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Abstract

Severe thrombocytopenia, characterized by dysplastic megakaryocytes and intracranial bleeding, was diagnosed in six
individuals from a consanguineous kindred. Three of the individuals were successfully treated by bone marrow transplant.
Whole-exome sequencing and homozygosity mapping of multiple family members, coupled with whole-genome
sequencing to reveal shared non-coding variants, revealed one potentially functional variant segregating with
thrombocytopenia under a recessive model: GALE p.R51W (c.C151T, NM 001127621). The mutation is extremely rare (allele
frequency = 2.5 × 10−05), and the likelihood of the observed co-segregation occurring by chance is 1.2 × 10−06. GALE
encodes UDP-galactose-4-epimerase, an enzyme of galactose metabolism and glycosylation responsible for two reversible
reactions: interconversion of UDP-galactose with UDP-glucose and interconversion of UDP-N-acetylgalactosamine with
UDP-N-acetylglucosamine. The mutation alters an amino acid residue that is conserved from yeast to humans. The variant
protein has both significantly lower enzymatic activity for both interconversion reactions and highly significant thermal
instability. Proper glycosylation is critical to normal hematopoiesis, in particular to megakaryocyte and platelet
development, as reflected in the presence of thrombocytopenia in the context of congenital disorders of glycosylation.
Mutations in GALE have not previously been associated with thrombocytopenia. Our results suggest that GALE p.R51W is
inadequate for normal glycosylation and thereby may impair megakaryocyte and platelet development. If other mutations
in GALE are shown to have similar consequences, this gene may be proven to play a critical role in hematopoiesis.
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Introduction
Inherited thrombocytopenia is a rare hematological condition
with a wide range of clinical presentation. Patients can
present with or without congenital anomalies and with small,
normal or large platelets. Inherited thrombocytopenia has been
historically classified by clinical phenotype (absence/presence of
megakaryocytes; platelet size) and more recently by underlying
genetic lesion. Genes that harbor mutations responsible for
inherited thrombocytopenia (1–3) function in megakaryopoiesis
(ANKRD26, ETV6, FLI1, FYB, GATA1, GFI1B, HOXA11, MPL, NBEAL2,
RBM8A, RUNX1, THPO); platelet production (ACTN1, CYCS, GP1BA,
GP1BB, GP9, ITGA2B, ITGB3, MKL1, MYH9, PRKACG, TUBB1, WAS);
or platelet clearance (ABCG6, ABCG8, ADAMTS13, GNE, SLFN14,
STIM1, vWF). Patients with some forms of congenital disorders of
glycosylation (CDGs) also present with thrombocytopenia (4–7).

From two generations of an extended, consanguineous
family, six individuals presented at young ages with severe
thrombocytopenia, characterized by dysplastic. We investigated
the genetic cause of the condition in the family and identified
a homozygous mutation in a gene important for galactose
metabolism and glycosylation, but not previously associated
with thrombocytopenia.

Results
Clinical features

Six individuals from two generations of kindred AH presented
with severe thrombocytopenia, and in some individuals, mild
anemia and febrile neutropenia. Multiple marriages in the
kindred were consanguineous (Fig. 1A). Proband IV.1 presented
at age 13 months with thrombocytopenia (platelets 44 × 109/L)
and neutropenia (absolute neutrophil counts, 1.00 × 109/L). Her
other blood tests and physical exam were normal. Peripheral
blood histology showed big and pale platelets. Bone marrow
aspiration revealed normal cellularity but markedly dysplastic
with hypolobated nuclei and hypogranularity (Fig. 1B). The
proband had two affected aunts (III.1 and III.3) and three affected
cousins (III.11, III.16, III.18). All affected relatives presented as
children with increased bleeding tendency in the context of
thrombocytopenia (Supplementary Material, Table S1), leading
in three patients to intracranial hemorrhages. These three
patients underwent successful bone marrow transplant. The
clinical features of the family were originally described in 2003
(8), before the birth of the proband. At that time, four genes asso-
ciated with congenital thrombocytopenia [NFE2, FLI1, FOG1 and
GFI1B1 (9–13)] were sequenced, but all sequences were normal.

