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Abstract

Three missense variants of ST3GAL3 are known to be responsible for a congenital disorder of glycosylation
determining a neurodevelopmental disorder (intellectual disability/epileptic encephalopathy). Here we
report a novel non-sense variant, p.Y220%*, in two di-chorionic infant twins presenting a picture of epileptic
encephalopathy with impaired neuromotor development. Upon expression in HEK-293T cells, the variant
appears totally devoid of enzymatic activity in vitro, apparently accumulated with respect to the wild type
or the missense variants, as detected by western blot, and in large part properly localized in the Golgi
apparatus, as assessed by confocal microscopy. Both patients were found to efficiently express the CA19.9
antigen in the serum despite the total loss of ST3GAL3 activity, which thus appears replaceable from other
ST3GALs in the synthesis of the sialyl-Lewis a epitope. Kinetic studies of ST3GAL3 revealed a strong
preference for lactotetraosylceramide as acceptor, and gangliotetraosylceramide was also efficiently
utilized in vitro. Moreover, the p.A13D missense variant, the one maintaining residual sialyltransferase
activity, was found to have much lower affinity for all suitable substrates than the wild type enzyme, with
an overall catalytic efficiency almost negligible. Altogether the present data suggest that the apparent
redundancy of ST3GALs deduced from knock-out mouse models only partially exists in humans. In fact, our
patients lacking ST3GAL3 activity synthesize the CA19.9 epitope sialyl-Lewis a, but not all glycans necessary

for fine brain functions, where the role of minor gangliosides deserves further attention.
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Introduction

Sialylation is a functionally crucial glycosylation step (Dall'Olio et al. 2014, Sato and Hane 2018) widely
present during evolution (Teppa et al. 2016). Sialyltransferases constitute a family of genes and enzymes
responsible for the addition of sialic acid to almost all glycan types. They show definite linkage specificity,
and in several cases, even overlapping acceptor specificity. Cloning and expression of rat (Wen et al. 1992),
human (Kitagawa and Paulson 1993) and mouse (Kono et al. 1997) ST3GAL3 cDNA indicated that
saccharides terminating with the GalB1,3GIcNAc sequence, known as the type 1 chain, were the preferred
substrates, although type 2 chain saccharides, terminating with the GalB1,4GIcNAc sequence, were also
utilized. Conversely, gangliotetraosylceramide (asialo-GM1, Galp31,3GalNAcB1,4Galp1,4Glc-Cer) was not
utilized by the mouse enzyme, and other saccharides terminating with the Galf1,3GalNAc sequence
appeared as rather poor acceptors (Gupta et al. 2016). ST3GAL3 mRNA was found to be widely expressed in
rodent and human tissues, including the brain. Based on transfection studies in human gastric cancer cell
lines, ST3GAL3 was proposed to be necessary for the synthesis of sLea, the sialyl-Lewis a tetrasaccharide
(Siaa2,3GalP1,3[FucP1,4]GIcNAc) (Carvalho et al. 2010, Gomes et al. 2013), epitope of the CA19.9 antigen,
a putative biomarker widely used for clinical applications (Trinchera et al. 2017). More recently, double KO
mice for both st3gal2 and st3gal3 were found to lack gangliosides GD1a and GT1b in the brain, while the
corresponding single KO mice were not (Sturgill et al. 2012). This suggested that mouse st3gal3 is able to
use GM1 as an acceptor in vivo. Noteworthy, st3gal3 KO mice presented only minor hematologic
abnormalities (Ellies et al. 2002, Kiwamoto et al. 2014). In 2011 (Hu et al. 2011), differentially aged
members from two Iranian families were reported to suffer from a non-syndromic intellectual disability
associated with two distinct recessive missense mutations in ST3GAL3: ¢.38C>A and ¢.1108G>T (p.A13D and
p.D370Y, respectively). Successively (Edvardson et al. 2013), two sibling children diagnosed with West
syndrome evolving to Lennox-Gestaut syndrome were found to carry another recessive missense mutation
of the gene, c.958C>G (p.A320P). Variants p.A320P and p.D370Y were found to abolish enzyme activity and
to impair protein metabolism and intracellular localization, while the p.A13D variant retained substantial
enzyme activity and partially correct Golgi localization.

Here, we report a novel ST3GAL3 variant discovered in two infant twin siblings, presenting a picture of
epileptic encephalopathy with impaired neuromotor development. To characterize the variant, we cloned
and expressed the cDNA to determine the enzyme activity in vitro, by direct enzyme assay, and the protein
expression by western blotting. We also prepared a tagged version of the variant to determine the
subcellular localization through confocal microscopy. To assess the pathogenetic role of the loss of function
of ST3GAL3, we measured the levels of CA19.9 circulating in the patient serum and determined the enzyme

kinetics toward various acceptor substrates.

