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A missing enzyme-rescue metabolite as
cause of arare skeletal dysplasia
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Checkfor updates Living cells depend on anintricate network of chemical reactions catalysed by

enzymes, which sometimes make mistakes that lead to their inactivation. Here

we report a metabolite-based mechanism for preserving enzyme functioninan
unfavourable environment. We found that the enzyme TGDS produces UDP-4-keto-
6-deoxyglucose, amimic of the reaction intermediate of the enzyme UXS1, which
regenerates the essential cofactor NAD* within the catalytic pocket of UXS1 by
completing its catalytic cycle. Thus, the production of an ‘enzyme-rescue metabolite’
by TGDS represents a mechanism for maintaining the activity of anenzymeina
subcellular compartment where NAD" is scarce. Using a combination of in vitro and
invivo studies, we demonstrate that the inability to produce sufficient amounts

of this enzyme-rescue metabolite leads to the inactivation of UXS1, impairing the
synthesis of specific glycans that are crucial for skeletal development. This provides
an explanation for the development of the hereditary skeletal disorder Catel-Manzke
syndrome in individuals with TGDS deficiency. Defects in similar protective layers
might contribute to metabolic changes in other diseases that cannot be explained
with common concepts in metabolic biochemistry.

Catel-Manzke syndrome (Online Mendelian Inheritance in Man (OMIM;
https://omim.org/): 616145) is a rare skeletal dysplasia with variable
clinical features including short stature, heart defects, micro- or ret-
rognathia, cleft palate and malformations of the fingers'®. It is caused
by pathogenic variants in agene encoding an enzyme of unknown func-
tion*®, called dTDP-D-glucose 4,6-dehydratase (TGDS) owing to its
similarity to bacterial enzymes that convert dTDP-glucose into dTDP-
4-keto-6-deoxy-D-glucose in the synthesis of rhamnose during bacterial
cellwall formation’. However, TGDS is likely to serve a differentrolein
mammalian cells than in bacteria, as mammalian cells do not appear
to produce dTDP-rhamnose®.

Twolines of evidence indicate that TGDS deficiency might be linked
toadefectinthe synthesis of glycosaminoglycans (GAGs), which have
akey role in the extracellular matrix. First, Catel-Manzke syndrome
shows clear phenotypic overlap with monogenic disorders of GAG
metabolism, including the skeletal dysplasias Temtamy preaxial

brachydactyly syndrome'® (OMIM: 605282), chondrodysplasia with
joint dislocations, gPAPP type'® 2 (linked to IMPADI (also known as
BPNT2); OMIM: 614078) and Desbuquois dysplasia 1and 2™ (OMIM:
251450 and OMIM: 615777, respectively). Second, TGDS shows 25%
amino acid identity with the enzyme UDP-xylose synthase (UXS1),
which produces UDP-xylose, a nucleotide sugar that is required for
the initial steps of GAG synthesis and the glycosylation of the protein
a-dystroglycan™. Inboth mice and humans UXS1 deficiency is associ-
ated with shortened long bones™®,

UXSlisimpaired in some TGDS-KO cells

To gaininsights into the molecular link between TGDS deficiency and
GAG synthesis, we inactivated TGDS using CRISPR-Cas9 in arange of
celllines: the colorectal carcinomacell line HCT116, the osteosarcoma
cellline U20S, the chronic myeloid lymphoma cell line HAP1 and the

'de Duve Institute-Biochemistry, UCLouvain, Brussels, Belgium. 2Institute of Medical Genetics and Human Genetics, Charité—Universitatsmedizin Berlin, corporate member of Freie Universitét
Berlin and Humboldt-Universitét zu Berlin, Berlin, Germany. *Max Planck Institute for Molecular Genetics, Berlin, Germany. “Institute of Chemistry and Biochemistry, Department of Biology,
Chemistry and Pharmacy, Freie Universitat Berlin, Berlin, Germany. *Julius Wolff Institute of Biomechanics and Musculoskeletal Regeneration, Charité Universitatsmedizin Berlin, Berlin, Germany.
SBIH Center for Regenerative Therapies, Berlin Institute of Health at Charité Universitatsmedizin, Berlin, Germany. “lcahn School of Medicine at Mount Sinai, New York, NY, USA. ®Hand Surgery
Department, Children’s Hospital Wilhelmstift, Hamburg, Germany. °Medical School Berlin, Berlin, Germany. °Department of Human Genetics, Helios Klinikum Berlin-Buch, Berlin, Germany.
"BIH Biomedical Innovation Academy, Digital Clinician Scientist Program, Berlin Institute of Health at Charité Universitdtsmedizin Berlin, Berlin, Germany. "?Paris Cité University, Reference
Center for Skeletal Dysplasia, INSERM UMR1163, Necker Enfants Malades Hospital, Imagine Institute, Paris, France. “Department of Clinical Genetics, Erasmus University Medical Center,
Rotterdam, The Netherlands. “*Division of Medical Genetics, Department of Pediatrics, CHU Sainte-Justine, Montreal, Quebec, Canada. ®German Center for Child and Adolescent Health (DZKJ),
partner site Berlin, Berlin, Germany. ®Institute of Human Genetics, University Medical Center Géttingen, Gottingen, Germany. "BIH Biomedical Innovation Academy, Clinician Scientist Program,
Berlin Institute of Health at Charité Universitdtsmedizin Berlin, Berlin, Germany. ®®These authors contributed equally: Jean Jacobs, Hristiana Lyubenova. These authors jointly supervised this
work: Nadja Ehmke, Guido T. Bommer. ®¥e-mail: nadja.ehmke@charite.de; guido.bommer@uclouvain.be

218 | Nature | Vol 646 | 2 October 2025


https://omim.org/
http://omim.org/entry/616145
http://omim.org/entry/605282
http://omim.org/entry/614078
http://omim.org/entry/251450
http://omim.org/entry/615777
https://doi.org/10.1038/s41586-025-09397-x
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-025-09397-x&domain=pdf
mailto:nadja.ehmke@charite.de
mailto:guido.bommer@uclouvain.be

a U20s b HCT116 c 293T d HAP1 € .
. . ok . -
157 g 15 15 e 15w Golgi/ER
. /i Hkk *kk Hkk
> UDP-xylose
X 10 1.0 1.0 1.0 T
5 ’
= 0s 05 05 05 UDP-GIcA UXS1  UDP-Xyl
o
0 T T T 0 T T T 0 0
5358 5358 5358 5358 UDP-
¥ X Y X Y X ¥ X xylose
f h i L
u20s 9 HCT116 2937 HAP1 UDP-GIcA UGDH  UDP-Glc
39— 25 30 Hhx 25 —
Kkk _|*** UDP-
< x 2.0 ok 20 ok glucose
i i
& o 20 dehydrogenase
S A
T 15 15
ATA A
[=)
% 1 1.0 10 10 (_ Cytoplasm )
& 0.5 5
0 T T T 0 T T T 0 AT“ T T 0 ﬁ\“ T T
- o - o - o E = o
S =8¢ 2 ¢ =8¢
] HAP1 k HAPA
sy Hokk
- ... 1 Hekeok
2.0 *okk NS 20
*kk — hakadad NS
T 154 M1 3 15
x = ATA
a Q@
S 10 5 10
2 =
g os T S5
0 0
TGDS - - + - + TGDS - - + - +
DNA — ————— cDNA —
wr TGDS-  UXST- wr TGDS-  UXST-
KO KO KO KO

Fig.1| TGDSinactivationleads to a context-dependentinactivation of
UXSI1. a-d, UDP-xylose (UDP-Xyl) was measured by LC-MS in parental cells and
two TGDS-KO clones generated in U20S (a), HCT116 (b), 293T (c) or HAP1(d)
cells.Rel., relative. e, Schematic representation of the biosynthetic pathway

of UDP-xylose. UXS1produces UDP-xylose from UDP-glucuronate (UDP-GIcA)
inthe Golgiand endoplasmic reticulum (ER). Inturn, UDP-xylose inhibits
production of UDP-glucuronate by UDP-glucose dehydrogenase. UDP-Glc,
UDP-glucose. f-i, UDP-glucuronate was quantified by LC-MS in the same cell
linesasina-d.j,k, UDP-xylose (j) and UDP-glucuronate (k) were quantified in
parental, TGDS-KO and UXS1-KO HAP1 cells transduced with alentivirus driving

human embryonickidney cell line 293T (Extended Data Fig. 1a). Next,
we quantified nucleotide sugars using liquid chromatography-mass
spectrometry (LC-MS), as they serve as direct biochemical precursors
of GAGs. Most nucleotide sugars were unaffected by TGDS inactivation
(Extended DataFig.1b-g). Yet, we observed approximately tenfold less
UDP-xylose in TGDS-knockout (KO) 293T and HAP1 cells, whereas such
reduction was largely absent when 7GDS was inactivated in HCT116
and U20S cells (Fig. 1a-d).

UDP-xylose is synthesized from UDP-glucuronate by the enzyme
UXS1 in the endoplasmic reticulum and the Golgi apparatus.
UDP-glucuronate itselfis produced in the cytoplasm by UDP-glucose
dehydrogenase (UGDH), an enzyme that is subject to feedback inhibi-
tion by UDP-xylose (Fig. 1e). A deficiency in UDP-xylose is expected to
relieve this inhibition and result in increased UDP-glucuronate lev-
els. Supporting this notion, we observed an up to 15-fold increase in
UDP-glucuronate in cell lines in which TGDS knockout led to reduced
UDP-xylose levels (HAP1and 293T), whereas changes were more subtle
or absentin cell lines in which UDP-xylose levels were maintained fol-
lowing TGDS knockout (HCT116 and U20S) (Fig. 1f-i).

To confirm that TGDS inactivation caused the observed effects, we
restored its expression in the TGDS-KO cell lines, leading to a recov-
ery of UDP-xylose levels and a decrease in UDP-glucuronate levels
(Fig.1j,k). Given that TGDS shares 25% amino acid identity with UXS1, we
tested whether it could synthesize UDP-xylose by overexpressingitin

expression of TGDS or an empty control. Results support the hypothesis
thatloss of TGDS impairs UDP-xylose production and secondarily leads to
accumulation of UDP-glucuronate. Data are normalized areaunder the curve
for theindicated metabolites (mean +s.d. of 3 (U20S, HCT116,293T) or

4 (HAP1) independent experiments, each containing 3 biological replicates)
and are presented relative to wild-type (WT) control cell lines. Paired two-tailed
Dunnett (a-d,f-i) or Sidak (j,k) post hoc testing of log-transformed data after
one-way ANOVA.*P<0.05,**P<0.01, ***P< 0.001; NS, not significant. For exact
Pvalues see Source Data.

UXS1-deficient cell lines. We did not observe any change in the amount
of UDP-xylose, demonstrating that TGDS does not directly produce
UDP-xylose (Fig.1jand Extended DataFig. 2i,j). Collectively, our results
demonstrate that theinactivation of TGDSleads to a cell-type-specific
functional deficiency of UXSI.

A UDP-4-keto sugar canreactivate UXS1

The catalytic mechanism of UXS1 suggested how this enzyme might
beinactivated. UXSI1 catalyses the synthesis of UDP-xylose in two steps
(Fig. 2a). First, the hydroxyl group on carbon 4 of UDP-glucuronate
is oxidized using an enzyme-bound NAD" as electron acceptor®. This
strongly favours the decarboxylation yielding a UDP-4-ketoxylose
reaction intermediate and a reduced cofactor NADH bound to the
catalytic pocket. Inthe second step, the 4-keto group isreduced result-
ing in UDP-xylose and the restoration of the enzyme to its NAD*-bound
form. Previous studies have shown that UXS1 may sometimes lose the
UDP-4-ketoxylose intermediate and/or its cofactor, leaving the enzyme
bound toits reduced cofactor NADH or as apoenzyme?®? (Fig. 2a).
On the basis of studies with related enzymes, we expected that
NADH-bound UXS1, which formed upon loss of the reaction inter-
mediate, would be inactive”2*, but might be reactivated by a UDP-
4-keto sugar. To test this, we used the bacterial enzyme ArnA, which
catalyses the conversion of UDP-glucuronate to UDP-4-ketoxylose,
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Fig.2|Functionallyinactivated UXS1requiresreactivationby aUDP-4-keto
sugarwhenH6PD is highly active. a, Working hypothesis: an abortive catalytic
cycle of UXS1leads to theinactivation of the enzyme, whichis counteracted by
UDP-4-keto sugars. The decarboxylation of UDP-glucuronate by UXS1depends
onthe oxidation of the C4 hydroxyl group using a tightly bound NAD". This
generates NADH and a UDP-4-ketoxylose intermediate. Normally, formation
of UDP-xylose regenerates NAD*, preparing the enzyme for another cycle.
Infrequently, the intermediate dissociates from the catalytic pocket, leaving
UXS1boundtoNADH andinactive. We hypothesized that UDP-4-keto sugars
restoreactivity by facilitating the oxidation of enzyme-bound NADH to NAD".
Loss of the cofactor canalsoyield aninactive apoenzyme, but reactivation

by NAD*bindingis limited by the low NAD*/NADH ratio in the endoplasmic
reticulum maintained by H6PD. b, Schematic of the experiment to test whether
UDP-4-ketoxylose produced by ArnA canreactivate UXS1. c-f, ArnA expression

but only produces negligible amounts of UDP-xylose?. Given that
UDP-4-ketoxylose is the physiological reaction intermediate of UXSI,
we reasoned that this metabolite should also restore the function of
UXS1 (Fig. 2b). Overexpression of the bacterial enzyme ArnA in 293T
and HAP1 TGDS-KO cells resulted in the recovery of UDP-xylose levels
and anormalization of UDP-glucuronate levels (Fig. 2c-f). This effect
was not observed in UXSI-deficient HAP1 cells, demonstrating that
UDP-xylose was indeed synthesized by UXSI (Fig. 2e,f). Notably, overex-
pressionof ArnA alsoled to anincrease in UDP-arabinose, particularly
in UXSI-deficient cells, indicating that UDP-4-ketoxylose is reduced
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rescues UDP-xylose synthesis in TGDS-KO cells, but not in UXSI-KO cells. UDP-
xylose (c,e), UDP-glucuronate (d,f) were quantified by LC-MS in parental
293T (c,d) and HAP1 (e,f) cells,and in TGDS-KO or UXSI-KO clones transduced
withalentivirus expressing ArnA or anempty vector.ND, not determined.

g, Experiment exploring the role of H6PD in UXS1 dependency on TGDS.

h-k, H6PD modulates UXS1dependency on TGDS. InHAP1 cells, CRISPR-
Cas9-mediated H6PD knockdown (using two different guide RNAs (gRNAs)
versus control gRNA (-)) reduces the effect of TGDS deficiency on UXS1
function (h,i). In U20S cells, H6PD overexpression (+) makes UXS1 activity

dependenton TGDS (j,k). -,

empty vector control. UDP-xylose (h,j) and

UDP-glucuronate (i,k) were quantified by LC-MS. Data are mean + s.d. of
3independent experiments, each containing 3 biological replicates. Paired
two-tailed Dunnett (c,d) or Sidak (e,f,i-k) post hoc testing of log-transformed
data after one-way ANOVA. For exact Pvalues see Source Data.

notonly to UDP-xylose during the reactivation of UXS1 but also, by an
unknown enzyme, to form UDP-arabinose (Extended Data Fig. 2a-h).