Gene discovery

To identify the genetic basis of thrombocytopenia in family
AH, whole-exome sequencing was performed on the affected
proband IV.1, her unaffected parents III.7 and III.8 and affected
aunt III.1. All available family members were then genotyped for
all candidate variants. The only potentially damaging coding
sequence mutation consistent with recessive inheritance of
the phenotype was GALE p.R51W (c.C151T, NM 001127621) at
chr1:24,125,191 (hg19) (Fig. 1A). The mutation was homozygous
in all affected family members, heterozygous in the proband’s
parents and either heterozygous or absent from healthy rela-
tives. GALE p.R51W has been identified in three heterozygotes
in the ExAC database and is absent from dbSNP150, the 1000
Genomes Project and our in-house database of 2800 exomes,
including many individuals from the Middle East. All in silico
analyses predicted GALE p.R51W to be damaging: PolyPhen score

1.00, SIFT P = 0.00 and PROVEAN score −7.78. Arg51 is completely
conserved through yeast (Saccharomyces cerevisiae) (Fig. 1C).
However, structurally, Arg51 does not appear to interfere with
binding pockets of the substrate or with the NAD+ cofactor
(Fig. 1D).

In order to identify non-coding variants that co-segregated
with the illness, we carried out homozygosity mapping with
the 6 affected individuals and 14 of their unaffected relatives
(Supplementary Material, Figs S1 and S2). The only genomic
region homozygous in all affected relatives and not homozygous
in any unaffected relatives was chr1:23,907,702-27,666,378
(hg19), a region of 3.76MB that includes GALE. The 3.76MB
shared homozygous region is very gene-rich, including three
genes implicated in hematopoiesis: RPL11, RUNX3 and LIN28A
(14–17). Mutations in RPL11 are associated with Diamond–
Blackfan anemia, an inherited bone marrow failure syndrome
resulting in anemia and physical abnormalities (15,18–20). Partial
loss of function of RUNX3 in human hematopoietic progenitor
cells leads to defects in megakaryopoiesis and erythropoiesis
(21). RUNX3 is also very closely related by sequence to RUNX1,
mutations in which lead to a familial platelet disorder with
leukemia predisposition. Double deletion of RUNX1 and RUNX3
in mice leads to a bone marrow failure phenotype (17). LIN28A
is expressed in stem cells early in development and confers
pluripotency. Partial loss of expression of LIN28A leads to
skewing of hematopoietic lineages, with increased numbers of
myeloid cells and fewer B-cells (14).

In order to evaluate whether a non-coding genomic variant
in the homozygous region might alter expression of these
genes, we integrated RNA analysis and whole-genome sequence
of informative family members and unrelated controls. RNA-
Seq was undertaken using as template RNA isolated from
lymphoblasts of the proband, her parents and controls, with cells
curated in the same way for all samples. Neither expression of
RPL11 nor expression of RUNX3 differed between the proband
and her parents, or between the proband and unrelated
controls, or between the parents and unrelated controls
(Supplementary Material, Table S2). No expression of LIN38A
could be detected in lymphoblast-derived RNA from any of
the samples, not surprising given that LIN38A is expressed
specifically during embryonic development. Whole-genome
sequencing revealed 79 variants with allele frequency < 0.005
in the shared homozygous region. Sixteen of these 79 variants
either altered a moderately conserved site (GERP > 2.0) or were
in proximity to a gene implicated in hematopoiesis, regardless
of conservation at the site (Supplementary Material, Table S3).
The only rare variant within 100kb of RPL11 was rs18987607 in
RPL11 intron 2, with a GERP score of −1.3 and the reference allele
G and variant allele A about equally frequent in mammalian
species. The most promising variant at RUNX3 was rs565347299,
upstream of the transcription start site, with a GERP score of
+4.3 and embedded in predicted transcription factor binding
sites for CUX1 and MEF2A (Supplementary Material, Fig. S3) (22).
However, the absence of any difference in RUNX3 expression
between the proband and her parents or controls suggested that
homozygosity for variant alleles in this region did not alter
RUNX3 expression. The only rare variant near LIN28A was
rs536013503, with GERP score −2.4 and the variant allele T
acting as the reference site in most other mammalian species.
While these approaches cannot formally exclude the possibility
that a non-coding variant in this region is responsible for the
phenotype of family AH, these observations were sufficiently
negative to encourage us to carry out further studies of GALE
p.R51W.
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Figure 1. Inherited thrombocytopenia in family AH; GALE conservation, structure and mutations. (A) Six individuals in four-generation family AH presented with severe

thrombocytopenia (black symbols). Current ages in years of individuals are listed below symbols. V indicates variant allele GALE p.R51W (c.C151T); N indicates reference

allele. Asterisks indicate individuals evaluated by whole-exome sequencing. (B) Bone marrow aspirate treated with Wright-Giemsa stain from affected family member

