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Biallelic Mutations in FUT8 Cause a Congenital
Disorder of Glycosylation with Defective Fucosylation

Bobby G. Ng,! Gege Xu,2 Nandini Chandy,? Joan Steyermark,* Deepali N. Shinde,> Kelly Radtke,>
Kimiyo Raymond,® Carlito B. Lebrilla,2 Ali AlAsmari,” Sharon F. Suchy,® Zée Powis,> Eissa Ali Fageih,”
Susan A. Berry,* David F. Kronn,?> and Hudson H. Freeze!*

Fucosyltransferase 8 (FUTS8) encodes a Golgi-localized 1,6 fucosyltransferase that is essential for transferring the monosaccharide fucose
into N-linked glycoproteins, a process known as “core fucosylation.” Here we describe three unrelated individuals, who presented with
intrauterine growth retardation, severe developmental and growth delays with shortened limbs, neurological impairments, and respi-
ratory complications. Each underwent whole-exome sequencing and was found to carry pathogenic variants in FUTS. The first individ-
ual (consanguineous family) was homozygous for c.715C>T (p.Arg239*), while the second (non-consanguineous family) was compound
heterozygous for c.1009C>G (p.Arg337Gly) and a splice site variant ¢.1259+5G>T. The third individual (consanguineous family) was
homozygous for a c.943C>T (p.Arg315*). Splicing analysis confirmed the c.1259+5G>T resulted in expression of an abnormal FUTS
transcript lacking exon 9. Functional studies using primary fibroblasts from two affected individuals revealed a complete lack of
FUTS protein expression that ultimately resulted in substantial deficiencies in total core fucosylated N-glycans. Furthermore, serum sam-
ples from all three individuals showed a complete loss of core fucosylation. Here, we show that loss of function mutations in FUTS cause
a congenital disorder of glycosylation (FUT8-CDG) characterized by defective core fucosylation that phenotypically parallels some

aspects of the Fut8 ~/~ knockout mouse. Importantly, identification of additional affected individuals can be easily achieved through

analysis of core fucosylation of N-glycans.

Congenital disorders of glycosylation (CDG) are a rapidly
expanding group of metabolic disorders resulting from
abnormal glycosylation of proteins or lipids." To date,
more than 125 distinct disorders have been identified,
with the majority affecting N-linked glycosylation.”
Fucosylation is the enzymatic incorporation of
L-fucose into N-glycans, O-glycans and glycolipids, these
processes require a family of fucosyltransferases that use
guanosine diphosphate L-fucose (GDP-fucose) as a donor
substrate.” In mammals, GDP-fucose biosynthesis occurs
by both de novo and salvage pathways.’ In the de novo
pathway GDP-mannose is converted to GDP-fucose
in a multistep reaction involving two enzymes, GDP-
mannose 4,6-dehydratase (GMDS), and GDP-keto-6-de-
oxymannose 3,5 epimerase (TSTA3) (aka FX protein).*®
The majority of GDP-fucose (~90%) in cells uses this
de novo pathway.® Chemical inhibitors or genetically
modified animals targeting the de novo pathway display
dramatically reduced levels of GDP-fucose and thus
overall cellular fucosylation.® Fx = (MIM 137020)
knockout mice exhibit near complete lethality, however
mice that survive to birth exhibit postnatal failure to
thrive that is rescued with oral L-fucose supplementa-
tion.” This rescue is possible because the fucose salvage
pathway can use either exogenous fucose or that liber-
ated during degradation of glycans in the lysosome
to directly generate GDP-fucose, thus by-passing the

de novo pathway.” GDP-fucose is then transported into
the Golgi via the multi-pass transmembrane domain
transporter, SLC35C1.° Finally, in the case of N-glycans,
L-fucose is attached to the N-acetylglucosamine
(GIcNAc) directly linked to an asparagine (Asn) using
the «1,6 fucosyltransferase, FUT8, to form the most
abundant type of fucose modification, “core fucosyla-
tion”*? (Figure 1A).