Overall, our data supportamodel in which UXS1becomes function-
allyinactivatedin TGDS-KO cells but can be reactivated by a UDP-4-keto

sugar (Fig.2a).

H6PD makes UXS1activity dependent on TGDS

Therelease of both the 4-keto intermediate and NADH from the catalytic
pocket results in an inactive apoenzyme, which could be reactivated



through the binding of NAD*?°? (Fig. 2a, dashed arrow). This raised the
question of why some cell lines (for example, HAP1and 293T) depend
on TGDS to maintain UXS1 activity, rather than simply recruitinganew
NAD" cofactor. We hypothesized that the subcellular localization of
UXSland TGDSinthe endoplasmicreticulumand the Golgi apparatus
mightunderlie this dependence (Extended Data Fig.3a-c). The micro-
somal enzyme hexose-6-phosphate dehydrogenase (H6PD) (Extended
Data Fig. 3d) is known to maintain a very low NADP/NADPH ratio in
the endoplasmic reticulum to support the function of reductases®?.
Itisabifunctional enzyme that catalyses the two steps required for the
oxidation of glucose-6-phosphate to 6-phosphogluconate. Notably,
H6PD can also utilize NAD* as a cofactor?. Consequently, the NAD*/
NADH ratio in the endoplasmic reticulum and the Golgi apparatus is
also expected to be very low?. As a result, NAD" levels might be insuf-
ficient to support UXS1 reactivation in the absence of TGDS.

To test this, we inactivated H6PD using a lentiviral CRISPR-Cas9
approachin cell lines that depend on TGDS for UXS1 activity (HAP1
and 293T). In TGDS-deficient lines, H6PD inactivation led to a signifi-
cant increase in UDP-xylose levels and a corresponding decrease in
UDP-glucuronate, consistent with theideathat these cells canreactivate
UXS1without TGDS when H6PD is absent (Fig. 2g-iand Extended Data
Fig.2k-n). We also performed the reverse experiment by overexpress-
ingH6PD incelllines that are less dependent on TGDS to maintain UXS1
activity (U20S and HCT116). We reasoned that forced overexpression of
H6PD would lower NAD" levels preventing these cells from maintaining
UXSlactivity inthe absence of TGDS. Indeed, overexpression of H6PD
in TGDS-deficient U20S cellsand, to alesser extent,in HCT116 cells, led
toadecreasein UDP-xylose and anincrease in UDP-glucuronate levels
(Fig. 2j,k and Extended DataFig. 20-r). Overall, this provides evidence
that cell-type-specific differences in H6PD levels and activity strongly
contribute to the differences in the dependence on TGDS to maintain
UXSI function.

The TGDS product rescues UXS1 function

The enzymatic function of human TGDS is unknown, but it shares
34% identity with RmIB from E. coli*® and 47% identity with UDP-
glucose-4,6-dehydratase (UG46DH) from the fungus Botrytis cinerea
(also known as Botryotinia fuckeliana)*, which catalyse dehydration
reactions on dTDP-glucose and UDP-glucose, respectively (Fig. 3a).
Since dTDP-glucose is not known to be present in mammalian
cells, we focused on the UDP-glucose-4,6-dehydratase activity. We
produced recombinant fungal UG46DH and human TGDS in E. coli
(Extended Data Fig. 4a). Next, we incubated UDP-glucose with these
enzymes and analysed the reactions by LC-MS. TGDS produced a
metabolite with identical m/z, elution time and hydration status as
UDP-4-keto-6-deoxyglucose produced by fungal UG46DH*® (Fig.3b and
Extended Data Fig.4b-e). To our knowledge, thisis the first enzymatic
activity described for TGDS. This reaction has aMichaelis constant (K)
of approximately 60 pM with respect to UDP-glucose, thus we expect
that its activity is saturated at concentrations of this substrate in the
endoplasmic reticulum and the Golgi apparatus®~>?. Together with a
very low maximal velocity (V,,,,) of 1.4 nmol min™ mg™, this should ena-
ble a continuous low-rate production of UDP-4-keto-6-deoxyglucose.

So far, UDP-4-keto-6-deoxyglucose has not beenreported as a physi-
ological metabolite in mammalian cells. Yet, we observed a signal for
ametabolite with the same retention time and m/z in wild-type cells,
which was undetectable in TGDS-KO cell lines, even in those where no
effect on UDP-xylose had been detected (Fig. 3c and Extended Data
Fig. 4f). Levels of this metabolite were tightly correlated with levels
of another metabolite with a molecular weight corresponding to a
UDP-6-deoxyhexose, tentatively identified as UDP-6-deoxyglucose
(Fig.3d and Extended Data Fig.4g,h). This indicated that UDP-4-keto-
6-deoxyglucose is partially reduced to this metabolite during the reac-
tivation of UXS1 or via a hitherto unknown enzyme, similar to what

we had observed for the product of ArnA (Fig. 3a and Extended Data
Fig. 2f-h). Re-expression of TGDS or fungal UG46DH increased the
amounts of both metabolites, reaching supraphysiological levels with
the fungal enzyme (Fig. 3c,d). Bothinterventions restored UDP-xylose
and decreased UDP-glucuronate levels in TGDS-KO cells (Fig. 3e,f),
indicating that UDP-4-keto-6-deoxyglucose can reactivate UXSI. In
parental cells, concentrations for this metabolite remained below
200 nM, corresponding to an estimated concentration of <1.5 uM in
the endoplasmic reticulum and the Golgi apparatus®. This suggests
that very low concentrations suffice to reactivate UXS1in cells.

Next, we tested whether UDP-4-keto sugars could rescue UXS1 from
inactivationinvitro at concentrations observedin cells. To do this, we
incubated recombinant UXS1 with sodium borohydride, which has
previously been shown to reduce NAD* bound in the catalytic site of
related enzymes? (Fig. 3g). This led to tenfold lower levels of NAD* and
aconcomitantincreasein NADH. As expected, the chemical reduction
of NAD" led to the formation of not only the physiological 1,4-NADH,
but also the two other isoforms 1,2-NADH and 1,6-NADH (Fig. 3h and
Extended Data Fig. 5a-d). Upon incubation with UDP-glucuronate,
production of UDP-xylose was approximately threefold lower than
from the untreated enzyme, consistent with the partial inactivation
of the enzyme (Fig. 3h and Extended Data Fig. 5a-c). Next, we incu-
bated the enzyme with UDP-4-keto-6-deoxyglucose produced in vitro
by human TGDS or fungal UG46DH, as well as UDP-4-ketoxylose pro-
duced by ArnA (Fig. 3h and Extended Data Fig. 5a—c). We observed
an almost complete recovery of UDP-xylose production, anincrease
of NAD", and a concomitant decrease in 1,4-NADH levels (Fig. 3h and
Extended DataFig. 5a-c). This decrease only concerned the physiologi-
calform,1,4-NADH, whereas1,2-NADH and 1,6-NADH were unaffected
(Extended Data Fig. 5a-d), indicating that 1,4-NADH was reoxidized
using UDP-4-keto-6-deoxyglucose via the catalytic action of UXS1,
rather thanvia a direct chemical reaction. Of note, UXS1 activity was
alsorescued by NAD* (Extended Data Fig. 5e), consistent with pre-
vious reports® and our observation that some UXS1 activity can be
maintained when H6PD is knocked out (Fig. 2h,i and Extended Data
Fig.2k-n).

To our knowledge, no specific metabolic defect had been reported
so far in fibroblasts from individuals with Catel-Manzke syn-
drome. If the function of TGDS was indeed the production of UDP-
4-keto-6-deoxyglucose, levels of this metabolite should be reduced
in fibroblasts of affected individuals. We obtained fibroblasts from
three controls and five individuals with Catel-Manzke syndrome due
tobiallelic variantsin T7GDS (Fig. 4a, Extended Data Fig. 6 and Extended
Data Table 1). Amounts of UDP-xylose and UDP-glucuronate were not
systematically different from those in control fibroblasts (Fig. 4b,c).
Although UDP-4-keto-6-deoxyglucose was below the detection limit
of our analytical method, UDP-6-deoxyhexose levels were detectable
in control cell lines and in more than 80% lower in fibroblasts from all
affected individuals (Fig. 4d). The most parsimonious explanation
for these observations is that fibroblasts carrying pathogenic vari-
antsin TGDS do not produce UDP-4-keto-6-deoxyglucose, whichis the
precursor for UDP-6-deoxyhexose. Furthermore, these experiments
revealed that, similar to the situation in U20S cells, UXS1 activity in
fibroblasts can be maintained even at reduced concentrations of the
rescue metabolite UDP-4-keto-6-deoxyglucose.

Some TGDS variants affect predicted cofactor binding sites whereas
others do not (Fig. 4e and Extended Data Fig. 6d,e). When transiently
transfected in U20S cells, protein levels of TGDS variants were only
significantly reduced for the p.Val239del variant (Fig. 4f and Extended
Data Fig. 6f), indicating that reduced protein levels do not suffice to
explain the loss of TGDS function. To explore whether they affected
enzyme activity, we produced the corresponding recombinant pro-
teins. All variants led to a significant decrease in activity at saturating
substrate concentrations (Fig. 4g), whereas the K, of the variants with
residual activity was unchanged (Fig. 4h).
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Fig.3| TGDS produces UDP-4-keto-6-deoxyglucose, anenzyme-

rescue metabolite for UXS1. a, Schematic of the suggested UDP-glucose-
4,6-dehydratase activity of TGDS (bottom), and UDP-rhamnose or dTDP-
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UDP-glucuronate (f) were quantified in parental and TGDS-KO 293T cells upon
transduction with recombinantlentiviruses driving expression of human TGDS
or B. cinereaUG46DH. Metabolite levelsin TGDS-KO cellsin c,d were close to

Overall, our experiments demonstrated that TGDS produces
UDP-4-keto-6-deoxyglucose, whichis required to overcome the func-
tional inactivation of UXS1in a cell-type-specific manner.

Rescue metabolite lossin a mouse model

To explore whether the same pathogenic mechanism also occurred
in vivo, we generated two different mouse lines using CRISPR-Cas9.
Onemouse line carried a heterozygous frameshift deletion-insertion,
leading to a premature termination codon and the complete loss of
proteinfunction, and the other carried the heterozygous missense vari-
ant p.Alal00Ser, whichis recurrent in individuals with Catel-Manzke
syndrome (Fig. 4i). Initial studies demonstrated that complete inactiva-
tion of Tgds s lethal in early embryogenesis. We therefore generated
compound heterozygous Tgds*'°*~ (KI/KO) mice by crossing the two
mouse lines. We analysed the phenotype of Tgds-mutant mice atembry-
onicday18.5 (E18.5) because we expected developmental defects. Using
micro-computed tomography (1CT) scans of the skull, we observed a
mild but significant reduction of the length of the skull, mandible and
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background. Levels of UDP-4-keto-6-deoxyglucose and UDP-6-deoxyhexose
in TGDS-KO cells were unaffected by the inactivation of H6PD (Extended Data
Fig.4i-1). g, Experimental setup to assess the reactivation of UXS1viathe
product of TGDS. h, The TGDS product rescues functionally inactivated UXS1.
UDP-xylose, UDP-4-keto-6-deoxyglucose, UDP-6-deoxyhexose, NAD*and
NADH were quantified by LC-MSinreactions where UDP-glucuronate was
incubated with 0.56 pM UXS1, sodium borohydride-inactivated UXS1or
inactivated UXS1lin the presence of a1.5-fold excess of the product of TGDS
(TGDS-P). Dataare mean *s.d. fromthree independent experiments, each
containing three biological replicates in c-f,h. Paired two-tailed Sidak (c-f) or
Dunnett (h) post hoc testing of log-transformed data after one-way ANOVA.
ForexactPvaluessee Source Data.

nasal bone (Fig. 4j and Extended Data Fig. 7a), without evidence of a
cleft palate. Measurements of the long bones of the hindlimbs (femur,
tibia and fibula) and forelimbs (humerus, radius and ulna) confirmed
mild but significant shortening in mutant embryos (Fig. 4k,I). Com-
parable trends for facial skull changes were also observed in a cohort
of mice analysed at five weeks of age (Extended Data Fig. 7b,c). In all
instances, digit morphology was normal (Extended Data Fig. 7d,e).
Together, the shortening of the long bones and the changes in the facial
skeletonrecapitulate the overall shorter stature and the facial changes
in Catel-Manzke syndrome®®.