IV.1. Arrow indicates a megakaryocyte with hypogranular cytoplasm and hypolobated nuclei. (C) Protein sequence alignment from multiple species of the GALE region

including Arg51 (red text) showing evolutionary conservation. Gold indicates complete conservation through S. cerevisiae. (D) GALE crystal structure (PDB ID:1HZJ),

viewed in PyMOL (72). Left: GALE homodimer (green and gold), highlighting Arg51 (magenta), Asn340 (orange), UDP-N-acetylgalactosamine (blue), NAD+ cofactor (red),

C-terminal end of GALE (yellow). Right: close-up view of Arg51 near the C-terminal end of GALE. Dotted yellow line indicates the 3-Å distance between Arg51 and Asn340.

(E) Galactosemia-associated mutations of GALE reported in the literature. GALE domains are the substrate-binding site (gold), NAD+-binding site (orange) and catalytic

sites (red dots at residues 132, 157, 307). Asterisks indicate mutations reported as homozygotes; others were reported as compound heterozygotes. GALE p.V94M (red

text) is associated with severe generalized galactosemia. GALE p.R51W is shown in bold.

Impaired enzyme activities of GALE p.R51W

UDP-galactose-4-epimerase, the enzyme encoded by GALE,
is critical to galactose metabolism and to the production of
glycosylation substrates. The enzyme catalyzes two reversible
reactions: conversion between UDP-galactose (UDP-gal) and
UDP-glucose (UDP-glc) and conversion between UDP-N-acetyl-
galactosamine (UDP-galNAc) and UDP-N-acetylglucosamine
(UDP-glcNAc). Defective conversion of UDP-galactose to UDP-
glucose leads to generalized features of galactosemia, including
vomiting, hypotonia, seizures, jaundice, galactosuria and
hepatomegaly (23,24). Less severe defects in GALE enzyme
activity lead to milder clinical signs of galactosemia (25).

To understand the relationship of GALE genotype to clinical
phenotype, we compared GALE p.R51W to two previously
reported GALE mutations: p.V94M and p.D103G (Fig. 1E) (23,26).
Homozygosity for GALE p.V94M causes the most severe
symptoms of galactosemia, attributed to nearly absent enzyme

activity for the conversion of UDP-galactose to UDP-glucose
(27). In contrast, homozygosity for GALE p.D103G does not
lead to any known disease. To compare the activities of these
enzymes, we analyzed recombinant human GALE proteins
purified from Escherichia coli, and their substrate and product
sugars, by ultraperformance liquid chromatography (UPLC) mass
spectrometry (Fig. 2A and B). Compared to wild-type protein,
GALE p.R51W has lower activity both for conversion of UDP-
galactose to UDP-glucose, with 40% activity relative to normal,
and for conversion of UDP-N-acetylgalactosamine to UDP-N-
acetylglucosamine, with 39% activity relative to normal (Fig. 2B,
Supplementary Material, Table S4). GALE p.V94M and GALE
p.D103G activities were consistent with previous reports. That
is, GALE p.V94M activity was only 1% of normal for conversion of
UDP-galactose to UDP-glucose and 5% of normal for conversion
of UDP-N-acetylgalactosamine to UDP-N-acetylglucosamine.
GALE p.D103G activity was 51% of normal for conversion
of UDP-galactose to UDP-glucose, slightly higher than this
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Figure 2. Enzyme activity and differential scanning calorimetry. Enzyme assays in figures (A) and (B) were performed with 10-ng protein. Substrates were (A)

UDP-galactose or (B) UDP-N-acetylgalactosamine. Enzyme activities were measured as fraction product (Supplementary Material, Table S2) and were normalized to

wildtype protein measurements. The mean values of normalized enzyme activities were plotted + standard deviation for each allele. Experiments were performed

in at least triplicate (23,28,29). (C) Representative endotherm plots for each GALE allele. Endotherm data was normalized for protein concentration, with intrascan

baseline correction. Black indicates wildtype protein (normal), red indicates GALE p.R51W, purple indicates GALE p.V94M and orange indicates GALE p.D103G. (D)