6102 1890100 G0 UO Josn Areiqr [epbiq elulopieD Ad /4G66/55/6.0ZMo/d00KIB/E60 L 0 L/I0P/I0ISTB-0]0E/q00A|B/ W00 dNo"olWwapeoe)/:SAyY WO} POPEOJUMOQ



Results

Detection of a novel non-sense ST3GAL3 variant

The probands were two twin siblings, 18 months old: a male and a female born from a spontaneous di-
chorionic di-amniotic pregnancy to a healthy and apparently non consanguineous couple, whose family
history was unremarkable. The pregnancy was uneventful, and no prenatal genetic tests had been

performed. The twins were born at 37 weeks of gestation by caesarean section.

Patient 1. The boy's birth weight was 2905 g (25-50" centile). The Apgar scores were 2 at the 1%, 8 at the 5"
minute, and 9 at the 10" minute. At birth, oxygen and tactile stimulation were required, with prompt
resumption of vital parameters. In the first months of life, the baby showed normal growth parameters and

a slight neuromotor delay, with head control reached at 4 months.

At 7 months of life, several episodes of brief (a few seconds) psychomotor arrest with ocular deviation were
noted, increasing with frequency from 2-3 to 5-6 episodes/day, so electroencephalography (EEG) was
performed, which showed diffuse epileptiform discharge during the phase of falling asleep. Neurologic
evaluation showed posterior plagiocephaly with normal occipitofrontal circumference (25-50™ centile),
motor hyperkinesis, and mild psychomotor delay, with symmetric but not fluent spontaneous motility, and
incomplete control of the trunk. The baby did not show evident dysmorphisms and underwent several
diagnostic procedures (blood tests, abdominal and cardiac ultrasound, eye evaluation, and plasmatic and
urinary organic acid dosage) that provided normal results. A further EEG recorded frontal sharp and spike
epileptiform anomalies, both isolated and organized in sequences. Concurrently, with a clinical episode of
clonus of the head and upper limbs, EEG showed the organization of the anomalies in a rhythmic and

hypersincronous sequence.

Valproate antiepileptic therapy was set up with increasing dosage up to 26 mg/kg/day, with incomplete
control of fits, then ethosuximide was added with increasing dosage up to 23 mg/kg/day, but, despite this,

the patient showed up to 10 fits/day.

A brain magnetic resonance was performed, and diffusion weighted imaging showed diffusivity restriction
at periacqueductal and posterior region of the pons, at the mesencephalic region, and at middle cerebellar
peduncles, with corresponding T2 hyperintensity. No spike anomalies were present according to MRI
spectroscopy. At 18 months the baby showed generalized hypotonia with a slight improvement of motor
skills; as he kept autonomous sitting posture, he rolled and crawled. Language was limited to modulated
vocalizations. He still had about 2 fits/day, despite progressive increased dosage of antiepileptic therapy, up

to 42 mg/kg/die of valproate and 28 mg/kg/day of ethosuximide.

Patient 2. The girl's birth weight was 2475 g (25" centile). The Apgar scores were 7 at the 1% and 9 at the 5"

minute. The neonatal period was physiological. In the first months of life, the baby showed normal growth
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parameters and a slight neuromotor delay with head control reached at 4 months; hyper-excitability was

also observed.

At 8 months of life, several fit episodes similar to those of the brother were noted, and EEG showed diffuse
polymorphic epileptiform abnormalities. Various diagnostic procedures, including brain magnetic resonance

and neurologic evaluation, overlapped with those of the brother, with associated slight hyper-excitability.

Valproate antiepileptic therapy was set up with increasing dosage up to 26 mg/kg/day, with good initial
control of the fits. At 12 months of life, due to recurrence of epileptic episodes, the valproate dosage was
progressively increased up to 36 mg/kg/day, and ethosuximide was added up to 24 mg/kg/day, with clinical
improvement. At 18 months of life, she had no residual fits. She showed generalized hypotonia with a slight
improvement of motor skills; as she kept an autonomous sitting posture, she rolled and crawled. Some

motor stereotypies have been observed. Language was limited to modulated vocalizations.

At the age of 10 months, a whole exome sequencing analysis was performed on the probands and their
parents, and a homozygous variant of the ST3GAL3 gene was identified in both twins, Chr1(GRCh38.p13
NC_000001.11): g.43899643C>A; NM_006279: c.660C>A; NP_006270.1: p.Tyr220ter (Y220*) (Figure 1). The
parents were heterozygous carriers of the same mutation. The identified variant was confirmed by direct

DNA sequencing.

Characterization of the novel c.660C>A (p.Y220*) non-sense variant.