Next, we explored the effect of Tgds deficiency on nucleotide sugar
concentrationsin thebrain, liver, kidney and heart of mutant mice. The
amount of UDP-4-keto-6-deoxyglucose—the product of Tgds—wasmore
than80% lower inbrain, liver and kidney compared with wild-type mice,
whereasitremained undetectablein the heart (Fig. 4m). Concomitantly,
wealso observed reduced amounts of UDP-6-deoxyhexose (Fig. 4n). On
the basis of our observations with purified proteins and in cell lines, we
expected that this mightlead to aninhibition of UXS1activity. Accord-
ingly, we observed a decrease in UDP-xylose and an increase in the
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Fig.4 |Patient-derived cell lines and amouse model of Catel-Manzke
syndrome corroborate the molecular function of TGDS. a, 3D reconstruction
ofthe facial skeletoninindividual 4. b-d, UDP-xylose (b), UDP-glucuronate (c)
and UDP-6-deoxyhexose (d) were measured in fibroblasts from healthy controls
andindividuals with Catel-Manzke syndrome (ID1-5). Samples were analysed
intwo batches: individual1versus control 1; individuals 2-5 versus controls 2
and 3.e, Pathogenic variants of TGDS proteins. f, Western blot of Flag-tagged
TGDS after transfection in U20S cells. Quantification in Extended Data Fig. 6f
anduncroppedimagesinSupplementary Fig.1.g,h, UDP-4-keto-6-deoxyglucose
production by recombinant wild-type TGDS and indicated variants at 500 uM
UDP-glucose for24 hat30 °C(g) orindicated UDP-glucose concentrations for
4hat30°C(h).a.u.,arbitrary units. i, Schematic of Tgds"°°" (KI/KO) mice
carrying p.Alal00Ser and a frameshift deletion-insertion, causing loss of
function. Created in BioRender. Lyubenova, H. (2025) https://BioRender.
com/hsez57t.j, uCT sagittaland coronaryimages of E18.5 wild-type and

amount of UDP-glucuronate (Fig. 40,p). Nonetheless, these changes
were much less pronounced thanin 293T and HAP1 knockout cell lines
(Fig.1c,d,h,i), potentially owing to some residual activity of the knockin

KI/KO embryos showing brachycephaly, with shorter mandibles and snouts.
Measurements that are significantly different between wild-type and

KI/KO embryosare indicated in yellow. k.1, Skeletal preparations showing
shortened hindlimb (k) and forelimb (I) long bones in KI/KO E18.5 embryos.
m-p, Quantification of UDP-4-keto-6-deoxyglucose (m), UDP-6-deoxyhexose
(n), UDP-xylose (0) and UDP-glucuronate (p) in organ lysates from 8-month-old
wild-type and KI/KO mice.ND, not detectable for technical reasons. Dataare
mean of two (h) or mean +s.d. from four (b-d,g) independent experiments;
from11wild-type (j-1) and 9 KI/KO (j-1) mice; or from 4 wild-type and KI/KO
mice (m-p), normalized to wild-type or control conditions. * #and T denote
groupsthataresignificantly different by two-tailed Sidak (b-d) or Dunnett (g)
posthoctesting of log-transformed data after one-way ANOVA (b-d,g),
Holm-Sidak corrected multiple t-tests (j-1) or multiple t-tests after log
transformation (m-p). For exact Pvalues see Source Data.

allele. Furthermore, tissues consist of many different cell types. There-
fore, metabolite changes in specific cell types might be masked owing
to the presence of other cells that are not sensitive to the loss of Tgds.
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Fig.5| TGDS deficiencyleads toreduced heparansulfate formationand
reduced glycosylation of a-dystroglycan. a, Schematic representation of the
role of xylose in heparan sulfate. Xyl, xylose; Gal, galactose; GIcA, glucuronate;
GIcNAc, N-acetylglucosamine. b-e, Representative histograms (b-d) and
quantification of eightindependent flow cytometry experiments (e) using an
antibody against heparan sulfate in wild-type, TGDS-KO and UXS1-KO HAP1 cell
linesand cell linesrescued with theindicated cDNAs. f, Schematicrepresentation
of the glycan of a-dystroglycan (matriglycan) and its detection by laminin
overlay assay and flow cytometry. g, Representative laminin overlay analysis
performed with samples from wild-type, TGDS-KO and UXS1-KO HAP1 cells.
Westernblot analysis for B-dystroglycan (BDG) on the same membrane is

used as a control for dystroglycan abundance. For uncropped images

Together, the KI/KO mouse model recapitulates important clinical
aspects of Catel-Manzke syndrome, corroborates the biochemical
function of TGDS and provides evidence that a functional UXS1 defi-
ciency might underlie the clinical phenotype.

TGDS deficiency affects specific glycans
The amount of UDP-xylose is strongly decreased, but not completely
depleted, when we inactivate TGDS in HAP1 and 293T cells. To test
whether these changes are functionally relevant, we analysed the pro-
duction of two distinct glycans that are known to be dependent on the
incorporation of xylose.

GAGsarelonglinear glycans that arelinked to proteins viaatetrasac-
charide linker with a xylose at its base** (Fig. 5a). Many different GAGs

224 | Nature | Vol 646 | 2 October 2025

see Supplementary Fig. 1. h, Quantification of three independent laminin
overlay experiments. The signal of the laminin overlay (LO) was normalized
tothe B-dystroglycan westernblot signal, and thento the wild typeineach
experiment.i-1, Representative histograms (i,j) and quantification of

four (k) and three (I) flow cytometry experiments using an antibody against
matriglycaninwild-type, TGDS-KO or UXS1-KO HAP1 (i-k) and 293T (I) cell lines
aswellascelllinesrescued with the indicated cDNAs. Dataare mean + s.d. from
8(e),3(h),4 (k) or3(l)independent experiments and are normalized to the
mean of the value in wild-type cells. Paired two-tailed Sidak post hoc testing of
log-transformed data after one-way ANOVA. MFI, mean fluorescentintensity;
HepS, heparansulfate. For exact Pvalues see Source Data. Drawingsina,f
Created in BioRender. Lyubenova, H. (2025) https://BioRender.com/hee241k.

exist, attached tomany different proteins. We measured heparan sulfate
via flow cytometry. Production of this glycan was clearly dependent
on the presence of UDP-xylose, since genetic inactivation of UXSI led
to a complete loss of the signal in HAP1 cells (Fig. 5b). Inactivation of
TGDS in HAP1 cells also led to a reduction in heparan sulfate levels,
indicating that the decrease in UDP-xylose was functionally relevant
(Fig. 5b). Re-expression of the human proteins TGDS, UXS1 or the bac-
terial enzyme ArnA led to a partial recovery of heparan sulfate levels,
providing support for our model that 4-keto sugar nucleotides are
needed toreactivate UXS1in cells (Fig. 5c-e).

«-dystroglycanisacell surface protein that binds to several extracel-
lular matrix proteins via along series of glucuronate-xylose repeats®,
called matriglycan. To assess the functionality of this glycan, we used
flow cytometry with an antibody against matriglycan as well as a


https://BioRender.com/hee241k

laminin overlay assay, in which membranes are first incubated with
the extracellular matrix protein laminin followed by the detection of
laminin-binding bands using alaminin antibody® (Fig. 5f). We observed
arobustsignalin parental cells (Fig. 5g-1). By contrast, we detected no
laminin overlay signal (Fig. 5g,h) and markedly reduced matriglycansig-
nals (Fig. 5i-1) in TGDS-KO or UXSI-KO cells. This was owing to deficient
glycosylation, since the amounts of 3-dystroglycan, produced fromthe
same protein precursor as a-dystroglycan, were unchanged (Fig. 5g).
The phenotype wasreversed in TGDS-KO cells when we restored the pro-
duction of 4-keto sugar nucleotides by expressing the human enzyme
TGDS or the bacterial enzyme ArnA (Fig. 5g-1). Of note, overexpression
of UXSlalsorescued the phenotype, indicating that continuous produc-
tion of ‘new’ UXS1 protein can overcomeitsinactivation (Fig. 5g-I). By
contrast, the phenotype in cells lacking UXS1 was only rescued when
we overexpressed UXSI (Fig. 5g-k), consistent with the notion that
UDP-4-keto sugars act by reactivating a functionally inactivated UXS1.
Overall, these observations demonstrated that TGDS loss affects
GAG synthesis and a-dystroglycan glycosylation in HAP1 cells, and
that this deficiency can be rescued by supplying UDP-4-keto sugars.

Discussion

This work reveals the molecular link between TGDS, UXS1, H6PD and
Catel-Manzke syndrome. The identification of the enzymatic func-
tion of TGDS will help us understand the functional relevance of TGDS
variants, facilitating a molecular diagnosis and informing genetic
counselling.

UXS1 uses NAD" as a cofactor that stays bound in its catalytic site
and cycles between reduced and oxidized states during the conver-
sion of UDP-glucuronate to its final product. However, the reaction
intermediate occasionally escapes, leaving the enzyme inactive with
NADH bound. Although replacing NADH with NAD" could restore UXS1
activity, NAD" is scarce in the endoplasmic reticulum (and likely in
the Golgi apparatus) owing to H6PD activity in some cell types. TGDS
activity produces low levels of UDP-4-keto-6-deoxyglucose, which
restores NAD* within the catalytic pocket of UXS1. The importance
of this approachis underlined by the finding that all vertebrates have
H6PD, UXS1and TGDS, whereas insects have a UXS1 orthologue, but
no H6PD or TGDS orthologues. Thus TGDS appears to be the price to
pay to maintain both UXS1and H6PD in the endoplasmic reticulum.

Todate, H6PD has primarily been recognized forits role in maintain-
ing alow NADP*/NADPH ratio within the endoplasmic reticulum, a
requirement for 113-hydroxysteroid dehydrogenase type 1to convert
cortisoneintoits biologically active form, cortisol***”. However, it has
also been shown—both in previous studies and confirmed in our own
unpublished experiments—that H6PD acts almost as well with NAD" as
the cofactor as with NADP*?”?8, The relevance of this activity is under-
scored by our findings that loss of H6PD bypasses the requirement for
TGDS in supporting UXS1function (Fig. 2g-k). Nevertheless, it remains
unclear why NADH productionin the endoplasmic reticulum would be
advantageous. It is also unclear how the low NAD*/NADH ratio in the
endoplasmic reticulum resulting from H6PD activity is maintained in
the Golgiapparatus, where part of UXS1resides. Changesinsubstrate
availability, flux through the secretory pathway with concomitant trans-
port of metabolites, and consumption of NADH might thereby affect
the cell-type-dependent reliance on TGDS to maintain UXS1 function.

Life is dependent on a functional set of enzymes whose active sites
can undergo various types of damage, including the formation of
covalent adducts, damage of a cofactor or the loss of required modi-
fications®®**. In some instances, such changes might have regulatory
roles*®, whereas in others, specialized enzymes may repair damage or
replace cofactors* *¢. However, recognizing the damage in a catalytic
site represents a major challenge. In the case of TGDS, a mimic of the
UXSlreactionintermediate bindsin the catalytic pocket and reactivates
the cofactor using the enzyme’s native catalytic mechanism. This is

reminiscent of the reactivation of glycolytic mutases, where a catalytic
phosphate group is restored by metabolites that are related to their
substrates**8, Variants in the enzymes that produce these metabo-
lites lead to clinical symptoms that do not seem to be linked to their
enzyme-rescue function***°. By contrast, TGDS deficiency leads to clini-
calsymptoms resembling defects in GAG production, which s affected
in cellular models of TGDS deficiency owing to the inactivation of UXSI.

Of note, the rescue metabolite is not only present at exceedingly
low concentrations, but also corresponds to the dehydrated form of
UDP-glucose, whose concentrationis atleast1,000-fold higher. Similar
signals are commonly generated from abundant metabolites during
ionization in mass spectrometry and are often discarded as technical
artefacts. The human metabolome, as detected by mass spectrometry,
ismuch more complex than what would be necessary for canonical met-
abolic pathways. Although some of this complexity can be attributed
to the formation of derivatives during mass spectrometry analysis®,
our findings underscore that some of these presumptive artefacts may
represent metabolites with important physiologic functions.

Themolecularidentities of most of the enzymes required for human
intermediary metabolism are known, but the functions of some pre-
sumptive metabolic enzymes remain unknown®2. Several of these pro-
teins represent putative orthologues of bacterial metabolic enzymes
that have no known utility in mammalian metabolism. It is tempting
to speculate that some of these have been repurposed to produce
non-canonical metabolites that help maintain the function of other
enzymes. Our findingsillustrate that for such ancillary metabolic func-
tions rather slow enzymes, such as TGDS, can be sufficient and even
desirable®.