Size distributions of megakaryocyte colonies after treatment of CD34+ hematopoietic progenitor cells with control or anti-GALE shRNA probes. Cells were plated in

MegaCult collagen-based media. Slides were fixed, stained and classified by colony size. Data represents two independent experiments, each with plating and counting

in duplicate.

activity for GALE p.R51W. GALE p.D103G activity was 48% of
normal for conversion of UDP-N-acetylgalactosamine to UDP-
N-acetylglucosamine, significantly higher than this activity for
GALE p.R51W (P = 0.01).

NAD+ is a critical co-factor of GALE, and impaired binding
to NAD+ is a possible mechanism for the effects of some GALE
variants (28). We measured binding to NAD+ for wild-type GALE
protein, and for GALE p.R51W, GALE p.V94M and GALE p.D103G
(Supplementary Material, Fig. S4). Compared to wild-type GALE
protein, NAD+ binding by GALE p.R51W was reduced by 41%
(P = 0.004), intermediate between reduction of NAD+ binding
by GALE p.V94M of 63% (P = 0.0001) and by GALE p.D103G of
33% (P = 0.60). NAD+ binding by GALE p.R51W appears to be
somewhat compromised but not eliminated.

We next tested whether GALE p.R51W rescues yeast growth
upon galactose challenge given knockout of gal10, the yeast
gene homologous to GALE (23,29). In yeast, Gal10p catalyzes
the interconversion of UDP-galactose and UDP-glucose, but not
the interconversion of UDP-N-acetylgalactosamine and UDP-N-
acetylglucosamine. GALE p.R51W does rescue gal10-/- yeast upon

galactose challenge (Supplementary Material, Fig. S5). Given this
result, it is not surprising that homozygotes for GALE p.R51W do
not have clinical signs of galactosemia.

Thermal instability of GALE p.R51W protein

Residue Arg51 of GALE is in close proximity to the C-terminus of
the protein (Fig. 1D), raising the possibility that substitution of
tryptophan for arginine at this site might destabilize the protein.
To test this hypothesis, we measured the melting points (Tm)
of normal and several variant GALE proteins using differential
scanning calorimetry (DSC) (Fig. 2C, Table 1). The melting point
of GALE p.R51W, 40.5◦+0.16◦C, is significantly lower than any
other GALE protein that we measured, including GALE p.V94M,
which is associated with severe galactosemia. The GALE p.R51W
melting point is also lower than melting points of multiple
other GALE variant proteins previously reported in the literature
(23,30,31). The 8.4◦C difference in melting points of GALE p.R51W
versus normal GALE protein strongly suggests that GALE p.R51W
is thermally unstable relative to other GALE proteins.
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Table 1. Melting temperatures of GALE proteins measured by scanning calorimetry

WT R51W V94M D103G

Tm, mean (s.d.) 48.93 (0.13) 40.48 (0.32) 44.78 (0.87) 44.50 (0.57)
Tm difference from WT (◦C) 8.45 4.15 4.43
P-value for difference from WT 4.8 × 10−9 7.8 × 10−5 5.0 × 10−6

Effects of reduced expression of GALE on CD34+ cell
proliferation and megakaryocyte differentiation

Results of the thermal stability analysis suggest that GALE
p.R51W is unstable and hence deficient in cells. To evaluate
the consequence of GALE deficiency on hematopoiesis, we
treated cord blood-derived CD34+ hematopoietic progenitor
cells with shRNA probes designed to knock down function
of GALE (Supplementary Material, Fig. S6). Knockdown of
GALE slowed the proliferation of megakaryocyte precursors
in liquid culture (Supplementary Material, Fig. S7; Table
S5). Furthermore, megakaryocyte colonies from CD34+ cells
treated with anti-GALE shRNA probes were significantly
larger than colonies treated with control shRNA (Fig. 2D;
Supplementary Material, Table S6). Colonies with abnor-
mally large numbers of cells may reflect the presence of
immature and possible defects in megakaryocyte differ-
entiation (32,33). These results indicate that perturbation
of GALE expression in vitro leads to cellular hematologic
abnormalities.