To assess the consequences of the mutations, the pcDNA3-ST3GAL3 plasmid was mutagenized and
transfected in HEK-293T cells, together with a luciferase-expressing plasmid as an internal control for
normalizing transfection efficiency. Transfected cells were then processed to obtain mRNA for ST3GAL3
transcripts evaluation, cell homogenates for enzyme activity determination, and lysates for protein
analysis. Expression levels of the ST3GAL3 transcript in parental or mock transfected HEK-293T cells were
16-30 thousand-fold less than GAPDH (14-15 ACt), while the levels measured upon transfection became
close to that of GAPDH, without relevant differences between the wild type (WT) and the variants (Figure
2A). Using the cell homogenates as the enzyme source and LNB-pNP (para-nitrophenyl-lacto-N-biose,
GalP1,3GlcNAcB1-0-C¢H4NO,) as an acceptor, sialyltransferase activity was unmeasurable in parental or
mock transfected cells, while it was detectable upon transfection of the WT pcDNA3-ST3GAL3 plasmid.
Enzyme activity remained, instead, undetectable upon transfection of plasmids carrying the novel p.Y220*
variant, as well as p.A320P and p.D370Y variants (Figure 2A). Since WT ST3GAL3 activity was grossly
proportional from 1 to 100 ug of homogenate proteins (Figure 2B), we calculated that the residual activity
in such variants, if any, should be less than 1% of the WT. Sialyltransferase activity towards LNB-pNP was
also detectable with the p.A13D variant, which maintained about 25% of the specific activity measured with

the WT construct (Figure 2A). Western blot analysis of protein lysates obtained from the same
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transfectants showed that ST3GAL3 was undetectable in parental or mock transfected HEK-293T cells
(Figure 2C). Upon transfection of WT ST3GAL3, a spot of about 47 kDa was visible with an antibody directed
toward the N-terminal of the protein. Similar spots were evident upon transfection with p.A320P and
p.D370Y variants. Conversely, upon transfection of the p.Y220* cDNA, a brighter spot of about 27 kDa was
detected, confirming the expression of a truncated protein about 20 kDa smaller. Densitometric scanning of
the gels indicated that the amount of this band, referred to that of B-actin, is about 8 times more abundant
than that present in the WT or missense variants. Nothing was visible using the protein lysate obtained
upon transfection of the p.A13D variant (Figure 2C). Since such transfectant expressed the ST3GAL3
transcript and enzyme activity, we suspected that the recognition of the N-terminus-specific antibody was
impaired by the proximity of the mutation. To assess this hypothesis, we transfected Halo-tagged
constructs and performed western blotting using an anti-HaloTag antibody. In this way, the p.A13D variant
was detected as a spot, similar to those obtained with the WT or p.A320P and p.D370Y variants, with an
apparent molecular weight (MW) of about 80 kDa (Figure 2D), as expected due to the size of the HaloTag
(33 kDa). The size of the Halo-tagged p.Y220* variant was about 60 kDa, which appeared slightly
accumulated with respect to the WT, as much as the missense variants. An additional spot of about 40 kDa
of unknown origin was evident with the HaloTag WT construct only. We also measured the sialyltransferase
activity of the cell homogenates obtained from such transfections with the HaloTag constructs and
obtained results similar to those obtained with the pcDNA3 plasmids (supplementary Figure S1). No activity
was detectable with the HaloTag p.Y220%*, p.A320P, and p.D370Y variants, and reduced activity with the
HaloTag p.A13D construct was observed, about 30% of that obtained with the HaloTag WT construct. These
results corroborate the hypothesis that the p.A13D variant is not detectable by the anti-ST3GAL3 antibody
used, suggesting that the mutation is relevant enough to the protein conformation to affect antigenicity.
HEK-293T cells transfected with the HaloTag constructs of the WT and p.Y220* ST3GAL3 variant were also
analyzed by confocal microscopy upon staining with the HaloTag specific ligand TMR and antibodies against
endoplasmic reticulum (ER) and Golgi apparatus markers (Figure 3). The results showed similar co-
localization of both the WT and p.Y220* variant with the Golgi apparatus marker, and minimal co-
localization with the ER marker of the p.Y220* variant only, suggesting that the truncated protein is rather

well transported to the site of action.

Detection of circulating CA19.9 antigen

Assuming the hypothesis that ST3GAL3 is necessary to sialylate glycoproteins carrying glycans terminating
with the Galf31,3GIcNAc sequence (Carvalho et al. 2010, Gomes et al. 2013), as in the case of the sLea
tetrasaccharide, patients lacking ST3GALS3 activity were expected to lack the circulating CA19.9 antigen. To
confirm the hypothesis, patient serum was analyzed for CA19.9 expression by sandwich enzyme-linked

immunosorbent assay (ELISA) and by dot-blot immunostaining. Surprisingly, both siblings were found to
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express the antigen, by both techniques. In particular, the expression was higher than in the heterozygous
parents and other adult controls by ELISA (Figure 4), and very similar to parents and controls by dot-blot
analysis (Figure 5). These results strongly suggest that other ST3GALs efficiently rescued ST3GAL3

deficiency.