Core fucosylation is involved in cancer metastasis,
inflammation,'*"® and the immune system.'*'> How-
ever, only a few genetic disorders affecting fucosylation
are known. Pathogenic mutations in SLC35C1 (MIM
605881) cause leukocyte adhesion deficiency type II
(LADII) or SLC35C1-CDG (MIM 266265).'%'7 In this disor-
der, most, but not all, affected individuals present with
recurrent bacterial infections plus persistently elevated
neutrophils: a few respond to oral supplementation with
L-fucose.'® The neutrophil defect is thought to be due to
an inability to generate the O-linked fucosylation-specific
sialyl Lewis X (sLex), which is required for proper neutro-
phil rolling prior to extravasation.'’ Mutations in POFUT1
(MIM 615327) and LFNG (MIM 609813) cause defects spe-
cifically related to abnormal NOTCH O-fucosylation.?"*!
Finally, mutations in FUCAI (MIM 612280) cause the
lysosomal storage disorder, fucosidosis (MIM 230000),
which is due to an inability to degrade fucosylated
glycoproteins and glycolipids.”*
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Identification of FUT8 Pathogenic Variants in Three Unrelated Families

(A) Schematic of the FUT8 dependent «1,6 fucosyltransferase enzymatic reaction creating a core fucose motif.
(B) Pedigrees showing FUTS8 pathogenic variants and segregation in families 0448, 0459, and 0464.
(C) Schematic of Human FUTS8 with the relative positions of each pathogenic variant on mRNA (GenBank: NM_178155.2) and protein

level (Uniprot: Q9BYCS).

In this work, we detail the molecular, biochemical, and
clinical characterization of three unrelated individuals,
who had variants of uncertain significance (VUS) in
FUT8 (MIM 602589), which we show are pathogenic muta-
tions. Prior to diagnostic and research studies, informed
consent was obtained in accordance with an approved
Sanford Burnham Prebys Medical Discovery institute IRB.

Individual 1 (CDG-0448) is a female of Irish, Italian, and
Native American origin born to consanguineous second-
degree cousins. The pregnancy was complicated by poly-
hydramnios, shortened upper and lower extremities, suspi-
cion of possible esophageal atresia or tracheesophageal
fistula, intrauterine growth retardation (IUGR) (< 2nd
percentile), and two-vessel cord (Table 1). She was deliv-
ered via Caesarean section due to failed induction and
non-reassuring fetal heart tracing. Immediately after deliv-
ery she was transferred to the neonatal intensive care unit
for possible sepsis and follow up for prenatal abnormal-
ities. During this period, she was hypotonic and unable
to tolerate breast feeding. She was noted to have severely
shortened limbs, with a normal skeletal survey. A large
secundum atrial septal defect (ASD) with left to right shunt
was identified which required surgical repair. She had
respiratory distress of unknown origins that required a
tracheostomy. Newborn screening determined she had
hypothyroidism. On at least two occasions she had seizure
activity that did not require medication. However, more
recently (~30 months of age) she has had increased seizure
frequency requiring medication. Other notable findings
included dysmorphic craniofacial features, congenital neu-

tropenia, and microcephaly (< 3" percentile) (Table 1). All
biochemical and molecular testing was normal, except for
a chromosome microarray which showed large regions of
homozygosity consistent with the family history of
consanguinity. Whole-exome sequencing was performed
by a clinical laboratory on the trio and identified that the
proband was homozygous for the c.715C>T (p.Arg239*)
variant in exon 7 of FUTS (Table 1, Figures 1B and 1C).

Individual 2 (CDG-0459) is a female of Irish-Norwegian/
Irish-Ukrainian-Belgian ancestry, who was the product of
a complicated pregnancy notable for polyhydramnios,
severely shortened long bones, and suspected IUGR
(< 3" percentile). Complications in the perinatal period
included: amniotic fluid that was dark and bloody. She
began to have seizure activity within 3 hr after birth, which
have continued. She was also noted to be microcephalic
(< 10™ percentile) and hypotonic (Table 1). Hypoglycemia
was noted in the neonatal period. Like individual 1, she
had difficulty feeding, severely shortened limbs, and respi-
ratory distress characterized as reactive airway disease
(Table 1). On several occasions, respiratory failure occurred
during infections. Additionally, she had congenital
glaucoma and recurrent apneic episodes (Table 1).
Whole-exome sequencing was performed by a clinical
laboratory on the trio and identified two potential VUS
in FUTS, c.1009C>G (p.Arg337Gly) within exon 8 and a
€.1259+-5G>T splice site variant within intron 9 (Table 1,
Figures 1B and 1C).

Individual 3 (CDG-0464) is a male of Arab ancestry
born to consanguineous first-degree cousins, who had a
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Table 1.