Discussion
Epimerase deficiency galactosemia, due to deficiency of GALE,
has a wide range of clinical severity (23,26,30,34–40), ranging
from peripheral benign effects detectable only in blood
cells to generalized disease with acute features including
hypotonia, poor feeding, vomiting, jaundice, hepatomega-
ly/liver dysfunction, aminoaciduria and cataracts (34,41).
The most severe effects are due to homozygosity for GALE
p.V94M, which is defective in conversion of UDP-galactose
and UDP-N-acetylgalactosamine to their glucose counterparts,
leading to build-up of galactose metabolites and hence to
severe galactosemia (14,17). The biochemical defects of GALE
p.R51W are different. Enzyme activities of GALE p.R51W are
intermediate between normal and GALE p.V94M for both
interconversion reactions, but the GALE p.R51W enzyme
is significantly less thermally stable than is GALE p.V94M.
We speculate that these features of GALE p.R51W would
not lead to build up of galactose, but would lead to less
cellular enzyme.

The fundamental question is why patients homozygous for
GALE p.R51W have severe thrombocytopenia, given that no
hematopoietic defects have been reported for persons with other
GALE mutations. That is, why would deficiency of GALE enzyme
due to GALE p.R51W lead specifically to severe hematopoietic
defects? Several lines of evidence are suggestive.

First, based on genetic criteria, homozygosity for GALE
p.R51W is an excellent candidate for the cause of the phenotype
of family AH. GALE p.R51W is the only coding sequence
change that perfectly co-segregates with the phenotype in
the family, and no non-coding variant that co-segregates
with the phenotype has a convincing functional effect. GALE
residue 51 is completely conserved as arginine in all species;
the mutation is predicted to be highly damaging by in silico
tools; and no homozygotes for GALE p.R51W appear in any
database.

Second, defects in other genes regulating sugar metabolism
and glycosylation are associated with bone marrow failure.
Mutations in ALG8, encoding alpha-1,3-glucosyltransferase,
cause CDG type 1K, features of which include anemia and
thrombocytopenia (5,7). Mutations in SLC37A4, encoding a
glucose-6-phosphate transporter, cause glycogen storage
disease type 1B, which includes neutropenia (42). Mutations
in G6PC3, encoding glucose-6-phosphatase, cause severe
congenital neutropenia type 4 (43). Mutations in SLC35A1 (Fig. 3),
encoding the CMP-sialic acid transporter, cause CDG type 2F,
which can lead to thrombocytopenia and the presence of giant
platelets (6).

Third, models of GALE deficiency in Caenorhabditis elegans,

Drosophila melanogaster and Chinese hamster ovary (CHO) cells
indicate that GALE is essential for normal development of
multiple organ systems (44–46). In C. elegans, complete knockout
of gale-1, the single homolog of human GALE, is embryonic
lethal (46). Partial loss-of-function leads to abnormal levels
of UDP-galactose and UDP-galactosamine. Mutant worms
develop more slowly than wildtype, with misshapen gonads
and activated unfolded protein response. In D. melanogaster,
complete loss of dGALE, the homolog of human GALE, is
embryonic lethal (45). Complementation with E. coli GALE
(eGALE), which only interconverts UDP-galactose and UDP-
glucose, along with Plesiomonas shigelloides GALE (wbgU), which
only interconverts UDP-galactosamine and UDP-glucosamine,
rescues GALE function and restores viability. However, single
complementation with either eGALE or wbgU leads to reduced
fecundity. In CHO cells, deficiency of GALE leads to impaired
N-linked and O-linked glycosylation, and to synthesis of
abnormal low-density-lipoprotein (LDL) receptors (44). These
observations suggest that complete loss-of-function of GALE
in humans is likely to be lethal, and the consequences
of glycosylation defects may be broad and yet to be fully
appreciated.

Fourth, a patient reported more than 20 years ago
suggests that family AH may not be the sole representa-
tive of GALE deficiency and thrombocytopenia. A 4-year-old
female patient of European–American ancestry was diag-
nosed with clinical features very similar to the affected
individuals in family AH: severe thrombocytopenia with
dysplastic, occasional anemia and febrile neutropenia (47).
She also had mild peripheral galactosemia, detected by the
absence of GALE enzyme activity from her red blood cells.
Like the affected relatives of family AH, this patient did
not present with clinical signs of galactosemia. Her GALE
genotype was not determined and unfortunately she was lost to
follow-up.