Metabolic changes are pervasive in many diseases, but it is often
unclear why these changes occur. When exploring the underlying
causes and therapeutic approaches, the idea that enzymes can be
functionally inactivated and then reactivated by rescue metabolites
should be considered. Enzymes are continuously exposed to a variety of
metabolites from endogenous metabolism, food and the microbiota. In
someinstances, the erroneous action of enzymes on specific metabo-
lites might lead to their inactivation and clinical symptoms. A better
understanding of these mechanisms might allow the development of
approaches aiming to reactivate enzymes and improve treatment of
rare and common diseases.
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Methods

Human study participants

Affectedindividual1and parents of affected individuals 2,3 and 4, and
of fetus 5 provided their written consent for genetic testing, analysis of
fibroblasts and publication ofimages. The study was performed accord-
ing to the declaration of Helsinki and approved by the institutional
Ethics Committees of Charité—Universitdtsmedizin Berlin, Germany
(EA2/101/18) and Necker Hospital Paris, France (IRB: 00011928, 2020-
04-06). Information on sex, ethnicity and age of the study participants
canbefoundin Extended Data Table 1. Blood, amniocyte and skin sam-
ples were obtained through standard procedures.

Exome and Sanger sequencing

DNA fromindividuals1,2,3 and 4 and parents of individuals 2, 3,4 and
Swas extracted from peripheral-blood lymphocytes, and from fetus
5and 6 from uncultured amniocytes according to standard proto-
cols. Sanger sequencing of all exons of TGDS was applied to DNA of
individual 2. Segregation analysis of detected TGDS variants using
Sanger sequencing was performed on DNA of the parents of Individual
2, father ofindividual 3 and parents of individual 4. The primers used for
Sanger sequencing of TGDS are listed in Supplementary Data Table 1.
Exome sequencing was performed on DNA of individuals 1, 3,4 and 5
as well as the mother of individual 3 and parents of individuals 4
and 5. Exome sequencing of individual 1 was previously described?
Thetechnical approach for exome sequencing of individuals 3* and 4**
were previously described. For trio exome sequencing of individual 5,
DNAwas enriched using Agilent SureSelect DNA +SureSelect OneSeq
300 kb CNV Backbone + Human All Exon V7 capture, and paired-
end sequenced on the lllumina platform (GenomeScan, Leiden, the
Netherlands). The aim was to obtain 10 Giga base pairs per exome
withamapped fraction of 0.99. The average coverage of the exome is
~50x. Duplicate and non-unique reads were excluded. Datawere demul-
tiplexed with bcl2fastq Conversion Software from Illumina. Reads were
mapped to the genome using the BWA-MEM algorithm (reference:
http://bio-bwa.sourceforge.net/). Sequence variant detection was
performed by the Genome Analysis Toolkit HaplotypeCaller (refer-
ence: http://www.broadinstitute.org/gatk/). The detected sequence
variants (gene package prenatal, version 2, 26-2-2021 (https://www.
erasmusmc.nl/genoomdiagnostiek)) were filtered and annotated with
Alissa Interpret software (Agilent Technologies) on quality (read depth
>10), minor allele frequency (=0.1%in 200 alleles in dbSNP, ESP6500,
the 1000 Genome project, GoNL or the EXAC database) and location
(within an exon or first or last 10 bp of introns). Variants were further
selected based on three inheritance models (de novo autosomal
dominant, autosomal recessive and X-linked recessive) and classi-
fied using Alamut Visual (interactive Biosoftware, SOPHiA GENETICS)
accordingtothe American College of Medical Genetics and Genomics
(ACMG) guideline for sequence variants interpretation® and ClinGen
Sequence Variant Interpretation (SVI) General Recommendation for
Using ACMG Criteria (https://clinicalgenome.org/working-groups/
sequence-variant-interpretation). These variant classification criteria
were also applied on TGDS variants detected in the other individuals
(Extended Data Table1).

Embryonic stem cell targeting and transgenic mouse strains

G4 mES cells were maintained as previously described*. The single
guide RNA (sgRNA) targeting mouse Tgds exon 4 (NM_029578.3) was
designed using http://crispr.mit.edu/guides/. Complementary sgRNA
oligonucleotides were subsequently annealed, phosphorylated and
cloned into the Bbsl site of dephosphorylated pX459 pSpCas9(BB)-
2A-Puro vector” (Addgene; #62988). For knock-in of the patho-
genic mutation 7gds c¢.298 G > T into mouse embryonic stem cells,
single-stranded oligodeoxynucleotides (ssODN) (60 pMol) were
designed with asymmetric homology arms (HA) and phosphorothioate

(PS) bonds as previously described®®*°. Transfection of mouse embry-
onic stem cells and further processing was performed as previously
described®. Potential structural variant and knock-in embryonic stem
cell clones werefirstidentified by PCR detection using the same geno-
typing primers as for the animals later and subsequently confirmed by
Sanger sequencing. Primer sequences can be found in Supplementary
Data Table 1. Mutant animals were produced through tetraploid or
diploid aggregation®'.

Mouse models

Mice were maintained by crossing with wild-type C57BL6/) mice. All
micewere housedina centrally controlled environment witha12 hlight
and12 hdarkcycle, temperature of20-22.2 °C, and humidity of 30-50%.
Bedding, food and water were routinely changed. All animal procedures
were conducted as approved by the local authorities (LAGeSo Berlin)
under the license numbers G0247/13 and G0176/19. Ages and develop-
mental stages of mice are indicated in the figure legends.

Skeletal preparations

Mouse embryos at stage E18.5 were collected and stained for bone
and cartilage markers as follows. Embryos were eviscerated and fixed
in100% ethanol overnight. Following fixation, cartilage was stained
using Alcian Blue staining solution (150 mg 1™ Alcian Blue 8GX in 80%
ethanoland 20% acetic acid) overnight. Then embryos were post-fixed
and washed in100% ethanol overnight. Samples were pre-cleared with
0.2%KOH for aday and bones were stained with Alizarin Red (50 mg 1™
Alizarin Red S in 0.2% KOH) until the desired colour had developed.
Rinsing and clearing was done using low concentrations (0.2%) of
KOH and stained embryos were stored in 25% glycerol and imaged
using a Zeiss Discovery V12 microscope and Leica DFC420 digital
camera.

RCT analysis

E18.5embryoswere fixed and scanned in 70% ethanol using a SkyScan
1172 X-ray microtomography system (Bruker puCT) at 5-umresolution.
3D model reconstruction was done with the Bruker Micro-CT image
analysis software NRecon and CTVOX.

Cell culture

HAPI cellswere obtained from Horizon and cultured at 37 °C, 5% CO, in
IMDM (Biowest) supplemented with 10% FBS (Cytiva) and antibiotics
(100 pg ml™) penicillinstreptomycin (Biowest). 293T and HCT116 cells
were obtained from Eric Fearon (University of Michigan, MI, USA) and
U20S cell lines were obtained from Anabelle Decottignies (UCLou-
vain, Brussels, Belgium). 293T, HCT116, U20S and human fibroblasts
describedinthe present study were cultured at37 °C, 5% CO,in DMEM
(Biowest) supplemented with 10% FBS (Cytiva), antibiotics (100 pg ml™)
penicillin streptomycin (Biowest) and 5% Ultraglutamine (Biowest).
Cell lines were not further identified but were tested regularly for
Mycoplasma.

Generation of plasmids

Primers togenerate plasmids are listed in Supplementary Data Table1,
and plasmids arelisted in Supplementary Data Table 2. We used lentivi-
ral expression constructs based on the plasmid pLVX-PURO (Clontech).
Inthese constructs, expressionis driven by the SV40 promoter (pUBS82),
the CMV promoter (pUB83) and the EF1a promoter (pUB81) (details
available uponrequest).

We amplified the TGDS open reading frame (ORF) by PCR from a
sequence-verified cDNA clone (Horizon discovery MGC clone Id
5175390) using the primers hTGDS_s_ Nhel and hTGDS_as_Accé65l. The
resulting product was digested using therestriction enzymes Nheland
Accé65landinsertedin the plasmids pUB82 and pUB83 using the restric-
tionsites Xbaland BsrGl givingrise to the lentiviral plasmid pSP19 and
pSP20 respectively. Subsequently, the TGDS open reading frame was
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transferred from pSP19 into the vector pUB81 via the restriction sites
BamHI and EcoRl, leading to the plasmid pJJ45.

To generate plasmids carrying variants, 7TGDS (NM_014305.4) was
amplified from cDNA and subcloned into pCMV6-Entry mammalian
vector with and without C-terminal Myc-DDK tag. The variants were
introduced using site-directed mutagenesis with Kapa Hotstart HiFi
(Roche) and In-Fusion cloning kit (Clontech, Takara).

We amplified the ArnA ORF from an the K12 E. coli strain using the
ecArnA_s_BamHIand ecArnA_as_BsrGl. The resulting PCR product was
digested using the restriction enzymes BamHIland BsrGl, and inserted
into the correspondingsitesinthe vector pUB82, resulting in the plas-
mid pJG406.

We amplified the B. cinerea UG46DH ORF from a geneblock (IDT)
optimized for E. coli codon usage using the primers bfUG46DH_
s_BamHI and bfUG46DH_as_Ecorl. The sequence is based on the
clone XM_001554921.2%. The resulting PCR product was digested
and inserted into the plasmid pUB83 using the restriction enzymes
BamHI and EcoRlI, producing the plasmid pJJ43.

We amplified the human UXS1 ORF from a sequence-verified cDNA
clone (Horizon, 1d 3843312), using the primers hUXS1_s_Nhel and
hUXS1_as_BsrGl. The resulting PCR product was digested using the
restrictionenzymes Nheland BsrGland inserted in the BsrGland Xbal
sitesin the plasmid pUB81 producing the plasmid pSP54.

The bacterial expression vector for TGDS, pJJ60, was generated in
several steps using the open reading frame from pSP19, yielding a final
construct with a N-terminal hexahistidine-tag fused to amino acid 15
of TGDS in the plasmid pET28a (Merck), via a PCR product with the
primers hTGDS_s_G15 and hTGDS_as_Xhol (details and map available
uponrequest). The same primers were used to transfer the open read-
ing frames containing variants observed in affected individuals from
the eukaryotic into the bacterial expression vector.

To generate the bacterial expression vector for ArnA, its ORF was
amplified from K12 £. coligenomic DNA using primers ecArnA_s_Ndel
and ecArnA_as_Sacl. Theresulting PCR product was digested with Ndel
andSaclandinsertedintothe correspondingsite in the plasmid pET28a,
yielding the plasmid p)G413.

To generate a bacterial expression vector for B. cinerea UG46DH,
its ORF was amplified from ageneblock (see above) using the primers
bfUG46DH_s_Ncol and bfUG46DH_as_Xhol, and inserted into the cor-
responding sites in the plasmid pET28a, yielding the plasmid pJJ40.

To generate an expression vector for H6PD, its open reading fram-
ing was amplified from a sequence-verified clone (Horizon Discovery
Ltd. Clone ID MHS 6278 202808130) using primers hH6PD_s_Mluland
hH6PD _rev_EcoRlI, and inserted into the corresponding sites of the
plasmid pUBS8lyielding the plasmid pIG425%. For transient transfection
inmammalian cells, H6PD was amplified by PCR adding a V5 tag using
Kapa Hotstart HiFi (Roche) and subcloned into pCMVé6-Entry vector
using In-Fusion cloning kit (Clontech, Takara).

CRISPR-Cas9 constructs to generate knockout cell lines were pro-
duced by ligating annealed oligonucleotides into the Bbsl site of the
vector pX459 or pX458 (Addgene #48138)%, as previously described
(see Supplementary Data Table 1)¢%, or into the vector pLenticrispr
V2.0 (Addgene #52961)%*.

Generation of knockout cell lines

To generate knockout cell lines, cells were transfected in 6-well plates
at 70% confluence with 2 pg of the CRISPR-Cas9 guide RNA expression
plasmids and 4 pl Lipofectamine 2000 following the manufacturer’s
instructions (Life Technologies). Transfected cells were either tran-
siently selected with puromycin (for pX459 constructs) or selected by
flow cytometry sorting gating for GFP fluorescence ona FACSArialll flow
cytometer (for pX458 constructs). Clonal populations were grown out
and analysed by Sanger sequencing. To generate polyclonal knockout
celllines, recombinant lentiviruses driving expression of both CRISPR-
Cas9 and specific guide RNAs were generated as described below.

Lentiviral transduction

Toproducerecombinant lentiviruses, we transiently transfected 293T
cellswith lentiviral vectors and second generation packaging plasmids
psPAX2 and pMD2.G (kind gifts from D. Trono, Addgene #12260 and
#12259) using calcium phosphate precipitation®. The culture medium
was changed 6 h after transfection, and recombinant viruses were
recovered in the culture supernatant 24 h later. The virus-containing
supernatant was then incubated with target cells in the presence of
4 pg ml™ polybrene (Sigma). Infected cells were selected 24 hlater for
4 days with puromycin (Thermofisher).

Preparation of metabolite extracts for LC-MS analysis

For metabolomic analyses, non-fibroblast cell lines were plated in
6-well platesat 350,000 cells per well (500,000 for HAP1 cells). Lysates
were obtained after quenching of metabolism as described before®®.
In brief, after one rapid wash with ice-cold water, culture plates were
placed onliquid nitrogenfor 5 sand then transferred ontodryice. Cells
were scraped after addition of 250 pl of a solution consisting of 90%
methanol (Biosolve) and 10% chloroform, and lysates were transferred
into microcentrifuge tubes. After centrifugation for 10 minat4 °Cand
27,000g, the supernatant was recovered, dried in aSpeedVac vacuum
concentrating system (Life technologies) and resuspended in 30 pl
of water before a final centrifugation of 10 min at 4 °C and 27,000g.
Twenty microlitres of supernatant were transferred into LC-MS vials
(Verex Vial, 9 mm Screw from Phenomenex) before analysis.