Molecular and Clinical Characterization for Three Individuals with Pathogenic Variants in FUT8

CDG - 0448 CDG - 0459 CDG - 0464
Gender Female Female Male
Year of birth (or Age) 2014 2014 2010
Family History No No Yes, deceased older brother
Consanguinity Yes, 2°¢ cousin No Yes, 1% cousin
Ancestry Irish, Italian, Native American Irish-Norwegian / Arab

FUTS pathogenic variants

Pregnancy complications
IUGR

Feeding problems

Failure to thrive
Developmental delay

Dysmorphic features

Microcephaly
Intellectual disability
Seizures/epilepsy
Hypotonia

Skeletal abnormalities

Cardiac abnormalities

Liver abnormalities
Renal abnormalities
Respiratory abnormalities

Gastrointestinal
abnormalities

Endocrine abnormalities

Ocular abnormalities

c.715C>T (p.Arg239*)

polyhydramnios

Yes (< 2™ Percentile)

Yes

Yes - Severe

Yes - Severe

High Palate, edematous eyelids and
nasal bridge, wide nasal bridge,
retrognathia

Yes, 33 months < 1% percentile
Yes

Yes

Yes

Short stature

Atrial septal defect, repaired Patent
Ductus Arteriosus ligation

No
Nephrocalcinosis
Tracheostomy

G-tube placement

Hypothyroidism

No

Irish-Ukrainian-Belgian

¢.1009C>G (p.Arg337Gly)
€.1259+5 G>T (N/A)

polyhydramnios

Yes (3™ Percentile)

Yes

Yes - Severe

Yes - Severe

Buphthalmos, high broad
forehead, mild lymphedema
of hands and feet

Yes, 31 months < 10'" percentile
Yes

Yes

Yes

Short stature

Not reported, normal
echocardiogram

No
No
Reactive airway disease

G-tube placement

Not reported

Congenital glaucoma

c.943C>T (p.Arg315%)

Normal

Yes (3™ percentile)

Yes

Yes - Severe

Yes - Severe

Bitemporal narrowing, hirsutism,
exotropia, exophthalmos, short nose,
enlarged left eye with macrocornea
Yes, 36 months < 3™ percentile
Yes

Yes

Central with peripheral spasticity

Short stature, multiple contracture,
severe osteopenia, dislocated hips,
kyphoscoliosis

None

No
No
Recurrent bronchopneumonia

Feeding difficulties with GE reflux

None

No

family history positive for an affected male that passed

VUS in FUTS, c.943C>T (p.Arg315*) within exon

away without a diagnosis. The pregnancy for CDG-
0464 was not complicated by polyhydramnios, but
the affected did show severe IUGR (< 3™ percentile)
(Table 1). As seen in individuals 1 and 2, individual 3
had several overlapping clinical features including
feeding difficulties with profound failure to thrive, sei-
zures, hypotonia, and dysmorphic features with micro-
cephaly (< 3rd percentile) (Table 1). Importantly, CDG-
0464 also has skeletal abnormalities consisting of severe
short stature, multiple contracture, severe osteopenia,
dislocated hips, and kyphoscoliosis (Table 1). Respiratory
complications were mainly due to recurrent episodes of
bronchopneumonia (Table 1). Individual 3 passed away
at seven years of age. Whole-exome sequencing was per-
formed on the proband and identified a homozygous

(Table 1, Figures 1B and 1C).

Using the Genome Aggregation Database (gnomAD) of
123,136 exomes and 15,496 genomes (Ver2: accessed
11.14.2017) we determined the c.715C>T (p.Arg239*)
was seen in two carriers from 246,090 alleles (0 homozy-
gotes) and the c.943C>T (p.Arg315*) in three out of
246,270 alleles (0 homozygotes), while neither the
€.1009C>G (p.Arg337Gly) nor the ¢.1259+5G>T were pre-
sent in the database. In silico prediction modeling using
the Combined Annotation Dependent Depletion (CADD)
scoring for predicting the deleteriousness of a given variant
showed that the c.715C>T (p.Arg239*) and the ¢.943C>T
(p-Arg315*) had CADD scores of 36 and 38 respectively,
while the ¢.1009C>G (p.Arg337Gly) scored a 33. These
three variants are predicted to be in the top 0.1% of
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deleterious variants. However, the ¢.1259+5G>T scored a
15.7 (~5™ percentile) predicting it to be less likely to be
damaging. All four variants occur within the highly-
conserved glycosyltransferase 23 family domain spanning
amino acids 206-493 (Figure 1C).

We compared three commercially available primary
control fibroblast cultures (GM-00038, GM-03348, and
GM-05381) to CDG-0448 and CDG-0459 (fibroblasts were
unavailable for CDG-0464) to determine whether the vari-
ants had any effect on FUT8 protein expression. While
we anticipated CDG-0448 to lack FUT8 protein, western
blot analysis using two separate monoclonal antibodies
(Proteintech, 66118-1-Ig and Santa Cruz Biotechnology,
sc-271244) against different N-terminal and C-terminal
epitopes within human FUTS8 revealed no detectable pro-
tein in either affected individual’s fibroblasts (Figure 2A).