Finally, deficiency of glycosylation due to inadequate GALE
may have a major effect on hematopoiesis. The effects of GALE
knockdown on growth and differentiation of hematopoietic
progenitor cells suggest that GALE is important for megakary-
ocyte development. Emerging evidence has also begun to
shed light on the importance of glycosylation for homing
of hematopoietic cells (48,49) and for platelet biogenesisx
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Figure 3. N-linked glycosylation pathway and thrombocytopenia. Mutations in critical steps of the N-linked glycan biosynthesis pathway are associated with

thrombocytopenia. Glycan biosynthesis begins in the cytoplasm, with subsequent modifications in the endoplastic reticulum and the Golgi. Membrane transporters

including SLC35A1, SLC35A2 and SLC35A3 allow building-block sugars to enter the Golgi. Enzymes in the pathway, including B4GALT1, control the levels of these sugars,

and add or subtract sugars from the glycan chain. GALE is responsible for interconversion of these sugars in the cytoplasm, in preparation for their entry into the Golgi

and integration into glycan chains. Mutations in this pathway cause CDGs. Two forms of CDG include thrombocytopenia among presenting symptoms: CDG-IId, caused

by mutation of B4GALT1, and CDG-IIf, caused by mutation of SLC35A1. Genes responsible for steps in the pathway are indicated in green boxes, with the CDG disorder

under the gene name. Steps in the pathway with mutations associated with thrombocytopenia are indicated by red Xs. Figure is adapted from Freeze 2006 (73).

(50–52). In particular, glycosylation products with sialylated
N-acetyllactosamine (LacNAc) help regulate platelet lifes-
pan and synthesis of hepatic thrombopoietin. These prod-
ucts are found in abundance on β1-integrin, a membrane
protein enriched on platelets that is important for
homing and for interactions with the extracellular matrix
(53–56). N-acetyllactosamine is a dimer of galactose and
N-acetylglucosamine. Synthesis of N-acetyllactosamine is
regulated by β1,4-galactosyltransferase 1 (β4GALT1). N-acetyl-
breakglucosamine is a product of one of the conversion
reactions catalyzed by GALE. In mice, deletion of β4GALT1 results
in severe thrombocytopenia, with defective megakaryocyte
localization to bone marrow (57), and ablation of both GALE
and β4GALT1 leads to reduced engraftment of hematopoietic
progenitor cells (58). These observations suggest that GALE
may play an important role in glycosylation of molecules
involved in cell adhesion and homing. Defects in GALE

enzyme function may lead to errors in glycosylation of β1-
integrin or another critical cell surface molecule and therefore
to impairment of homing of megakaryocyte and platelet
progenitors or to their normal interaction with the extracellular
matrix.

In conclusion, we have identified GALE p.R51W, a homozy-
gous mutation in an extended kindred including multiple
individuals presenting with severe thrombocytopenia and
intracranial bleeding. GALE p.R51W has reduced enzymatic
activity and is thermally unstable. The unique features of this
mutation may explain why the phenotype of family AH is
severe thrombocytopenia and not acute galactosemia. Another
family with mutation in GALE and a similar phenotype would
support the link of GALE to hematopoiesis. Confirmation of
GALE as a gene responsible for thrombocytopenia would further
elucidate the role of glycosylation in platelet biogenesis and
hematopoiesis.
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Materials and Methods
Study subjects

The study was approved by the institutional review boards of the
University of Washington, Seattle Children’s Hospital, and Rabin
Medical Center. Informed consent was obtained from all study
subjects.

Genomics

Genomic DNA was extracted from peripheral blood of patients.
Whole exomes were captured using VCRome v2.1 (NimbleGen)
and then sequenced on a HiSeq 250 (Illumina) with mean depth
of coverage of targeted regions of 120×. More than 96.5% of
targeted basepairs had >8 high-quality reads. Sequencing reads
were aligned to hg19 with BWA. Variant calling was performed
using the Genome Analysis Toolkit (59). Variant annotation and
interpretation were performed as previously described (60–62).
Candidate variants were validated with Sanger sequencing.

For homozygosity mapping, 1 million polymorphisms were
genotyped used the HumanOmniExpress-24 v1.1 BeadChip
(Illumina). Identity-by-descent analysis and homozygosity
mapping were performed using PLINK (63).