Kinetics of ST3GAL3

To better compare the functional properties of the WT and ST3GAL3 variants, activity assays were
performed using various acceptors at different concentrations. To this aim, known suitable substrates were
used, such as Lc4 (lactotetraosylceramide, Galf31,3GIcNAcB1,3Galp1,4Glc-Cer), and asialo-AGP (asialo-al-
acid glycoprotein) in addition to LNB-pNP. We also included the GM1 ganglioside and asialo-GM1, which
bear the Galf31,3GalNAc terminal saccharide sequence. The results are presented in Table |, Figure 6A, and
Supplementary Figure S2. Lc4 appeared as the largely preferred substrate, with an affinity 35- and 11-fold
higher than asialo-AGP and asialo-GM1, respectively. Surprisingly, asialo-GM1, but not at all GM1, was
efficiently used by WT ST3GAL3, with an affinity better than asialo-AGP. Properties of the p.A13D variant
appear very different: activity was faintly detectable with Lc4 and asialo-AGP, while affinities for both LNB-
pNP and asialo-GM1 were about 7-fold lower than those measured with the WT enzyme. Since the
calculated Vmax values were also lower, the catalytic efficiency with these acceptors is over 25-fold lower.
Since the impairment with Lc4 and asialo-AGP is even worse, the data suggest that the residual activity
maintained by the p.A13D ST3GAL3 variant may not be relevant in vivo. The other variants, including the
novel p.Y220* non-sense variant, remained totally inactive, despite using these alternative substrates as
acceptors.

Pathogenic variants of another sialyltransferase, ST3GAL5 (GM3 synthase), are reported to lack any
detectable enzyme activity in vitro (Indellicato et al. 2019). Conversely, a pathogenic variant of B4GALNT1
(GM2 synthase), p.R300C (Bhuiyan et al. 2019), is reported to retain some activity. We determined the
kinetics of WT B4GALNT1 and p.R300C variant, calculated upon transfecting HEK-293T cells with cDNAs in
pcDNA3-based plasmids. The results showed almost identical affinity of the WT and B4AGALNT1 variant for
GM3, and a 35-fold lower Vmax of the variant (Table | and Figure 6B). Taken together, these data suggest
missense mutations are able to affect the catalytic properties of glycosyltransferase in very different ways

difficult to predict on the basis of their simple position.

Discussion

In this article we described a non-sense variant of ST3GAL3 able to inactivate the enzyme as the main
consequence. The variant, detected in two infant siblings was associated with clinical signs of epilepsy and
neuromotor delay, compatible with the clinical features previously reported in patients carrying other

ST3GAL3 variants. Our patients were found to express significant levels of circulating CA19.9 in the serum.
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At present, ST3GAL3-CDG has been reported in young adults as a non-syndromic intellectual disability
(p.A13D and p.D370Y variants) (Hu et al. 2011), or in children-teenagers (Edvardson et al. 2013) and babies
(present article) as an epileptic encephalopathy syndrome (p.A320P and p.Y220* variants). All variants
were found to inactivate the enzyme in vitro, except for p.A13D, and all were found to affect protein
transport, although in a minimal or weak manner in the case of p.Y220* or p.A13D variants, respectively.
The low number of cases and their heterogeneity in age of diagnosis and follow-up do not yet allow for
establishing a narrow relationship between an individual mutation and clinical presentation. However, the
overall data suggest that impaired function of ST3GAL3 affects fine mechanisms within the central nervous
system, without involvement of other tissues and organs. Coherently, a methylome-wide study included
ST3GAL3 in the epigenetic profile of attention deficit/hyperactivity disorder patients (Walton et al. 2017).
Despite total inactivation of ST3GAL3, our patients express relevant amounts of the CA19.9 antigen, as
detected by both ELISA and dot blotting. Since sandwich ELISA is sensitive to high MW proteins carrying
multiple epitopes (as mucins), but not to smaller antigenically monovalent proteins, which are instead
better detected by dot-blotting (Mare et al. 2013), we conclude that a wide spectrum of glycoproteins
carrying the GalB1,3GIcNAc disaccharide at the terminus of their sugar chains are sialylated, even in the
absence of functional ST3GAL3. The values detected in both patients by ELISA (142 and 56.5 U/ml) are
higher than those found in both parents, which are within the commonly accepted range for adults (37
U/ml). This is probably due to their very young age, in which circulating CA19.9 is known to be higher and
more heterogeneous than in adults (Bevilacqua et al. 2014). The reason why age-dependent CA19.9
elevation is detected by ELISA and not by dot-blotting is not known, and we suggest that this depends on
the carrier molecules rather than on the sLea epitope. At present, it is not possible to predict which ST3GAL
is able to drive the synthesis of CA19.9 in the absence of ST3GAL3. Data obtained in recombinant gastric
cell lines suggest ruling out ST3GAL4 (Carvalho et al. 2010, Gomes et al. 2013), but no data are available for
the other members of the family. Our data showed that human ST3GAL3 strongly prefers use of Lc4 as an
acceptor, forming sialyl-Lc4 (Siaci2,3GalP1,3GIcNAcB1,3Galp1,4Glc-Cer), a ganglioside of the lacto-series,
originally named 3’isoLM1 (Nilsson et al. 1985). Sialyl-Lc4 was found to be a very minor component of

infant brain gangliosides (Molin et al. 1987). Due to its very low concentration, about 40 and 400 times less

than GM2 and GM1, respectively, the potential role of such ganglioside has never been studied in the brain.