Fibroblasts were cultured in10 cm dishes until 90% confluence. Cells
were washed twice with10 ml of ice-cold water per plate, and recovered
using a cell scraper after addition of 500 pl of 0.5 M perchloric acid.
Two plates were pooled into one tube followed by centrifugation at
27,000g at 4 °C for 10 min. The supernatant was recovered and trans-
ferred into a microcentrifuge tube. 100 pl of potassium carbonate
was added to neutralize the solution. Samples were then spun down
at27,000g, 4 °C for 5 min and the supernatant was purified via solid
phase extraction (SPE).

Mice were sacrificed at 8 months of age. Brain, heart, liver and kidney
were obtained and immediately frozenin liquid nitrogen. Samples were
pulverized withamortar and pestleinliquid nitrogen. Approximately
50 mg of tissue powder was homogenized in a refrigerated Precellys
bead beater (Bertininstruments) 6 times for 10 sat 10,000 oscillations
per mininreinforced 2 mltubes containing 500 pl of 0.5 M perchloric
acid as well as seven 1.4 mm ceramic beads (Omni). After homogeni-
zation and centrifugation at 27,000g at 4 °C for 10 min, the superna-
tant was recovered and transferred into amicrocentrifuge tube. Forty
microlitres of potassium carbonate was added to neutralize the pH of
the solution. The samples were then spun down at 27,000g, 4 °C for
5 min, and then purified via SPE.

The supernatants from neutralized perchloric acid extracts were
loaded onto SPE columns (250 mg Supelclean ENVI-Carb SPE Tube
from Supelco) pre-equilibrated by successive addition of 600 pl of
60% acetonitrile, 400 pl of 0.3% formic acid, and 3 ml of water. After
sample application, the column was washed with 3 ml of water and
3 ml of acetonitrile. At all steps, the liquid was aspirated through the
column via a Vac-Man Laboratory Vacuum Manifold from Promega.
Metabolites were eluted into amicrocentrifuge tube by addition of 1 ml
60% acetonitrile/0.3% formicacid. The eluate was dried ina SpeedVac
vacuum concentrating system (Life Technologies) and resuspendedin
25 plof water before afinal centrifugation of 10 minat4 °Cand27,000g.
Twenty microlitres of supernatant were transferred into LC-MS vials
for analysis.

LC-MS analysis

Analyses by LC-MS were performed as previously described® based
on apreviously described method®, In brief, 5 ul of sample were ana-
lysed with an Inertsil 3 um particle ODS-4 column (150 x2.1 mm; GL
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Biosciences) at a constant flow rate of 0.2 ml min™ with an Agilent
1290 HPLC system. Mobile phase A consisted of 5 mM hexylamine
(Sigma-Aldrich) adjusted to pH 6.3 with acetic acid (Biosolve BV) and
phase B of 90% methanol (Biosolve BV)/10% 10 mM ammonium acetate
(Biosolve BV). The mobile phase profile consisted of the following steps
and linear gradients: 0-2 minat 0% B; 2-6 min from 0t020% B; 6-17 min
from 20 to 31% B; 17-36 min from 31to 60% B; 36-41 min from 60 to
100% B; 41-51 min at 100% B; 51-53 min from 100 to 0% B; 53-60 min
at 0% B. For analysis of metabolite extracts obtained from fibroblasts
and organs, MS acquisition was stopped between minutes 9 and 10 to
avoid the peak resulting from the perchloric acid extraction.

When exploring the effect of H6PD inactivation on UDP-4-keto-
6-deoxyglucose levels in 293T and HAPI cell lines, we had to ensure
that small increases were not masked by the background noise. For
thisreason, 4 million cells were plated in10 cm dishes and metabolites
were collected two days later via the protocol described for fibroblasts.

For the analysis of enzymatic reactions, ashorter gradient was used
where the mobile phase profile consisted of the following steps and
linear gradients: 0-2 min at 0% B; 2-6 min from O to 24% B; 6-13 min
from 24 to 31% B; 13-21 min from 31to 50% B; 21-22 min from 50 to 100%
B;22-29 minat100% B;29-30 min from100to 0% B;30-37 minat 0% B.

Analytes wereidentified with an Agilent 6550 ion funnel mass spec-
trometer operated in negative mode with an electrospray ionization
(ESI) source and the following settings: ESI spray voltage 3500V,
sheath gas 350 °C at 111/min, nebulizer pressure 35 psig and drying
gas 200 °C at 14 I min™. An m/z range from 70 to 1,200 was acquired
with a frequency of 1 per second by adding 8,122 transients. Com-
pound identification was based on their exact mass (<5 ppm) and
retention time compared to standards, obtained from Sigma-Aldrich
(UDP-GIcNAc U4375, UDP-GIcA U6751, UDP-Glc U4625, CMPsialic acid
233264, GDP-mannose G5131) or Carbosource Services at the Complex
Carbohydrate Research Center of the University of Georgia (UDP-Xyl,
UDP-Ara). UDP-4k6dG and UDP-6dH were synthesized by ArnA or
UG46DH as described below. CDP-ribitol was synthesized as described
before®. The area under the curve of extracted-ion chromatograms of
the [M-H]-forms were integrated using MassHunter software (Agilent),
and normalized to the mean of the areas obtained for a series 0of 150
other metabolites (total ion current).

Protein purification

Expression plasmids for human UXS1 were transformed into the BL21
Rosetta strain (Merck) using electroporation. A pool of >10 colonies
was used to inoculate a 5 ml culture in Lysogeny broth (LB) contain-
ing 30 pg ml™ kanamycin, and incubated overnight at 37 °C, shak-
ing at 200 rpm. The preculture was added to 500 ml LB. Once this
culture reached an optical density of 0.5 at 600 nm, we added 1 mM
isopropyl-B-D-thiogalactoside (IPTG), and the culture was incubated
overnightat 20 °C.Bacteriawere collected by a20 min centrifugation
at6,000gand 4 °C. Bacterial pellets were stored at —20 °C until purifica-
tion. Cell pellets were resuspended in 25 ml of lysis buffer containing
50 mM HEPES pH 7.5, 500 mM NaCl, 5 mM imidazole, 5% glycerol and
proteaseinhibitors (p-toluenesulfonyl fluoride (TSF) at 1 mM, leupeptin
at1pg ml™, and antipain at 1 pug ml™) and lysed using a French Press
(Glen Mills). The lysate was then centrifuged for 20 minat20,000g and
4 °C. The supernatant was incubated with 1 mI Ni-NTA beads (Cytiva)
for 10 minin a15 mltube at 4 °C on arotative device. Beads were col-
lected by centrifugation for10 minat400gand 4 °C, and resuspended
in 3 ml of lysis buffer. The slurry was added in a 2 ml disposable Col-
umn (Pierce) and washed with 15 ml of lysis buffer supplemented with
30 mMimidazole, followed by 5 ml of lysis buffer supplemented with
100 mM of imidazole. Protein was eluted using 5 ml of lysis buffer
containing 250 mM imidazole. Fractions containing the protein of
interest were pooled, buffer-exchanged using a G25 Sepharose column
(Cytiva PD-10) following the manufacturer’s protocol with a buffer
containing 20 mM triethanolamine, 250 mM NaCland1 mM DTT, and

stored at -80 °C. We obtained approximately 5 mg of protein per liter
of culture.

Production of human TGDS and its mutants was performed using
asimilar protocol as for UXS1 with the following differences: After
induction with IPTG, cultures were incubated overnight at 20 °C. We
used a lysis buffer containing HEPES pH 7.4, 300 mM KCI, 1 mg mI™
lysozyme (Roche), 10 mM imidazole, 3 mM (3-mercaptoethanol, 10%
glycerol, protease inhibitors (TSF at 2 mM, leupeptin at 1pg ml™, and
antipainat1pg ml™), and 5 uM NAD", and lysed by French Press. The
lysate was clarified by centrifugation for 20 minat 20,000g and 4 °C. We
used 1 mlofa50%HisPur Ni-NTA matrix slurry for purification. Washes
were performed with five times 2 ml of lysis buffer and the proteinwas
eluted by resuspensionin 2x 500 pl of lysis buffer containing 250 mM of
imidazole, and 2x 500 pl of lysis buffer containing 500 mMimidazole.

Comparable results were obtained when protein purification was
performed by using a liquid chromatography system (Akta, Cytiva)
using a1 ml HisTrap HP Ni-NTA column with a flow rate of 1 ml min™.
The column was equilibrated in buffer A (25 mM Hepes 7.4,10% glyc-
erol, 300 mM KCl, 3 mM B-mercaptoethanol, 10 mM imidazole and
5 UM NAD"). After sample application, the column was washed with 20
column volumes of 94% buffer Aand 6% buffer B (50 mM Hepes 7.4,10%
glycerol,200 mM KCl, 5 mM B-mercaptoethanol, 500 mM imidazole,
0.2% sodium dodecyl maltoside,1 mM TCEP) followed by agradient to
100% over the course of 17 column volumes. We obtained approximately
0.6 mg of purified protein per liter of culture.

Production of ArnA was performed as described for human UXS1
with the following differences: the lysis buffer consisted of 100 mM
HEPES pH 7.5,150 mM KCI, 1 mg ml lysozyme (Roche), 5 mM MgCl,,
5 mM -mercaptoethanol, 10% glycerol and1 mM of the protease inhibi-
tor phenylmethylsulfonyl fluoride (PMSF). Lysis was performed by a
freeze-thaw cycle in liquid nitrogen. After incubation for 15 min on
ice, the concentration of KCl was brought to 500 mM and the lysate
was sonicated. The lysate was clarified by centrifugation for 20 minat
20,000g and 4 °C, followed by purification with a liquid chromatog-
raphy system (Akta, Cytiva) using a1 ml HisTrap HP Ni-NTA column
with a flow rate of 1 ml min™. The column was equilibrated in buffer
A (100 mM Hepes 7.4, 10% glycerol, 500 mM KCI, 5 mM MgCl,, 5 mM
B-mercaptoethanol). After sample application, the columnwaswashed
with 20 column volumes of 94% buffer A and 6% buffer B (50 mM Hepes
7.4,10% glycerol, 200 mM KCI, 5 mM B-mercaptoethanol, 300 mM
imidazole) followed by a gradient to 100% over the course of 20 col-
umn volumes. We obtained more than 50 mg of purified protein per
liter of culture.

Purification of B. cinerea UG46DH was performed as described for
UXS1with the following differences. Expression wasinduced overnight
at 20 °C. The lysis buffer consisted of 100 mM Tris-HCI 7.4, 150 mM
NaCl,1mg ml™lysozyme (Roche),1 mM EDTA, 10% glycerol. Lysis was
performed by sonication and the clarified lysate was purified using a
liquid chromatography systemwith al mlHisTrap HP Ni-NTA column.
The column was equilibrated in buffer A (50 mM sodium phosphate
buffer pH 8,300 mM NaCl, 5 mM 3 mercaptoethanol). After sample
application, the column was washed with 20 column volumes of 96%
buffer A with 4% buffer B (50 mM sodium phosphate pH 8,300 mM
NaCl, 5 mM -mercaptoethanol, 300 mMimidazole). Protein was eluted
in a gradient to 100% buffer B over 20 column volumes. Positive frac-
tions were pooled and buffer-exchanged into 50 mM Tris pH 8,150 mM
NaCl, 10% glycerol,1mM DTT, and 10 uM NAD". We obtained approxi-
mately 2.5 mg of purified protein per liter of culture.

Experimental setup for enzymatic assays

To produce UDP-4-keto-6-deoxyglucose via B. cinerea UG46DH, we used
20 plreactions containing 25 mM triethanolamine, 1 mM UDP-glucose,
1mMMgCl,, 10 mMDTT, and 2 pM of enzyme. Reactions were incubated
for1hat30 °C, heated to 100 °C for 2 min and extracted with 40 pl of
CHClI,, followed by centrifugation at 27,700g for 10 min at 4 °C.
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To produce UDP-4-keto-6-deoxyglucose via TGDS, a reaction of
500 pl containing 25 mM triethanolamine, 1 mM UDP-glucose, 0.1%
BSA,1 mMMgCl,and 0.53 uM purified enzyme was incubated for 23 h
at30 °C, followed by 5 min at 85 °C and a centrifugation at 27,700g for
10 minat4 °C.

Theactivity of UXS1was assessed in 20 pl reactions containing 25 mM
triethanolamine, 1 mM UDP-glucuronate, 10 mM DTT, 0.1% BSA, and
2 uM purified enzyme. Reactions were incubated for 1 h at 30 °C, fol-
lowed by deproteinization by addition of 20 pl of methanol and 40 pl of
chloroform. The aqueous phase was collected and analysed by LC-MS.

Production of UDP-4-ketoxylose using ArnA was performedin 500 pl
reactions containing 25 mM triethanolamine,1 mM UDP-glucuronate,
10 mM DTT, 0.1% BSA, 20 uM NAD", 5 mM sodium pyruvate, and
5.5 U ml™ rabbit muscle LDH (Sigma) to reoxidize NADH to NAD*, and
21.8 pM of ArnA. Reactions were incubated for 6 hat 30 °C followed by
acentrifugation using acentrifugal ultrafiltration device (Vivaspin 500,
Sartorius) using the manufacturer’s protocol to obtain the reaction
productin the flow through.

To inactivate recombinant UXS1 with sodium borohydride, the
enzyme was incubated at 2 uM for 45 min onice in the presence of
5mM NaBH, in a reaction containing 25 mM triethanolamine, 1 mM
DTT,and 0.1% BSA.1% acetone was added onice for another 30 minto
destroy borohydride. To assess activity, the enzyme was incubated with
1 mM UDP-glucuronate for 1 h at 30 °C, followed by extraction with 3
volumes of chloroform:methanol 2:1, recovery of the aqueaous phase,
and analysis by LC-MS.