Whole-genome sequencing of 1-μg DNA was carried out to
an average depth of 32× on a Illumina HiSeq X instrument
with 2 × 150 bp paired-end reads. Sequence reads were aligned
using iSAAC aligner v.01.15.02.08 (64). Single-nucleotide variants
and small indels were called using iSAAC variant caller v1.0.6
(64). Large genomic insertions and deletions were called using
Control-FREEC v6.46 (65). Structural variants were evaluated by
Manta Structural Variant Caller (66) in iSAAC-aligned BAM files
and by Lumpy v0.2.11 (67) in BAM files aligned by BWA 0.7.12-
r1039 (68).

For RNA sequencing, RNA was extracted from patient and
control cells using TRIzol reagent (Thermo) as previously
described (62). RNA-sequencing libraries were prepared in
duplicate for each sample using the TruSeq stranded mRNA
library kit (Illumina) and sequenced on a HiSeq2500 (Illumina).
Sequencing reads were mapped using TopHat v2.1.1 (69). Gene
expression values in fragments per kilobase exon per million
mapped reads were calculated using Cufflinks v2.2.1 (69).
Differentially expressed genes between samples were identified
by Cuffdiff program of the Cufflinks suite.

Biochemistry

The human GALE cDNA sequence was PCR-amplified with flank-
ing NdeI and XhoI restriction sites and cloned into the pET-
31 expression vector (Novagen; kind gift of Hazel Holden, Uni-
versity of Wisconsin, Madison). Variant alleles p.R51W, p.V94M
and p.D103G were created with the Q5 site-directed mutagenesis
kit (New England Biolabs). Expression vectors were transformed
into Rosetta2(DE3) E. coli (Millipore Sigma). Single clones were
grown in LB media at 37◦C until OD600 reached 0.6. Bacterial
cultures were then induced with 500-μM IPTG and then grown
at 18◦C overnight. Bacterial cultures were then pelleted and
lysed with xTractor Cell Lysis Buffer (Clontech). Recombinant
hGALE proteins were then purified with column chromatogra-
phy using nickel agarose columns (Clontech) and the following
buffers: equilibration buffer 25-mm Tris, pH 8.0, 250-mm NaCl,
10% glycerol (TBSG), 20-mm imidazole; wash buffer TBSG, 40-
mm imidazole; elution buffer TBSG, 300-mm imidazole. Elution
fractions were dialyzed with TBSG to remove imidazole.

Enzyme assays were adapted from previous procedures
(23,28,29). Unless otherwise specified, 10-ng enzyme was

combined with either 0.8-mm UDP-gal or UDP-galNAc and
0.5-mm NAD+ in 40-mm glycine, pH 8.7. Reactions were
incubated for 30 min at 37◦C and quenched at a 1:1 ratio with
acetonitrile (ACN). Quenched reactions were centrifuged at
3800 rpm for 15 min using the SH-3000 rotor (Sorvall), and
supernatant was further diluted with ACN to achieve a 80:20
ACN:H2O ratio. To analyze the amounts of sugar substrate
and product, 5-μL post-quenched sample was analyzed on the
CORTECS UPLC HILIC column, 90 Å, 1.6 um, 2.1 mm × 150 mm
(Waters) using the Acquity UPLC/Xevo TQ MS/MS system
(Waters). Detailed parameters for liquid chromatography and
mass spectrometry procedures are provided in Supplementary
Materials.

For DSC, protein samples were freshly dialyzed overnight,
then diluted to 10 μM prior to loading onto the Microcal
VP-Capillary DSC system (Malvern). Twelve scans were
performed per run, with starting temperature of 25◦C and final
temperature of 65◦C, at a scan rate of 60◦C/h. Calorimetry scans
were analyzed using the Microcal VP-DSC software (Malvern).
Scans were normalized to concentration and intrascan baseline
prior to determining the melting points (Tm).

To measure NAD+ binding, wild-type and variant GALE
proteins were diluted to 15 μM in TBSG, further diluted to 2.5 μM
in 10-mm HEPES, pH 8.8, and 200-μl samples were aliquoted
in triplicate in black plates. Samples were excited at 350 nm
and 400–500 nm emission spectra were collected using a Biotek
Synergy H1 plate reader with a gain setting of 100.

