-

trations of glucose-1,6-bisphosphate

(about 100 nmol/g) that are found in

mouse brain.12,13,19

Again, we noted that reduction of the

glucose-1,6-bisphosphate pool due to

PMM1 overexpression did not appear

to impact glycosylation of LAMP2.

By contrast, LAMP2 glycosylation was

markedly affected in neutrophils from

individuals with G6PC3 deficiency,

owing to a block in glucosemetabolism

due to accumulation of the hexokinase

inhibitor 1,5-anhydroglucitol-6-phos-
phate (Figure 4D).16 In this context, it is remarkable that

the clinical features of our PGM2L1-deficient children are

very similar to those observed in older individuals with

MAN1B1-CDG (MIM: 614202), a Golgi-related congenital

disorder of glycosylation,20 but all four PGM2L1-deficient

children had normal transferrin glycosylation in blood un-

like MAN1B1-CDG-affected individuals.21

Taken together, these findings suggest that PGM2L1 defi-

ciency is not a glycosylation defect due to the defective

production of NDP-sugars. Yet, while our analyses in fibro-

blasts and the normal transferrin glycosylation in

PGM2L1-deficient individuals do not reveal changes in

glycosylation, one could argue that PGM2L1 deficiency

might lead to a specific glycosylation defect in the brain

where PGM2 expression is low. However, even if this was

true, it does not explain the need to have such elevated

concentrations of hexose-/pentose-bisphosphates (and

particularly glucose-1,6-bisphosphate)13,22 in the brain

together with the high expression of PGM2L1, an enzyme

that is dedicated to their synthesis.

Although we have not explored directly the mechanism

by which lack of PGM2L1 leads to the neurodevelopmen-

tal delay seen in these children, it is conceivable that

glucose-1,6-bisphosphate and other sugar-bisphosphates



Figure 3. Glucose-1,6-bisphosphate, N-acetyl-glucosamine-1,6-bisphosphate, and ribose-1,5-bisphosphate, but not NDP-sugars, are
reduced in fibroblasts from PGM2L1-deficient individuals
Changes in glucose-1,6-bisphosphate (G-1,6-P2) and fructose-1,6-bisphosphate (F-1,6-P2) in control fibroblasts (n ¼ 6) versus fibroblasts
from PGM2L1-deficient individuals (n¼ 3: PT1, PT2, and PT3) are shown by integrating either both peaks (G-1,6-P2 þ F-1,6-P2) together
or separately (G-1,6-P2 or F-1,6-P2), indicating that only G-1,6-P2 (and not F-1,6-P2) is reduced in PGM2L1-deficient fibroblasts (A and B).
Other bisphosphates that decreased in fibroblasts from affected individuals are N-acetyl-hexosamine-1,6-bisphosphate (C) and ribose-
1,5-bisphosphate (D). The peaks corresponding to the sum of UDP-glucose/UDP-galactose (E), or UDP-N-acetyl-glucosamine/UDP-N-
acetyl-galactosamine (F), and to UDP-glucuronate (G), CMP-sialic acid (H), GDP-mannose/GDP-glucose (I), GDP-fucose (J), and ATP
(K) or ADP (L) remain unchanged. Note that the peak corresponding to CDP-ribitol was also unchanged but could not be shown.
Bars represent metabolites detected by LCMS analysis corresponding to extracted-ion chromatograms of the [M-H]� forms. Metabolites
are quantified by integrating the areas under the curve corresponding to the shown metabolite and normalizing them to total ion cur-
rent (TIC). Data shown are means and error bars are 5 SD and correspond to fibroblasts from six different controls (n ¼ 1 for each con-
trol) and three PGM2L1-deficient individuals (n ¼ 2 for each affected individual).
made by PGM2L1 may have a regulatory role in sugar

metabolism in the brain. Indeed, besides their actions as

activators of phosphomutases, glucose-1,6-bisphosphate

and ribose-1,5-bisphosphate have, in the range of concen-

trations observed in the brain, potential regulatory effects

on several enzymes of sugar metabolism. In vitro, glucose-

1,6-bisphosphate has also been described to be an inhibi-

tor of hexokinase 1 and 2 (only at concentrations that

are much higher than those needed to saturate phospho-

mutases)23–26 and of phosphogluconate dehydroge-

nase.27,28 Additionally, both glucose-1,6-bisphosphate29

and ribose-1,5-bisphosphate30 are stimulators of phospho-

fructokinase, although not as potent as fructose-2,6-bi-

sphosphate, but more studies are needed to understand

the physiological relevance of these effects or to discover

the real target of glucose-1,6-bisphosphate’s action.