The data suggested that the ¢.1259+-5G>T splice variant
found in CDG-0459 would likely affect FUTS8 splicing. To
assess the potential pathogenicity of the c.1259+5G>T
variant, we isolated RNA from both control and CDG-
0459 fibroblasts for synthesis of cDNA using primers
spanning exon 8 to exon 10 of FUT8. Whereas the control
produced a single transcript with the expected PCR
size (474 bp), CDG-0459 produced two products, the
wild-type (474 bp) and a shorter transcript (297 bp)
(Figure 2B). Sanger sequencing confirmed that the shorter
transcript contained an in-frame deletion of exon 9 and is
predicted to create a protein product p.Val362_Lys420del
(Figure S1). Based on the known crystal structure of the
FUT8 protein, deletion of these fifty-nine amino acids
encoded within exon 9 results in the loss of several critical

Epitope 276-575aa

GM CDG CDG
0038 3348 5381

Figure 2. Effect of FUT8 Pathogenic
Variants on Protein Expression and
mRNA Splicing

(A) Western blot analysis of FUT8 protein
in fibroblast from three controls, CDG-
0448 and CDG-0459 showing loss of
FUT8 protein expression. Two different
monoclonal antibodies with separate epi-
topes were used to detect human FUTS8
protein. The first monoclonal anti-FUTS8
recognizes an epitope within amino
acids 31-230 and was used at a 1:500 dilu-
tion and (Santa Cruz Biotechnology,
sc-271244), while the second has an
epitope within amino acids 276-575 and
was used at a 1:2,000 dilution (Proteintech
66118-1-Ig).

(B) Splicing analysis was performed using
primers spanning exon 8 to exon 10 of
FUTS8 mRNA and determined that the
¢.1259+5G>T, found in CDG-0459, pro-
duced an abnormal transcript lacking
exon 9. Two independent RNA prepara-
tions are shown for CDG-0459.

~— FUT8

0448 0459

residues.”*?*  Specifically, His363,

which recognizes the guanine of

GDP-fucose, and Arg365, which rec-

ognizes both the B-phosphate of
GDP-fucose and the fucose moiety itself, would be
deleted.”*** This argues that the abnormal transcript pro-
duced by ¢.1259+5G>T would result in a non-functional
protein due to loss of these critical amino acids.

It is well established that core fucosylation of N-glycans
is FUTS8-dependent based on Chinese hamster ovary
(CHO) knockout cell lines as well as a knockout mouse
model.”** Using liquid chromatography-mass spectrom-
etry (LC-MS), we analyzed the total composition of serum
N- and O-glycans from controls and the three affected in-
dividuals.?®?” As expected, the three affected individuals
had complete loss of total core fucosylated N-glycans
compared to controls (N = 2) consistent with a
deficiency in FUTS (Figure 3). In addition to loss of core
fucosylated glycans in the third individual (CDG-0464),
other N-glycans specifically non-fucosylated neutral gly-
cans are clearly abnormal (Figure 3). This is unlikely to
result from the FUTS8 deficiency, but is more likely due
to other variants that affect N-glycosylation. However, a
thorough review of variants identified in the exome
analysis did not yield other glycosylation candidates.
Importantly, the residual fucosylation of N-glycans seen
in each affected individual was determined to occur on
the antenna of N-glycans and not in the core, based on
tandem mass spectrometry (MS/MS) fragmentation anal-
ysis (Figure S2). O-glycans were unaffected consistent
with the specificity of the FUT8 protein for N-glycans
(data not shown).>*

Next, we used two independent methods to further
characterize the fucosylation defect in fibroblast cultures.
The first was a similar LC-MS method previously
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Figure 3. Characterization of N-Glycans from Whole Serum using LC-MS

LC-MS chromatograms for control, CDG-0448, CDG-0459, and CDG-0464 showing the loss of multiple core fucosylated N-glycans
(green shade). Unlike the other two affected individuals, CDG-0464 also had an absence of non-fucosylated neutral glycans (orange
shade), which is not due to the loss of FUTS.

mentioned to analyze serum N-glycans, with the
exception that N-glycans were purified from membrane
fractions isolated from fibroblasts.”” As seen in the serum
N-glycans, fibroblasts from both CDG-0448 and 0459

had complete loss of core fucosylated N-glycans as
compared to healthy unaffected controls (N = 3) (Figure 4).