However, the reported quantitation refers to the whole brain, while such molecule may be specific for
particular cells or areas of the brain, as suggested by successive reports (Fredman et al. 1993). Moreover,
the good catalytic efficiency of human ST3GAL3 with asialo-GM1 confirms the particular preference of the
enzyme for the ceramide moiety, which is able to make the unfavorable Galf31,3GalNAc disaccharide
sequence a suitable acceptor. In this context, the specific lack of sialyl-Lc4 may be relevant in the
pathogenesis of ST3GAL3-CDG. Recently, cortical neurons differentiated from induced pluripotent stem

cells obtained from a patient carrying the p.A320P variant were found to have very minimal effects in the
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a2,3 sialylation pattern of glycoproteins, as detected by Maackia Amurensis staining of western blots (van
Diepen et al. 2018). This is compatible with the hypothesis of an involvement of gangliosides in the disease.
On the other hand, it is also possible that ST3GAL3 specifically acts on a subset of glycoproteins carrying the
GalP1,3/4GIcNAc or even Galf31,3GalNAc sequence, or both, unknown at present and exclusively expressed
in dedicated cells of the brain.

We have found that the p.A13D variant, the only ST3GAL3 pathogenic variant maintaining residual
sialyltransferase activity, has very low catalytic efficiency with several substrates, including Lc4, asialo-AGP,
and asialo-GM1. In this light, it is strongly possible that the residual activity of the enzyme is just detectable
in vitro at saturating acceptor concentrations, which are not functionally relevant, thus suggesting that all
pathogenic variant causing a congenital disorder of glycosylation are responsible for a lack of specific
sialylation in vivo. Our findings indicated that this ST3GAL3 variant affects the Km more than the Vmax,
while the p.R300C B4AGALNT1 variant dramatically impairs the Vmax only.

In our cell model, ST3GAL3 variants appear efficiently expressed, as deduced by western blot analysis. The
predicted MW of the whole protein and of the truncated Y220* variant is about 42 and 24.5 kDa,
respectively, while they appear a little heavier by western blotting, suggesting that they are probably
glycosylated. Upon transfection in pcDNA3-based plasmid and detection by western blotting using the anti-
ST3GAL3 antibody, the novel non-sense variant was significantly accumulated. Conversely, upon
transfection in pFN21A-based plasmid and detection by anti-HaloTag antibody, the levels of Halo tagged
ST3GAL3 remained similar to those found with the missense variants. It is possible that the truncation
affected conformation and antigenicity, or even that the chimera underwent a different turn-over.
Consequently, a definitive conclusion about Y220* variant accumulation can not be drawn. An additional
band of about 40 kDa was present with the Halo tagged WT ST3GAL3 construct. Due to its small size, it
should be mainly constituted by the HaloTag. The native ST3GAL3 gene is known to undergo multiple
splicing (Grahn et al. 2003, 2004), giving rise to several inactive short proteins, but this appears unlikely
with our plasmid construct, and we are unable to explain its differential origin. Taken together, our data
suggest that loss of activity is crucial in ST3GAL3-CDG, although other concomitant events due to altered
proteostasis could play a role. In fact, p.A320P and p.D370Y variants are reported to be retained in the ER,
and we found that even the novel p.Y220* variant, which is almost properly transported to the Golgi
apparatus, may be accumulated when expressed in HEK-293T. Moreover, p.Y220* truncation, causing the
catalytic domain to be lost soon after the large sialyl motif, and p.A320P mutation, located inside the short
sialyl motif, are both associated to epileptic encephalopathy. p.A13D and p.D370Y mutations, which are
located far from the sialyl motifs, are both associated to intellectual disability only. KO of single
glycosyltransferase in the mouse frequently provides almost normal phenotypes (Trinchera et al. 2018),
and double KO is thus necessary for relevant phenotypic alterations because of the overlapping specificity

of members of large gene families. This was also the case of mouse st3gal3 (Ellies et al. 2002, Kiwamoto et
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al. 2014, Sturgill et al. 2012). Our data suggest that such an apparent redundancy of sialyltransferases exists
in humans only for some glycosylations, as those responsible for sLea biosynthesis. Conversely, the
complexity of human brain glycome requires the action of individual members of the sialyltransferase

family.

Materials and methods
Genomic DNA analysis

After genetic counselling and written informed consent, genomic DNAs of patients and both parents were

extracted, processed and analyzed as previously reported (Indellicato et al. 2019).
Materials

Gangliosides GM1 and GM3 were available as reported (Trinchera and Ghidoni 1989). LNB-pNP (lacto-N-
biose-pNP, Galf31,3GIcNAcP1-0-CsH4NO,) was from Tokyo Chemical industry (G0420) and asialo-AGP
(asialo-a1 acid-glycoprotein) was prepared by mild acid hydrolysis (50 mM H,SO,, 80 °C, 1h), followed by
exhaustive dialysis against water (Dall'Olio et al. 2006). Asialo-GM1 and Lc4 were prepared as detailed
under Supplementary Methods. Anti-ST3GAL3 antibody was purchased from Sigma (AV46706, Lot:
QC16795) and used at 1:1000 dilution.