In reactivation experiments, we incubated 0.56 UM inactivated
recombinant UXS1with 0.875 uM of UDP-4-keto-6-deoxyglucose pro-
duced by TGDS, containing residual UDP-glucose. This corresponds to
the estimated concentration in the endoplasmic reticulum and Golgi
apparatus and represents approximately a 1.5-fold excess relative
to the inactivated UXS1 enzyme. TGDS reactions contained residual
UDP-glucose. To exclude a confounding effect of UDP-glucose, control
reactions therefore contained 17.5 pM UDP-glucose.

In reactivation experiment using ArnAs product, we used 1.25 pM
UDP-4-ketoxylose, corresponding approximately to a 2-fold excess of
this metabolite relative to the inactivated UXS1 enzyme.

Given the higher levels of UDP-4-keto-6-deoxyglucose observed in
UG46DH overexpressing cells, we used a100-fold excess of the UG46DH
product relative to UXS1. To exclude a confounding effect of residual
UDP-glucose fromthe UG46DH reaction, the control reaction contained
500 pM UDP-glucose.

Laminin overlay

Laminin overlay assays were performed as previously described®. In
brief, cellswere lysed in PBS containing 1% Triton X-100 and centrifuged
at27,700gfor10 minat4 °C.Supernatants wereincubated under gentle
rotation for 16 h at 4 °C with WGA-Agarose beads (Vector Laborato-
ries) using 100 pl of beads per 1400 pg of HAPI cells protein with PBS
1containing 0.1% Triton X-100. Beads were washed 3 times with 1 ml of
PBS containing 0.1% Triton X-100, proteins were released by incuba-
tion for 10 min at 72 °Cin the presence of reducing sample buffer and
resolved on 3-8% Tris-acetate gels (Life Technologies) for 75 minat130 V.
After overnight transfer at 30 mA onto a PVDF membrane, membranes
were blocked with laminin-binding buffer (LBB; 50 mM Tris-HCIpH 7.4,
150 mM NacCl,1 mM MgCl,and 1 mM CacCl,) containing 3% BSA (Sigma)
for1hatroomtemperature and incubated overnight with 1.15 pg ml™
Laminin-111 (Sigma, L2020) in LBB. After three 10 min washes with LBB,
membranes were incubated for 2 h at room temperature with rabbit
anti-laminin antibody (Sigma, L9393) diluted 1:1000 in LBB containing
3%BSA,washed another three times for 10 min with LBB, incubated for
1hatroomtemperature with horseradish peroxidase-coupled donkey
anti-rabbit IgG antibody (GE healthcare, NA934V) diluted 1:15,000 in
LBB containing 3% BSA. The signal for B-dystroglycan obtained with
mouse anti-B-dystroglycan antibody (clone 7D11, 33701, Santa-Cruz,

1:1,000) in the same membrane was used to normalize for overall abun-
dance of dystroglycan. Chemiluminescent signals were detected using
a Cytiva Amersham ImageQuant 800 western blot imaging systems.
Uncropped images are shown in Supplementary Data Fig. 1.

Western blot analysis

U20S cells were seeded at 5 x 10° cells per well in 6-well format, fol-
lowed by transfection of 1 pg of plasmid using Lipofectamine 3000
(Invitrogen) and Opti-MEM (Gibco) according to the manufacturer’s
instructions. After 48 h proteins were extracted in RIPA buffer (150 mM
NaCl, 50 mM Tris, 5 mM EDTA, 1% Triton X-100, 0.25% desoxycholate,
5% SDS) containing protease inhibitors (cOmplete; Roche) and phos-
phatase inhibitors (PhosSTOP; Roche). Total protein concentration
was determined using Pierce BCA assay (Thermo Scientific). Twenty
micrograms of protein per lane was separated by SDS-PAGE (12%),
transferred to nitrocellulose membrane and probed with primary
antibodies. Immunoblot staining was performed for TGDS (rabbit
anti-TGDS; HPA040857, Atlas, 1:1,000) and GAPDH (mouse anti-GAPDH;
AM4300, ThermoFisher, 1:2,000). Membranes were incubated with
IRDye anti-rabbit 800CW and anti-mouse 680RD secondary antibod-
ies (926-32211 and 926-68070, Li-Cor Biosciences, 1:10,000). Signals
were detected with OdysseyFc Imaging System and quantification was
performed using Image Studio (Li-Cor Biosciences). The signal of TGDS
was normalized to its GAPDH signal, and then to the wild type within
each experiment. Data are presented as mean + s.d. obtained in three
independent experiments.*P < 0.05in post hoc testing after one-way
ANOVA corrected according to Dunnett.

Western blots for H6PD and (3-actin were performed as described
above, but using PVDF membrane (Immobilon P, Milipore), horseradish
peroxidase-coupled secondary antibodies, chemiluminescence peroxi-
dase substrate (Immobilon Western Blot reagent, Milipore) and a Cytiva
1Q600 system. Mouse anti-H6PD (TA501257, Origene, 1:1,000) and
anti-B-actin (A5441, Sigma, 1:5,000) were used as primary antibodies.

Uncropped images are shown in Supplementary Data Fig. 1.

Immunofluorescence

U20S cells were grown on glass coverslips overnight (1.5 x 10° cells per
well), followed by transfection of 1 pg of plasmid using Lipofectamine
3000 (Invitrogen) and Opti-MEM (Gibco) according to the manufac-
turer’s instructions. After 48 h, cells were fixed in cold methanol for
10 minat4 °C, or for 10 min at room temperature with 4% paraformal-
dehydein1x PBS followed by permeabilization with 0,4% Triton X-100
in1x PBS for 15 min at room temperature for the staining of TGDS and
GM130. Immunofluorescence staining was performed overnightin
PBS containing 3% BSA at 4 °C using the following antibodies: TGDS
(rabbitanti-TGDS; HPA040857, Atlas, 1:500); PDIA1 (mouse anti-PDIA1
(P4HB); ab2792, Abcam, 1:200); GM130 (mouse anti-GM130; 610823, BD
Transduction Laboratories, 1:500); FLAG (mouse anti-FLAG M2; F1804,
Sigma, 1:500); CALR (rabbit anti-Calreticulin; ab92516, Abcam, 1:500);
V5 (rabbit anti-V5; V8137, Sigma, 1:400); H6PD (mouse anti-H6PD;
TA501257, OriGene, 1:100) and GIANTIN (rabbit anti-Giantin; 621352,
BiolLegend, 1:1,000). Secondary antibody staining was performed
using anti-mouse IgG Alexa Fluor 555 (A21422, Invitrogen, 1:1000) and
anti-rabbit IgG Alexa Fluor 488 (A21206, Invitrogen, 1:1,000) for 1 hin
1xPBS atroom temperature. Coverslips were mounted in Fluoromount
G (Invitrogen). Images were taken using either LSM700 or LSM980
with Airyscan 2 (Zeiss).

Flow cytometry

The presence of heparansulfate on the surface of cells was assessed by
flow cytometry using the Heparan sulfate antibody HS10E4 antibody
(H1890 USBIOlogical). Cells were washed once with PBS and incubated
for 5 min with1 mlof non-enzymatic cell dissociation solution (Sigma)
at 37 °C until detached. Cells were recovered by sequential addition
of 2mland 1 ml of PBS + 2% FCS, and washed twice with 1 ml of PBS,



spinning at 500g for 3 min in between. Cells were then washed twice
with2 mlof PBS +2%FCS, centrifuging at1,000g for 3 mininbetween.
For staining, cells were resuspended in100 pl PBS +2% FCS containing
1:200 anti heparan sulfate antibody (clone 10E4, H1890 USBIOlogical),
andincubated for 60 min onice. After washes with PBS containing 2%
FCS, the cells were stained with a1:50 dilution of Alexa Fluor 647 (Affin-
iPure Goat Anti-Mouse IgM, p chain specific from Jacksonimmuno)
in PBS containing 2% FCS for 40 min on ice. Cells were again washed
twice and analysed using a Fortessa or FACSverse flow cytometer (BD
biosciences). The same protocol was followed for the detection of
a-dystroglycan (mouse IgM clone lIH6C4, 05-593, Sigma-Aldrich) with
1% BSA and 0.1% sodium azide in PBS.

Statistical analyses

Investigators were blinded with regard to the genotype of the mice
being analysed. No specific randomization was performed but each
mouse had a certain probability to be wild-type, heterozygote or KO/
KI. No blinding or randomization was performed for in vitro experi-
ments. Mouse sex was not takeninto consideration since Catel-Manzke
syndrome affects both female and make individuals. Samples sizes
for in vivo experiments were based on published studies with similar
experimental design and phenotypic analyses. No specific sample
size calculation was performed for in vitro experiments. Statistical
analyses were performed in Prism 10 (GraphPad) and were two-tailed.
Pairwise comparisons were performed using multiple t-tests correct-
ing for multiple testing according to Holm-Sidak’. When more than
two conditions were compared we performed a one-way ANOVA fol-
lowed by post hoc testing corrected for multiple testing according to
Dunnett (for comparisons with one control)” and Sidak (for selected
comparisons)’®. When one condition lacked detectable signals, no
statistical comparisons were performed with this condition, and this
condition was not included in the ANOVA (Fig. 3h and Extended Data
Figs.2e,f, 4i-1and 5a-c). When indicated, testing was performed on
log-transformed data, leading to comparable variances between sam-
plegroups. Whenresults from several independent experiments were
performed, the analyses were performed onthe means obtained within
eachexperiment (indicated as symbols with strong contrast), but values
from individual experiments are presented in partially transparent
symbols™. In this setting, paired tests were used. For craniofacial and
finger measurementsinanimals acomparison between the two groups
was performed using two-tailed unpaired ¢-test with Welch’s correction
followed by correction for multiple testing according to Holm-Sidak.
Figures were generated in GraphPad Prism and Adobe Illustrator, and
illustrations were drawn with BioRender (https://www.biorender.com).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allthe dataare containedinthe paper orinthesource datafiles. Source
data are provided with this paper.
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AATGTTTATGGCACTCACG TTTTGGTAAGTGCTGCTCATGAAGCCAGAGTGGAGAAGTTTATTTATGTCAGCACAGATGAAGTATATGGTGGCAGTCTTG ATAAGGTGAGCTTAGAAA
HAP1 2A1 allele 1 AATGTTTATGGCACTCACG TTTTGGTAAGTGCTGCTCATGAAGCCAGAGTGGAGAAGTTTATTTATGTCAGCACAGATGAAGTATATGGTGGCAGTE_—] ATAAGGTGAGCTTAGAAA
HAP1 2Al allele 2 AATGTTTATGGCACTCACG TTTTGGTAAGTGCTGCTCATGAAGCCAGAGTGGAGAAGTTTATTTATGTCAGCACAGATGAAGTATATGGTGGCAGTCTTG A=JAGGTGAGCTTAGAAA
HAP1 3A1 AATGTTTATGGCACTCACG [ ] ATAAGGTGAGCTTAGAAA
HCT116 3A2 AATGTTTATGGCACTCACG [ ] ATAAGGTGAGCTTAGAAA
HCT116 3D2 allele 1 AATGTTTATGGCACTCACG [ ] ATAAGGTGAGCTTAGARA
HCT116 3D2 allele 2 AATGTTTATGGCACTCACG TTTTGGTAAGTGCTGCTCATGAAGCCAGAGTGGAGAAGTTTATTTATGTCAGCACAGATGAAGTATATGGTGGCAGTCTTY [EEEEee———==—JAGARA
HFK293T 1A3 allele 1 AATGTTTATGGCACTCACG TTTTGGTAAGTGCTGCTCATGAAGCCAGAGTGGAGAAGTTTATTTATGTCAGCACAGATGAAGTATATGGTGE === [F-JAGGTGAGCTTAGAAA
HEK293T 1A3 allele 2 AATGTTTATGGCACTCACG TTTTGGTAAGTGCTGCTCATGAAGCCAGAGTGGAGAAGTTTATTTATGTCAGCACAGATGAAGTATATGGTGGCAGTCTTEGATAAGGTGAGCTTAGARA
HEK293T 3D1 allele 1 AATGTTTATGGCACTCACG TTTTGGTAAGTGCTGCTCATGAAGCCAGAGTGGAGAAGTTTATTTATGTCAGCACAGATGAAGTATATGGTGGCAGTCTTH ATAAGGTGAGCTTAGAAA
HEK293T 3D1 allele 2 AATGTTTATGGCACTCACEGTTTTGGTAAGTGCTGCTCATGAAGCCAGAGTGGAGAAGTTTATTTATGTCAGCACAGATGAAGTATATGGTGGCAGTCTTG ATAAGGTGAGCTTAGAAA
U208 2C2 allele 1 AATGTTTATGGCACTCACG TTTTGGTAAGTGCTGCTCATGAAGCCAGAGTGGAGAAGTTTATTTATGTCAGCACAGATGAAGTATAEES=========—1 [F=JAGGTGAGCTTAGAAA
U20S 2C2 allele 2 AATGTTTATGGCACTCACG TTTTGGTAAGTGCTGCTCATGAAGCCAGAGTGGAGAAGTTTATTTATGTCAGCACAGATGAAGTATATGGTGGCAGTCTTG [EEEo====GCTTAGARA
U20S 2E3 AATGTTTATGGCACTCACG TTTTGGTAAGTGCTGCTCATGAAGCCAGAGTGGAGAAGTTTATTTATGTCAGCACAGATGAAGTATATGGTGGCAGTCTTEIATAAGGTGAGCTTAGAAA
HAP1 2A1 allele 1 4 bp deletion leading to frameshift
HAP1 2Al allele 2 2 bp deletion leading to frameshift
HAP1 3Al 81 bp deletion leading to 27 amino acid deletion of key region lining the catalytic pocket
HCT116 3A2 81 bp deletion leading to 27 amino acid deletion of key region lining the catalytic pocket
HCT116 3D2 allele 1 81 bp deletion leading to 27 amino acid deletion of key region lining the catalytic pocket
HCT116 3D2 allele 2 14 bp deletion including the exon-intron junction -->splice site mutation leading to protein truncation
HEK293T 1A3 allele 1 11 bp delection leading to frameshift
HEK293T 1A3 allele 2 1 bp insertion leading to frameshift
HEK293T 3D1 allele 1 1 bp deletion leacing to frameshift
HEK293T 3D1 allele 2 1 bp insertion leading to frameshift
U208 2C2 allele 1 17 bp delection leading to frameshift
U208 2C2 allele 2 9 bp deletion leading to the loss of the splice site
U20S 2E3 1 bp insertion leading to frame shift
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Extended DataFig.1|Inactivation of TGDS in 4 different cell lines does not Datapresent means + SD of three (U20S, HCT116 and 293 T) or four (HAP1)

affect most nucleotide sugar levels. a, Sequence of the genomiclocus and experiments performed with3independent samples each, and are normalized
predicted TGDS proteins in TGDS-deficient HAP1, U20S, 293 Tand HCT116 cell tolevels observedinwild-type cells.*p < 0.05in paired two-tailed Dunnett
line clones. b-g, CMP-sialic acid (b), GDP-mannose (c), UDP-hexose (d), UDP- post-hoctesting of log-transformed data after one-way ANOVA. For exact
GlcNac (e), GDP-fucose (f), and CDP-ribitol (g) were determined by LC-MSin p-valuesseesource datafile.