Interestingly, degradation of glucose-1,6-bisphosphate is

regulated by inosine monophosphate (IMP),31,32 suggest-
The America
ing that itmayhave some role in the control of energymeta-

bolism. The concentration of IMP increases in energy

shortage as a result of enhanced deamination of AMP by

AMP-deaminase. Glucose-1,6-bisphosphate is indeed

degraded by PMM1,12 a protein homologous to PMM2,

which in the presence of micromolar concentrations of

IMP, efficiently dephosphorylates glucose-1,6-bisphos-

phate. The effect of IMP is not only impressive by itsmagni-

tude, the lowKa for IMP (z1.5–3mM), and the specificity for

this nucleotide but also by the fact that mechanistically it

involves conserved residues that are specific for PMM1

and not found in PMM2.33 The occurrence of this regula-

tion in vivo is supportedby theobservation that thedecrease

in glucose-1,6-bisphosphate that occurs during anoxia in

mouse brain12,13 does not occur in PMM1-deficient

mice.12 These findings, and the fact that the presence of

this IMP-dependent phosphatase in the brain parallels

that of the glucose-1,6-bisphosphate synthesizing
n Journal of Human Genetics 108, 1151–1160, June 3, 2021 1157



Figure 4. PGM2L1deficiency in fibroblasts
or PMM1 overexpression in HEK293T cells
does not affect LAMP2 glycosylation
because they lower, but do not abolish,
glucose-1,6-bisphosphate in cells
PGM2L1 deficiency does not affect LAMP2
glycosylation in whole-cell extracts from fi-
broblasts as shown in immunoblots (A)while
reducing, but not abolishing, glucose-1,6-bi-
sphosphate. Glucose-1,6-bisphosphate was
measured in neutralized HClO4 extracts via
a sensitive assay based on the stimulation
of rabbit muscle phosphoglucomutase by
glucose-1,6-bisphosphate (B). Equally, over-
expression in HEK293T cells of PMM1, the
IMP-dependent glucose-1,6-bisphosphate
phosphatase, reduced, but did not abolish,
glucose-1,6-bisphosphate (C) and did not
result in reducedLAMP2glycosylation,while
G6PC3 deficiency markedly affected LAMP2
glycosylation in the neutrophils of these in-
dividuals (D).16 PGM2 is not dedicated to
form glucose-1,6-bisphosphate as PGM2L1
is, but it also displays significant glucose-
1,6-bisphosphate synthase activity (C).
Measurements in (B)weremade indouble for
fibroblasts fromsix control individuals (open
symbols) and in triple for fibroblasts from
three PGM2L1-deficient individuals (closed
symbols). Data shown are means and error
bars are 5 SD. The medians between the
two unmatched groups are compared via
a nonparametric Mann-Whitney test and
an exact p value was computed (****p <
0.0001). In (C), data shown are means, error
bars are 5 SEM (n ¼ 3), and p values (****
p % 0.0001) were determined with an un-
paired t test.
enzyme,19,34 plead for a regulatory role of glucose-1,6-bi-

sphosphate in response to energy shortage.

Would such a role be compatible with the phenotype

that is observed in PGM2L1 deficiency? It may be inter-

esting in this respect to remember that the phenotype of

cerebral creatine deficiency syndrome 1 (CCDS1 [MIM:

30052]), an X-linked disease due to creatine transporter

(SLC6A8) deficiency, shares several features with PGM2L1

deficiency, including intellectual disability, speech delay,

and hypotonia, with only occasionally reported micro-

cephaly.35 Creatine phosphate serves as an energy reser-

voir and for the intracellular transport of high-energy

phosphates.36 The similarity of the clinical findings in

these two metabolic diseases supports a potential role of

glucose-1,6-bisphosphate in energy metabolism.

In summary, we report a neurodevelopmental disorder

related to a deficiency in PGM2L1, a glucose-1,6-bisphos-

phate synthesizing enzyme that associates a neurological

syndrome with dysmorphism. Studies on fibroblasts from

affected and control individuals and cell lines overexpress-

ing recombinant proteins clearly indicate that PGM2L1

deficiency causes a decrease, but not a disappearance, of

the sugar bisphosphates needed for the formation of

NDP-sugars and that there is no evidence that this leads

to a glycosylation defect. This indicates that there must
1158 The American Journal of Human Genetics 108, 1151–1160, Jun
be an important role of glucose-1,6-bisphosphate and/or

other hexose-/pentose-bisphosphates in the brain that is

still unknown.
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