DNA constructs and transfections

ST3GAL3 coding sequence was amplified by PCR using cDNA prepared by reverse transcription of RNA
extracted from Human brain (Clontech) in the presence of FidelyTaqg DNA polymerase (Affymetrix #71180)
according to the manufacturer’s protocol and using the reported primer pair (Supplementary Table S1).
Amplification was for 30 cycles and annealing temperature 64°C. The obtained cDNA was purified (Wizard
SV Gel and PCR Clean-Up system, Promega), digested with Hindlll and Xbal (sites added in the primer
sequences) and cloned in the corresponding sites of pcDNA3 vector. Plasmid inserts were then submitted
to direct DNA sequencing to assess fidelity and were found to correspond to the B1 transcript described by
Grahn et al. (2003).

B4GALNT1 coding sequence was amplified by PCR as reported for ST3GAL5 (Indellicato et al. 2019).

Amplification was for 30 cycles and annealing temperature 67.5°C. The primer pair used is reported in
Supplementary Table S1. The obtained cDNA was cloned as above described for ST3GAL3. pcDNA3-
ST3GAL3 and pcDNA3-BAGALNT1 were mutated using the reported primer pairs (Supplementary Table S1)
according to our previous report (Indellicato et al. 2019), as detailed under Supplementary Methods. WT

and mutated pCDNA3-ST3GAL3 plasmids were digested with Sgfl and Pmel (sites added to the primer
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sequences, see Supplementary Table S1) and cloned in the corresponding sites of pFN21A vector

(Promega). This allows to place the coding sequences in frame with the HaloTag.

HEK-293T cells were transiently transfected with a mixture of expression plasmids (either in pcDNA3 or
pFN21A-HaloTag) and luciferase reporter plasmid as reported (Zulueta et al. 2014). One tenth aliquot was
resuspended with 25 pl of passive lysis buffer (Promega) for luciferase assay, and the remaining part
divided in 2 aliquots, one resuspended with 0.1 M Tris/HCl pH 7.4 containing 0.1% Triton-X100 for enzyme

assay, another with RIPA buffer for western blotting (Indellicato et al. 2019).
Enzyme assay

For B4GALNT1 assay, the reaction mixture contained, in a final volume of 0.03 ml, 0.2 M Tris/HCI buffer pH
7.0, 10 mM MnCl,, 5 mM CDP-Choline, 0.2 mM UDP-[>H]GalNAc (specific activity 5-10 mCi/mmol), 0.2%
Triton-X100, various concentrations of GM3, and various amounts of cell homogenate as the enzyme
source (see results). For kinetic studies, 5.0 and 90 ug of homogenate proteins were used for the WT and
p.R300C variant, respectively. For ST3GAL3 assay, the reaction mixture contained, in a final volume of 0.015
ml, 0.2 M Cacodylate/HCI buffer pH 6.5, 0.2 mM CMP-[>H]Sia (specific activity 5-10 mCi/mmol), 0.2% Triton-
X100, and various concentrations of acceptors and cell homogenates (see results). For kinetic studies, 20
and 70 pg of homogenate proteins were used for the WT and p.A13D variant, respectively. Blanks were
regularly prepared by omitting the acceptors in the reaction mixture and sometimes preparing identical
mixtures containing cell homogenates from parental HEK-293T as the enzyme source. Glycosphingolipid
acceptors and detergent, or the detergent alone in the blanks, were dissolved in chloroform/methanol, 2:1
(vol/vol), placed in the reaction tubes and allow to dry overnight before adding the other reaction
components. LNB-pNP was dissolved in methanol alone and then mixed with detergent and dried as for
glycosphingolipids. Samples were incubated at 37 °C for 1 h. In the case of glycosphingolipid acceptors, the
mixture was spotted on Whatman 3MM paper and assayed by descending chromatography in 1%
tetraborate (Salvini et al. 2001). The radioactivity of the appropriate areas was measured by liquid
scintillation using 5 ml of Instagel (Packard) and the blank values subtracted. In that of LNB-pNP, the
reaction mixture was diluted to 1 ml with water, loaded onto a Sep-Pack C18 cartridge previously
equilibrated with methanol, rinsed with 5 ml of water, and eluted with 2 ml of methanol. The methanolic
fraction was dried and submitted to liquid scintillation counting as above. Reactions with asialo-AGP as
acceptor were assayed as reported (Dall'Olio et al. 2006). Luciferase was assayed as previously reported
(Mare and Trinchera 2007) using 1 ul of a 1:20 dilution in passive lysis buffer of the cell lysate obtained as
above described, and 25 pl of Firefly luciferase assay reagent | (Promega). Protein concentration was

determined using a BCA assay kit (Pierce).
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Detection of CA19.9 in patient serum