parental cellsand two TGDSKO clones from U20S, HCT116, HAP1and 293 T.
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Extended DataFig.2|DatacomplementingFig.2.a-f, UDP-xylose (a,c), UDP-
glucuronate (UDP-GIcA, b,d), UDP-4-ketoxylose (e) and UDP-arabinose (f)
levels were determined by LC-MSin parental 293 T (a,b) and HAP1 (c-f) cells
andina TGDSKO or a UXS1KO clone upon transduction with arecombinant
lentivirus driving expression of ArnA (‘+') or an empty vector control ().

To allow comparison of the signal intensities obtained for different metabolites,
datawere only normalized to totalion current but not to the mean of the values
observedinthe parental cells within each experiment. g-h, Extractedion
chromatograms of the m/z of UDP-pentose (m/z 535.037) corresponding to
panela(g) and panels c¢,f(h).i-j, Extractedion chromatograms of them/z

of UDP-GIcA (i, 579.027) or UDP-xylose (j, 535.037) inreactions containing
500 uM UDP-GlIcAinthe presence of 0.8 uM TGDS or 0.65 pM UXS1 for 24 h.
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k-1, Western blot for H6PD in wild-type and TGDS-deficient HAP1 (k) or 293 T (I)
celllines, transduced with lentiviral CRISPR/Cas9 constructs targeting H6PD
(each +'representing adifferent guide RNA) or a control gene (-), performed
twice.See Supplementary Fig.1for uncropped images. m-n, UDP-xylose (m)
and UDP-GIcA (n) were quantifiedin293 T cell lines described in panel I

o-p, Westernblot for H6PD in wild-type and a TGDS-deficient U20S (o) or
HCT116 (p) celllines, transduced with recombinant lentiviruses driving
expression of human H6PD cDNA (‘+) or an empty control (-*), performed twice.
q-r, UDP-xylose (q) and UDP-GIcA (r) were quantified in HCT116 cell lines
describedin panel p. Dataare means + SD of 3independent experiments.
*p<0.05;*p<0.01;**p<0.001in paired Sidak post-hoc testing of log-
transformed data after one-way ANOVA. For exact p-values see source datafile.
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Extended DataFig.3 | TGDS and UXS1localize to the ER and the Golgi determine the proteinslocalization. All panels except the costaining with
apparatus, whereasH6PD is limited to the ER. Immunofluorescenceimages GM130 (i.e.bottom threeimagesin panela) were performed with methanol-
of U20S cells after transfection with pCMV-TGDS, pCMV-UXS1-FLAG and fixed cells. Inthe latter case, paraformaldehyde fixation was needed, which
pCMV-H6PD-V5. TGDS localization was detected using anti-TGDS, UXS1using explains theslightly different morphology of the TGDS expression pattern.
anti-FLAG, and H6PD using either anti-H6PD or anti-V5 antibodies. Endogenous  Scalebars, 10 pm.

markers for the ER (PDIA1; CALR) and Golgi (GM130; GIANTIN) were used to



c d

> Ko A

Q » & o

<© KkDa \)0 ?SQ \)+ UDP-glucose
130 HO H:0 O
;go HO o) A O, UDP-Glc
55w HO TGDS HO o +TGDS
.—‘ UDP UDP
= UDP-glucose UDP-4-keto-
25 C,;H,N,0,.,P, 6-deoxyglucose UDP-Glc
+UXS1

|som&

nol
H:0 \i enzymatic

UDP-4-keto
6-deoxyglucose

2
8% DP UDP-Glc
E= UDP-4,4-dihydroxy- +TGDS h
T:\sg - 6- deoxyglucose
52 C,H,NO P
GE 15" 24" 2717 2 UDP-G'C
+UXS1
9 1 13 min
UDP-
U20s HCT116 HAP1 293T 6-deoxyglucose
*k*k
*k —— . .
— *% % ok intensity in AU
=207 5 157 XX 157 Tex 159 71
] ns Ak
315l M1 i TGDS-P
x 1.0 1.0 1.0 +NaBHa
a 1.0
0.5 0.5 0.5
=]
0.5 ¢ TeDSP
2 0.0 0.0 0.0 0.0 +|nact|vated 06
E T QN EL Er E T
258 ERe 288 ERe Uxst
X X X X X X X X
g
U20s HCT116 HAP1 2937 ZQﬁT 4
cells 2
f1.5 i 15 2 15) 2, 15 : A
3 1 Ll = 0!
€10 1.0 1.0 1.0 293T cells
a +TGDS-P
205 0.5 0.5 0.5 NaBH.
@ 0 135 14
0.0 0.0 0.0 0.0 Time (min)
oo [ oo -
S o 8 o S o 8 o
X X X X X X X X
i HAP1 j 293T k HAP1 I 2937
20 — 15 —1.
o ol T 1o
815 3 3 3
= X 1.0 s a 104, a 10
a 1.0{sa o a o
& Sos 20.5 205
505 =) e =0
—- [ [
200 To 0.0 0.0
HePD+-++ H6PD+-++ HePD + - + + HePD + - + +
9RNA WT™TGDsS 9RNA WTTGDs 9RNA WT™TGDs gRNA WT "TGDs
KO KO KO KO

Extended DataFig.4 |Levels of the TGDS product UDP-4-keto-
6-deoxyglucose and of UDP-6-deoxyhexose are lower in all TGDSKO cells
and unaffected by inactivation of H6PD. a, Recombinant purified human
TGDS, B. cinerea UG46DH, E. coli ArnA and human UXS1 analysed by SDS-PAGE
and Coomassie staining to demonstrate purity. b, Extracted ion chromatogram
(EIC) of the m/z corresponding to UDP-4-keto-6-deoxyglucose (i.e., 547.037) in
reactions of recombinant fungal UG46DH or human TGDS with UDP-glucose.
¢, UDP-4-keto-6-deoxyglucose, the reaction product of UG46DH and TGDS, is
partially hydrated in anon-enzymatic reaction to form UDP-4,4-dihydroxy-
6-deoxyglucose, which has the same mass as UDP-glucose®. d-e, Extracted
ionchromatograms of the m/z of UDP-glucose (d, 565.048) and UDP-4-keto-
6-deoxyglucose (e, UDP-4k6dG, 547.037) inreactions containing 500 pM
UDP-glucoseinthe presence of 0.8 utM TGDS or 0.65 pM UXS1 for 24 h. The
trailing peak (arrow, d) in the ‘UDP-glucose’ chromatogram corresponds

to the hydrated form of UDP-4k6dG previously reportedin reactions for
fungal orthologues®. f-g, UDP 6-deoxyhexose (UDP-6dH, f) and UDP-4-keto-
6-deoxyglucose (UDP-4k6dG, g) levels were determined by LC-MS in parental
cellsand2 TGDSKO clones from U20S,HCT116, HAP1and 293 T. h, Tentative
identification of UDP-6-deoxyhexose as UDP-6-deoxyglucose. Extractedion
chromatogram (EIC) of the m/z corresponding to UDP-6-deoxyhexose

(i.e.,549.053) in areaction where the TGDS product (TGDS-P) was chemically
reduced with NaBH,, leading to the formation of UDP-6-deoxyglucose and
UDP-6-deoxygalactose (upper panel). Based on the catalytic cycle of UXS1,
only UDP-6-deoxyglucose formationis expected when the TGDS product is
incubated with UXS1 that has beeninactivated using NaBH, beforehand
(second panel). The UDP-6-deoxyhexose peakincells coelutes with the one
corresponding to UDP-6-deoxyglucose (third panel). Coelutionis corroborated
(lower panel) by the fact that the peak increases upon addition of asmall
amount of the sample presented in the upper panel. i-l, Inactivation of H6PD
in TGDS-deficient cells does notlead to anincrease in the rescue metabolite
UDP-4ké6dG (i,j) norin UDP-6dH (k,I). LC-MS analysis for the indicated
metabolites was performed in wild-type and a TGDS-deficient HAP1 (i, k) or
293 T (j,I) cellline, transduced with lentiviral CRISPR/Cas9 constructs
targeting H6PD (each +'representing a different guide RNA) or a control gene
(‘). Dataare means * SD of the means obtained in three (f,g) and two (i-1)
independent experiments performed with three biological replicates.
*p<0.05*p<0.0L;**p<0.001in paired two-tailed Dunnett (f-g) post-hoc
testing of log-transformed data after one-way ANOVA. For exact p-values
seesourcedatafile.
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Extended DataFig.5|Products from the bacterial and fungal orthologue of
TGDSreactivateinactivated UXS1. a, Extracted ion chromatograms for the
m/zcorresponding to UDP-xylose, UDP-4-keto-6-deoxyglucose (‘(UDP-4k6dG’),
UDP-6-deoxyhexose (‘(UDP-6dH’), NAD",and NADH, obtained by LC-MS in
reactions where UDP-glucuronate was incubated with UXS1, with sodium-
borohydride-inactivated UXSI, or withinactivated UXSlin the presence of the
productof human TGDS (‘TGDS-P’). Quantifications asin Fig. 3h, butincluding
aconditionwhere 0.4 uMNAD*was added, demonstrating that low levels

of free NAD* presentinthe TGDS preparationdo not suffice torescue UDP-
xylose production. b-c, Experiment described in panelabut using the

BotrytiscinereaUG46DH product (UG46DH-P’, b) or E. coli ArnA product
(‘ArnA-P’,c).d, Schematic representation of the formation of different NADH
formsaswellas the quantification of1,6-NADH and 1,2-NADH in the experiment
presentedin Fig.3h. e, Quantification of UDP-xylose production in anexperiment
asdescribedinFig.3h,butincludingaconditionwhere10 uMNAD"was added,
demonstrating that UXS1activity canbe restored by sufficient amounts of
NAD*. Dataare means of two (e) or means + SD of three independent experiments,
each consisting of three (a,d) or one biological replicate (b,c).*p < 0.05,
**p<0.01,***p<0.001intwo-tailed paired Dunnett post-hoc testing of log-
transformed data after one-way ANOVA. For exact p-values see source datafile.
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Extended DataFig. 6 | Characterization of clinical manifestations and
TGDS variantsinindividuals with Catel-Manzke syndrome. a-c, Schematic
representation of the TGDS variantin affected individual 3, abolishing the
spliceacceptorsite of exon 6 (a; created in BioRender. Lyubenova, H. (2025)
https://BioRender.com/I6uhom8), leading to a transcript lacking exon 6 as
demonstrated by RT-PCR (b) and (c) sequencing, performed twice with the
sameresult. d-e, Alphafold model of TGDS containing NAD* and dTDP-glucose
modeled based onthe structure of prokaryotic dTDP-glucose dehydratases
with Alphafill”® (d) or Alphafold model obtained with the Alphafold Multimer
algorithm’ (e), predicting adimeric protein. Amino acid variants observedin
affected individuals are highlighted ingreen. V239,A100 and T102, as well as
theregiondeletedinaffectedindividual 3 arelining the catalytic pocket, whereas
E90 and E322 are more peripheral. f, Quantification of TGDS expression
normalized to GAPDH expression in U20S cells transfected with the indicated
variants containinga FLAG tag. Dataare means + SD from three independent

experiments with two-tailed Dunnett post-hoc testing after one-way ANOVA.
*denotes the only significant change (p-value 0.032). g, Photographs,
radiographs and CT scans with 3D reconstruction of individuals (‘I') with
Catel-Manzke syndrome. Top row, hand radiographs of 12, 13 and 14. Lower

row, hand photographs of 12 and I5 as well as cranial frontal CT scans with 3D
reconstruction of 14. Right side, frontal and lateral whole body radiograph of
15at 24 weeks of gestation, after pregnancy termination. Note radial deviation
ofthe2ndfingersinl2andI5aswell asanaccessory ossification center at the
base of the 2nd proximal phalanxin 12 (Manzke dysostosis). Manzke dysostosis
isavariable featurein Catel-Manzke syndrome. 13,14 and I5 have clinodactyly
ofthe 5thfinger, 14 has additional clinodactyly of the 2nd, 3rd and 4th finger as
wellas distally enlarged metacarpals of the 2nd 3rd and 4th ray. Cranial CT scan
of14 shows asymmetric micrognathia. Whole body radiograph of I5shows
mildly shortened longbones, clinodactyly of the 5th fingers as well as micro-
andretrognathia.l, individual;y, years; w, weeks; m, months.
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Extended DataFig.7 | Characterization of TGDSKI/KO mice. a, Photographs
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two-tailed Welch’s t-test corrected for multiple testing according to Holm-Sidak.

d, Skeletal preparations of front limb paws of WT and KI/KO embryos at E18.5
inthe mutants. Scalebar:2 mm.b, pCT scans of 5-weeks-old WT and KI/KO show normal digit morphology. e, Digit length was unaffected in the mutant

mice. Measured parameters are shownin yellow. ¢, Quantification of skull animals. Each measurement was normalized to the mean of the WT littermates
measurements reveals tendencies similar to the ones observed in embryos, and dataare mean +SD (n=8-10 for WT, and n = 8-9 for KI/KO). The differences
butthey did notreach significance, likely due to smaller cohortsizes. Each betweengroups were analysed by two-tailed Welch’s t-test corrected for
measurement was normalized to the mean of the cohort of WT mice (littermates).  multiple testing by Holm-Sidak. L, left; R, right. Scale bar: 0.5 mm. For exact
Dataaremean £ SD (n =3). The differences between groups were analysed by p-valuesseesource datafile.