Second, we used fluorescence-activated cell sorting
(FACS) with two different fluorescein isothiocyanate
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Figure 4. Characterization of N-Glycans from Primary Fibroblasts using LC-MS and Flow Cytometry
LC-MS chromatograms for Control, CDG-0448, and CDG-0459 showing the loss of multiple fucosylated N-glycans (green shade).
The control used, GM-05381, is representative of three different control lines (GM-00038, GM-03348, GM-05381).

(FITC) labeled lectins, Lens culinaris agglutinin (LcH) and
Pisum sativum agglutinin (PSA), to determine the level of
core fucosylated cell surface proteins on fibroblast. Both
LcH and PSA have a high preference for N-glycan struc-
tures that are core fucosylated and removal of the fucose
moiety dramatically dampens lectin reactivity.”® As ex-
pected, and consistent with the LC-MS data, fibroblast
samples from both CDG-0448 and 0459 displayed pro-
found deficiencies in both LcH and PSA lectin reactivity
(Figures 5A and 5B). Supplementing the fibroblast culture
medium with L-fucose provided no significant benefit or
improvement in core fucosylation (data not shown). How-
ever, it is possible that tissue types other than fibroblast
might be able to make some FUT8 depending on how
the ¢.1259+5G>T is utilized. While L-fucose did not
improve overall core fucosylation in fibroblast from our

cases, affected individuals with less severe variants might
potentially be more responsive.

FUTS8 encodes the only known alpha 1,6 fucosyl-
transferase specifically required for carrying out core
fucosylation of N-glycans. Knockout mouse models
have shown that, while Fut8 /= mice are born apparently
normal, 70% die within the first 3 days of birth due to
severe growth retardation and respiratory defects.” Those
mice that do survive continued to have growth deficits
as well as progressive emphysema-like changes.”*’
Similar to the Fut8 '~ mice, our three affected individ-
uals had severe growth retardation with shortened limbs
and respiratory deficiencies. It has been shown that
major growth factor receptor signaling molecules TGF-
Betal, EGF receptor and various integrins require core
fucosylation for proper function and this could provide
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Figure 5. Lectin Analysis of Cell Surface
Core Fucosylated N-Glycans

(A) Flow cytometry was used to evaluate
the cell surface binding of FITC-LcH (Lens
culinaris agglutinin) in the two affected
individuals and in a representative control
culture and showed reduced lectin stain-
ing in both affected individuals.

(B) Flow cytometry analysis of cell surface
FITC-PSA (Pisum sativum agglutinin) in
the two affected individuals and in a repre-
sentative control culture and showed
reduced lectin staining in both affected in-
dividuals. GM-03348 is representative of
three different control lines (GM-00038,
GM-03348, GM-05381).

a major mechanism for both the severe growth defect
and respiratory defects seen in both the Fut8~/~ mice
and our two subjects.””’ Unfortunately, biological sam-
ples from the lung of either affected individual were
not available.

Given the high mortality rate seen in the Fut8/~ mouse
model, it is possible that many individuals with FUTS8-
CDG could be missed due to prenatal or early postnatal
lethality. This provides a diagnostic challenge, unless indi-
viduals have access to rapid sequencing services. This is
further complicated by the fact that, unlike most CDG
disorders, FUT8-CDG would be expected to and does give
a normal carbohydrate-deficient transferrin (CDT) pattern
(data not shown). This could potentially lead to the
assumption that since the CDT results are normal, there
is no glycosylation defect.

Because affected individuals described here had IUGR,
severe short stature with shortened limbs and respiratory
difficulties, FUTS should be considered as a possible candi-
date. Analysis of total N-glycan core fucosylation could
serve as an initial test prior to WES (or target panels) or
be used for final diagnostic confirmation, much like serum
transferrin is used for other forms of CDG. In fact, several
clinical services offer LC-MS analysis of total N-glycan for
this exact purpose. Importantly, we utilized this strategy
and show that FUT8-CDG is easily detectable in serum
samples, thus providing a diagnostic test for early detec-
tion. Furthermore, the complementary nature of both
the LC-MS and FACS data, in both serum and fibroblast
samples, can provide definitive confirmation of the diag-
nosis of FUT8-CDG. Partnering research labs with estab-
lished diagnostic labs to identify additional individuals
who have VUS is a useful strategy and mutually beneficial
to furthering the understanding of not only FUT8-CDG,
but other rare genetic disorders as well.

Accession Numbers

The accession number used for the FUTS sequence reported in this
paper is GenBank: NM_178155.2
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Supplemental Data include two figures and Supplemental
Methods and can be found with this article online at https://doi.
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