Patient serum was prepared from blood residual after a collection performed for care reasons. For dot
blotting, serum was diluted with water in order to have 1 pl in 80 ul and then serially diluted with water to
1:64. Aliquots (80 pl) were applied to a blotter (Bio-Rad) for absorption on a nitrocellulose membrane,
which was washed and processed for anti CA19.9 staining as reported (Aronica et al. 2017).
Chemioluminescence detection was performed as reported (Indellicato et al. 2019). ELISA were performed
in 96 well plates (Nunc F8 Maxisorp Immuno-module) which were covered (4°C overnight) with 0.1 ml of
anti CA19.9 antibody, 4 mg/ml in Tris buffer 0.2 M pH 9.4, blocked with 0.2 ml FBS, and allow to react with
0.1 ml of human serum, 1h at RT. Plates were washed 3 times with PBS-T (phosphate buffered saline
containing 0.1% Tween-20) and detected with peroxidase-labeled anti CA19.9 antibody (1:5000), 75 min at
RT. After washing 5 times with PBS-T, the reactions were developed using 0.1 ml TMB (Sigma), 5-20 min at
RT, and stopped with 0.1 ml 1N HCI. The resultant colors were evaluated in a microtiter plate reader.
Calibration standards were from CanAg CA19.9 kit (Fujirebio). Peroxidase-labeled antibody for detection
was prepared starting from anti-CA19.9, 2.5 mg/ml, double purified by protein-A Sepharose
chromatography, and using Lightning-Link® HRP Conjugation Kit (Innova Biosciences), according to the
manufacture’s protocol. Anti-CA19.9 monoclonal antibody was purified from the culture medium of
hybridoma NS-1116-19-9 (ATCC HB-8059) by ammonium sulfate precipitation and affinity chromatography
on a Protein A Sepharose column. Other analytical procedures were according to our published protocols

(Aronica et al. 2017, Indellicato et al. 2019) as detailed under Supplementary Methods.
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asialo-AGP, asialo-oi;-acid glycoprotein; asialo-GM1, gangliotetraosylceramide,
GalP1,3GalNAcP1,4GalB1,4Glc-Cer; ER, endoplasmic reticulum; LNB-pNP, para-nitrophenyl-lacto-N-biose,
GalP1,3GIcNAcB1-0-CsH4NO,); EEG, electroencephalography; ELISA, enzyme-linked immunosorbent assay;
Lc4, lactotetraosylceramide, GalB1,3GIcNAcB1,3GalP1,4Glc-Cer; MW, molecular weight; sLea, sialyl-Lewis a,
Siaa2,3GalP1,3[Fucfl,4]GIcNAc; WT, wild-type.
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Legend to figures.

Figure 1. Schematic representation of ST3GAL3 mutations in both cDNA and protein sequences. Dotted
lines represent the untranslated sequences of exons 1 and 12. Exons are according to the B1 transcript
reported by Grahn et al. (2003) and correspond to transcript variant 10 of GenBank (accession number
NM_006279.5). L, S, 3, and VS indicate large, short, 3, and very short sialyl motifs, respectively. p.Y220*
truncation and p.A320P mutation are both associated to epileptic encephalopathy; p.A13D and p.D370Y

mutations are both associated to intellectual disability.
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Figure 2. Characterization of the ST3GAL3 Y220* variant. HEK-293T cells were transiently co-transfected
with ST3GAL3 and luciferase expression plasmids and processed to obtain cell homogenates for enzyme
assay, lysates for RNA extraction, and lysates for protein analysis. Results obtained with parental cells were
undistinguishable from those obtained with mock transfected cells, which were not presented. (A) Upon
transfection of pcDNA3-based plasmids carrying wild type (WT) or variant ST3GAL3, cDNA synthesized from
parental or transfected cells was analyzed by real-time PCR for ST3GAL3 expression using GAPDH as a
reference, and the amount of ST3GAL3 transcript was calculated as 2”*“. Homogenates from the same cells
were used as the enzyme source for the detection of luciferase activity or sialyltransferase activity towards
LNB-p-NP (1 mM). Twenty (WT) or 40 pug (variants) of homogenate proteins were used. Results are
expressed as the ratio of ST3GAL3 specific activity and luciferase activity, which is expressed as arbitrary
units and acts as an internal control for normalizing transfection efficiency. One unit of luciferase activity
corresponds to the luminometer measures obtained with 100 pg of protein homogenates. Results are the
mean = SD for duplicate assays performed on two independent transfections. (B) The same homogenates
as in A were used for the ST3GAL3 activity assay, but the amount of homogenate proteins was varied.
Results are the mean * SD for duplicate assays performed on two independent transfections. (C)
Membrane proteins obtained from the same cells as in A and B were solubilized with RIPA buffer,
separated by 12% SDS PAGE, and blotted onto a nitrocellulose membrane that was stained with rabbit anti-