Extended Data Table 1| Genotype and phenotype of affected individuals with Catel-Manzke syndrome

Individual/fetus # 11 2 3 4 5

Sex female male female male male
Ethnicity French Bulgarian French Canadian French Canadian Asian

Age at last exam 38 years 9 years 11 years 10 months 4 years 2 months 24 weeks of gestation
Genotype

1st variant (DNA/protein) €.298G>T; p.(Ala100Ser) ¢.298G>T; p.(Ala100Ser) €.298G>T;p.(Ala100Ser) c.714_716delTGT;

Clinvar’ accession ID
2nd variant

VCV000162455.45
¢.269A>G; p.(GIU90Gly)

VCV000162455.45
©.298G>T; p.(Ala100Ser)

¢.457-2A>G; p.(?) (paternal)

VCV002412788.1

¢.305C>T; p.(Thr102lle)
(maternal)

(paternal)
VCV000162455.45

€.269A>G; p.(Glu90Gly)
(maternal)

p.(Val239del) (maternal)

€.964G>A; p.(Glu322Lys)
(paternal)

ClinVar accession ID VCV000162457.1 VCV000162455.45 VCV002412789.1 VCV000162457.1
Zygosity unavailable homozygous compound heterozygous compound heterozygous compound heterozygous
Test strategy exome singleton Sanger sequencing exome duo with mother, exome singleton, Sanger exome trio
Sanger sequencing father sequencing parents
Clinical manifestation
Manzke dysostosis + + - - -
Radial deviation index finger + + - - +
Clinodactyly index finger + + - + camptodactyly (I)
Clinodactyly other fingers 5th fingers, 3rd and 4th
: : smgars T ONIIGED s anger()
interphalangeal joint

Short long bones - - prenatally rhizomelia +
Proportionate short stature (SD) + - + + NA
Height at last visit 148 cm 128 cm (-1.36 SD) 136,6 cm (-2,18 SD) 91,5cm (-3,1 SD) NA
Vertebral anomalies scoliosis thoracic kyphosis - - -
Genua valga + - - + -
Hip dysplasia + - - - unknown
Joint hypermobility + (knees) - +
11 pairs of ribs - - + - -
Cleft palate + (U-shaped) - + + (V-shaped)
Micrognathia + + + +
Retrognathia + + +
Small mouth + - - -
Dysplastic ears + + low-set +
Thin eyebrows + - +
Proptosis - - - +
Congenital heart defect - ND ASD large VSD, mild PS -
Ear abnormalities hearing loss (conductive) - - hearing loss (conductive) NA
Psychomotor development normal absent spgech, ADD, normal mild delay, now attending NA

autism normal school per chart
Pre-/perinatal findings
Prenatal abnormalities (week of moderate rhizomelia, left
gestation) unavailable ; clef; r?:rltalt:n(g1 igz)r:gSG(F; é;&O), pyelec(t)eflst;]se, zr;t::osmon +

retromicrognathia (24)

IUGR unavailable + + rhizomelia
g/l;ldt:ﬁc:)fn?ehvery, (week of unavailable Caesarean section (38+4) spontaneous vaginal (39) spontarz;gr;)vagmal pregnancy terminated (24)
Apgar scores unavailable 9,9,10 8,8,8 NA
Birth length unavailable 45 cm (-2.8 SD) 43 cm (-3.68 SD) unavailable NA
Birth head circumference unavailable 36 cm (+0.64 SD) 32,7cm (-1.36 SD) 36809 (+0.62 SD) NA
Birth weight 2300 g 3120 g (-0.67 SD) 24909 (-1.86 SD) unavailable NA
Postnatal complications ; ) respiratory distress respiratcg)lég::f,ﬁculties, ;
Feeding difficulties/failure to thrive : feeigwgr%rg?n:eelr:wjémglsg;ht } nasogastric tube feeding NA
Age at diagnosis 25 years 4 years 15 years 24 months prenatal

Family history

later second affected fetus

Other

short metacarpals;
C1-C2, arthrodesis for
cervical instability at age
39 year; hip and knee
pain; sleep apnea
requiring ventilation
during the night

brachydactyly; sandal gap;
narrow shoulders; frequent

ear infections requiring
tympanic graft; misaligned
teeth; myopia and
hypermetropia; muscle
cramps; migraines

misaligned teeth;
hypertension; hands:
distal portion of
metacarpals widened,
prox. phalanges
elongated with distal end

rounded, especially 2-3-4;

no hyperphalangy; knee
surgery for genu valgum;
vesicourethral reflux;
hypotelorism

The following clinical features were not detected in the present cohort: additional hyperphalangy, talipes, pectus deformity, laryngomalacia, highly arched palate/bifid uvula, widely spaced
eyes, other organ malformations. L, left; r, right; NA, not applicable; ND, not determined; ADD, attention deficit disorder; ASD, atrial septal defect; VSD, ventricular septal defect; PS, pulmonal
stenosis; IUGR, intrauterine growth retardation; CPAP, continuous positive airway pressure; SD, standard deviation; +, present; -, absent. Reference 75.
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prenatal (24th week of gestation) to 38 years. Two were female, three were male.
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Sample size Sample sizes were based on published studies using similar experimental designs and phenotypic analyses (PMID: 35704354; PMID:
28118357). The number of animals analyzed at each time point reflected both genotype availability, particularly the low-viability genotypes
(KO/KO embryos), and the goal of ensuring consistent and interpretable phenotypic outcomes. The full penetrance of the phenotype in all KI/
KO animals across developmental stages further supports the adequacy of the selected sample sizes.
No specific sample size calculation was performed for in vitro experiments.

Data exclusions  No data were excluded from the analyses. In some instances, the analysis of individual fingers was not possible when they were lost during
the sample preparation. Likewise some individual samples were lost during sample preparation (--> see explanations in the source data file)

Replication Studies with recombinant enzymes and in cells were performed in several independent experiments containing several independent samples.
Wherever possible, we show these data as superplots highlighting both the mean within each independent experiment as well as individual
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data points.

For mice, the situation is as follows:

Lethality: 3 litters with 9-12 embryos in total of which always only a single KO/KO embryo was detected — underdeveloped and partially
digested.

At E18.5, a total of 20 embryos were analyzed (n=9 KI/KO and n=11 WT); all 9 KI/KO animals were affected.

At 5 weeks of age, a total of 6 animals were analyzed (n=3 KI/KO and n=3 WT); all 3 KI/KO animals were affected.

At 8 months of age, a total of 8 animals were analyzed (n=4 KI/KO and n=4 WT); all 4 KI/KO animals were affected.

Randomization Investigators were blinded with regard to the genotype of the mice being analyzed. Thus, each mouse had a defined probability to be either
wild type, heterozygote or KO/KI. No therapeutic intervention was performed.
For in vitro studies no randomization was performed. Yet, effects of knockout interventions were controlled by rescue experiments. No
treatment was introduced that would warrant a randomization.

Blinding Investigators were blinded with regard to the genotype of the mice being analysed. For in vitro studies, no blinding was performed.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
™ Antibodies |:| |:| ChlP-seq
Eukaryotic cell lines |:| |Z Flow cytometry
Palaeontology and archaeology |:| |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants

OOxROOOO s
OO00XOXD

Antibodies

Antibodies used The following antibodies were used in this study: anti-TGDS (Atlas, HPAO40857, polyclonal, lot R38059); anti-GAPDH (ThermoFisher,
AM4300, clone 6C5, lot 2597762); anti-H6PD (Origene, TA501257, clone OTI2A7, lot W002); anti-PDIAL (P4HB) (Abcam, ab2792,
clone RL90, lot GR3225321-2); anti-GM130 (BD Transduction, 610823, clone 35/GM130 (RUQ), lot 3200321); anti-FLAG (Sigma,
F1804, clone M2, lot 0000375608); anti-Calreticulin (Abcam, ab92516, clone EPR3924, lot 1049597-20); anti-V5 (Sigma, V8137,
polyclonal, lot #117M4821V); anti-Giantin (BioLegend, 621352, clone Poly23A01, lot B410237); anti-B-actin (Sigma, A5441, clone
AC-15, lot 079M4799V); anti-HS (Heparan sulfate) (USBiological, H1890, clone 10E4); anti-laminin antibody (Sigma, L9393, polyclonal,
lot 0000177605); anti-a-dystroglycan (Sigma-Aldrich, 05-593, clone IIH6C4, lot 3286105); and B-dystroglycan (Santa Cruz, sc-33701,
clone 7D11, lot B1716).

Validation Antibody validation was performed through various methods. TGDS showed no signal for the endogenous protein but did upon
overexpression. GAPDH is published in Nat. Commun. (PMID: 32238925). H6PD was validated by knockdown in the manuscript and
overlapping staining with V5-tagged H6PD protein, additionally it was published in Sci. Transl. Med. (PMID: 34039740). PDIA1 was
published in Cell (PMID: 28984163) and further validated by colocalization with the ER marker Calreticulin. GM130 was published in
Nat. Commun. (PMID: 31324769; 30478271; 28924207) and validated by colocalization with the Golgi marker Giantin. FLAG was
published in Nat. Commun. (PMID: 25697406; 26215093). Calreticulin validation is supported by Nat. Commun. (PMID: 36241646;
36008380) and colocalized with PDIA1. V5 was published in Nat. Commun. (PMID: 29150614; 27193971) and colocalized with H6PD-
V5. Giantin was published in PLoS One (PMID: 38848420) and colocalized with GM130. B-actin is published in Nat. Commun. (PMID:
31399589; 24300912). Heparan sulfate and laminin were validated by absence of signal in negative controls (UXS1 knockout). a- and
B-dystroglycan are extensively validated in the literature (Nat. Commun., PMID: 27194101).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T and HCT116 cells were obtained from Eric Fearon (University of Michigan,MI, USA ), and U20S cell lines were
obtained Anabelle Decottignies (UCLouvain, Brussels,Belgium). Commercially, HCT116 (CCL-247), U20S (CCL-247), and 293T
(CRL-3216) cells can be obtained from ATCC, and HAP1 cells can be obtained from Horizon Biodiscovery.

Authentication Cell lines were not further authenticated.




Mycoplasma contamination Cell lines were negative in a PCR-based mycoplasma assay.

Commonly misidentified lines

The cell lines used in this study do not fall in this category.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.
Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.
Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Mus musculus: C57/BL6J. We used animals at embryonic stages E10.5 (confirmation of lethality of KO/KO) and E18.5 (gross
morphology imaging, UCT and skeletal preps) as well as at 5 weeks of age (LCT) and 8 months of age (LC-MS analysis of organ
lysates).

Wild animals We did not use any wild animals.

Reporting on sex The disease under investigation affects both male and female individuals. Data from male and female mice were analyzed together.

Field-collected samples  We did not collect samples in the field

Ethics oversight All animal procedures were conducted as approved by the local authorities (LAGeSo Berlin) under the license numbers
23 G0247/13 and GO176/19.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[] Public health

|:| National security
|:| Crops and/or livestock
|:| Ecosystems

X XXX X &

|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:

Yes

X X X X X X X X &
Oooooogdgd

Plants

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Seed stocks

Novel plant genotypes

Authentication

ChlP-seq

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-atithentication-procedures foreach seed stock-tised-ornovel- genotype generated—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth
Antibodies
Peak calling parameters

Data quality

Software

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Describe the experimental replicates, specifying number, type and replicate agreement.

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChiP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
used.

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community
repository, provide accession details.
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Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

-
Q
C
=
()

o
o)
=
o
=
-
D)

S,
o)
E,..
)

Q@
wm
C
3
=
Q
S

<

Methodology
Sample preparation Cells were detached with Tryp-LE and stained with anti-HepS antibody followed by staining with a anti-lgM-AlexaFluor 647
Instrument FACSverse
Software Flowjo 10 for analysis
Cell population abundance We did not quantify population abundances, but only geometric means of the intensities within a population..
Gating strategy We only gated on life single cells.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state, event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ Jused [ Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.




Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain [ | ROI-based || Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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