UPLC-tandem mass spectrometry was carried out with
the Waters Acquity LC, Waters Xevo TQ MS/MS system. The
UPLC column was CORTECS UPLC HILIC Column, 90 Å, 1.6 um,
2.1 mm × 100 mm (15-cm column) (Waters). Column tempera-
ture was 30◦C. Chromatographic pump conditions and gradients
are indicated in Supplementary Material, Table S7; MS tuning
parameters are indicated in Supplementary Material, Table S8;
and sugar retention times in Supplementary Material, Table S9.
Peak areas were integrated with TargetLynx software (Waters).

Yeast growth assays

Yeast growth assays were performed as previously described
(23,37,39). The yeast strain used was JFy3835 a gal10-,
gal80- haploid strain derived from W303 (MATa ade2-1 his3-
11,15 leu 2-3,112 ura3-1 trp1-1 can1-100 RAD5+), a kind gift of
J. Fridovitch-Keil. Low copy number (CEN) plasmids (pMM33)
containing GALE cDNA sequence were transformed into JFy3835
and grown with and without 0.05% galactose. pMM33-hGALE-
R51W was created via Q5 site-directed mutagenesis (New
England Biolabs) using pMM33-hGALE-WT (also donated by J.
Fridovich-Keil). The experiment was performed in the Synergy
H1 microplate reader (Biotek) over 48 h, with measurements
taken every 30 min.

Hematopoiesis experiments

For lentivirus preparation, shRNA for GALE (TRCN0000049461)
was purchased from Sigma in pLKO.1 lentiviral vector.
pLKO-GFP-luciferase was prepared as previously described
(70,71). Lentiviral particles were produced by transfecting HEK-
293T cells with the lentiviral plasmids and third-generation
packaging plasmids. Virus was harvested 48 h after transfection
and concentrated with ultracentrifugation. Viruses were titered
with serial dilution on HEK-293T cells.

For quantitative PCR, RNA was extracted using Trizol
reagent (Thermo). Reverse transcription was performed using
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Superscript II (Thermo). Quantitative PCR was carried out
in triplicate with TaqMan Gene Expression Assay reagents
(Applied Biosystems). TaqMan probes for GALE (Hs00166181 m1)
and control GAPDH were used. Assays were performed on the
ABI 7900HT Real-Time PCR System. Knockdown efficiency is
shown in Supplementary Material, Fig. S6.

CD34+ cells from human cord blood were purchased
from AllCells. Thawed cells were expanded for 4 h at 37◦C
in tissue culture incubator with X-VIVO10 media (Lonza)
supplemented with 1% BSA (Thermo), 2-mm L-glutamine
(Thermo), penicillin/streptomycin (Thermo), SCF (100 ng/mL),
FLT3 (100 ng/mL), TPO (50 ng/mL) and IL-6 (20 ng/mL). All
cytokines were purchased from Peprotech. Cells were seeded on
RetroNectin-coated (Takara; 10 μg/cm2) non-TC-treated 96-well
plates at a density of 10–100 000 cells per well. The multiplicity
of infection was 50 for all viruses. Viruses were concentrated
onto cells via centrifugation at 2500 × rpm for 30 min. Viruses
were removed with washing 24 h after infection. GFP+ cells were
sorted on day 3 with the BD FACS Aria cytometer.

For collagen-based megakaryocyte colony formation assays,
50 000 cells were added to 1.2-mL MegaCult-C media contain-
ing cytokines (04901; StemCell Technologies). Cells in media
were mixed with collagen and plated on to dual chamber slides
and maintained in a humidified chamber for 10 days. Slides
were dehydrated, fixed and stained according to manufacturer’s
instructions (StemCell Technologies).

For liquid culture expansion of cells in megakaryocyte
growth conditions, CD34+ cells were placed into the following
media. Megakaryocyte stage 1: SFEM supplemented with
penicillin/streptomycin (Thermo), LDL (20 μg/mL; StemCell
Technologies), TPO (50 ng/mL), SCF (50 ng/mL), IL-6 (10 ng/mL)
and IL-9 (15 ng/mL). Megakaryocyte stage 2: same as megakary-
ocyte Stage 1 except [SCF] is 1 ng/mL. All cytokines were
purchased from Peprotech.

Supplementary Material
Supplementary Material is available at HMG online.
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