ST3GAL3 antibody followed by peroxidase-labeled secondary antibody. After stripping, the membrane was
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also stained with a monoclonal anti-B-actin antibody followed by peroxidase-labeled secondary antibody.
The anti-ST3GAL3 antibody detected some unspecific bands present in the parental cell line. Several
western blots were performed starting from 3 independent transfections and loading various amounts of
lysate protein, and overlapping results were obtained. The blot presenting the best signal to background
ratio is shown. (D) HEK-293T cells were transfected with pFN21A-based plasmids, which drive expression of
ST3GAL3 cDNAs as fusion proteins with HaloTag. Western blotting was performed as in C but using the anti-
HaloTag antibody instead of the anti-ST3GAL3 antibody. The additional band with an apparent MW of
about 40 kDa, detected in the WT construct was constantly present in duplicate western blots performed

with protein lysates obtained from 3 independent transfections.
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Figure 3. Confocal microscopy analysis of HEK-293T expressing the WT or Y220* variant of HaloTag-
ST3GAL3 constructs. HEK-293T cells were seeded on coverslips and transiently transfected with pNF21A-
based plasmids expressing the WT or Y220* variant of ST3GAL3 in frame with HaloTag. Cells were then
stained with the HaloTag specific ligand TMR, fixed, permeabilized and then incubated with the anti-
Golgin97 antibody (Golgi apparatus marker) or anti-PDI antibody (protein disulfide isomerase, endoplasmic
reticulum marker), followed by a secondary FITC-labeled antibody. Coverslips were mounted on glass slide

and analyzed by confocal microscopy. Scale bar is 10 um.
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Figure 4. Detection of CA19.9 in patient serum by ELISA. Hundred microliter aliquots of serum from
patients, parents, and healthy adult controls were applied to a microtiter plate prepared to perform a
sandwich ELISA with anti-CA19.9 antibody as capturing and detection antibodies. Known amounts of
antigen were applied in parallel for quantitation. Results are the mean for duplicate assays performed twice

on a serum aliquot obtained from a single blood collection. FBS, fetal bovine serum.
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Figure 5. Detection of CA19.9 in patient serum by dot blotting. Ten pl of serum were brought to 800 pl with
water, and serial dilutions were performed. Eighty pl of each sample were blotted onto a nitrocellulose
membrane that was stained with anti-CA19.9 antibody followed by peroxidase-labeled secondary antibody.

Detection was by chemioluminescence. FBS, fetal bovine serum.
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Figure 6. Comparison between ST3GAL3 and B4GALNT1 variants. HEK-293T cells were transiently co-
transfected with pcDNA3-based plasmids carrying the WT or p.A13D ST3GAL3 variant, or the WT or
p.R300C BA4GALNT1 variant, and luciferase expression plasmids, as an internal control for normalizing
transfection efficiency, and processed as in Figure 2A. (A) Transfected HEK-293T cells were used as the
enzyme source for determining the kinetics of ST3GAL3 activity toward asialo-a1-acid glycoprotein (asialo-
AGP). Asialo-AGP was assumed to contain 454 nmoles of potential Gal acceptor sites per mg of protein
(Weinstein et al. 1982). Results are shown as a Hanes-Woolf plot of the activity values obtained. In the case
of the p.A13D variant, activity is presented as simple duplicate values because they did not allow for Hanes-
Woolf plotting. Luciferase activities in the homogenates obtained from the WT and p.A13D variant were
86% identical. (B) Transfected HEK-293T cells were used as the enzyme source for determining the kinetics
of BAGALNT1 toward GM3. Results are shown as in A. Luciferase activities in the homogenates obtained
from the WT and BAGALNT1 variant were 92% identical. Note the different scales used for the WT and

enzyme variant in both cases.
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Table I. Apparent kinetic constants of ST3GAL3, B4GALNT1, and pathogenic variants.

ST3GAL3 WT ST3GAL3 A13D
Vmax Km Vmax Km
Acceptor® Vmax/Km Vmax/Km
P (umol/mg/h) | (um) (umol/mg/h) | (uM)
LNB-p-NP 4.30 x10° 206 20.1 0.86 x10° 1360 0.63
Asialo-GM1 3.66 x10° 37.5 97.4 1.11 x10° 281 3.95
Lca 2.51 x10° 5.45 460 Nd® Nd
Asialo-AGP 4.16 x10° 61.0 68.1 Nd® Nd
GM1 Nd Nd Nd Nd
BAGALNT1 WT B4GALNT1 R300C
Vmax Km Vmax Km
Vmax/Km Vmax/Km
(umol/mg/h) (LM) (umol/mg/h) (uM)
GM3 65.6 x10° 235 279 1.86 x10° 210 8.85

Nd: not determinable

? LNB-pNP, para-nitrophenyl-lacto-N-biose, Gal1,3GIcNAcB1-0-CsH4NO,; asialo-GM1,
gangliotetraosylceramide; Lc4, lactotetatraosylceramide; asialo-AGP, asialo-a; acid glycoprotein.

°A small activity was measurable over the background that did not allow kinetic calculations (see Figure 6A
and supplementary Figure S2). The Hanes-Woolf plots utilized for the calculations are presented in Figure 6
and supplementary Figure S2.
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