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Classical Galactosaemia is a rare disorder of carbohydrate metabolism caused by a deficiency of galactose-1-
phosphate uridyltransferase (GALT). The disease is life-threatening in the neonate, and the only treatment option
is life-longdietary restriction of galactose. However, long-term complications persist in treatedpatients including
cognitive impairments, speech and language abnormalities and premature ovarian insufficiency in females. Mi-
croarray analysis of T-lymphocytes from treated adult patients identified systemic dysregulation of numerous
gene pathways, including the glycosylation, inflammatory and inositol pathways. Analysis of gene expression
in patient-derived dermal fibroblasts of patients exposed to toxic levels of galactose, with immunostaining, has
further identified the susceptibility of the glycosylation gene alpha-1,2-mannosyltransferase (ALG9) and the in-
flammatory gene annexin A1 (ANXA1) to increased galactose concentrations. These data suggest that
Galactosaemia is a multi-system disorder affecting numerous signalling pathways.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Classical Galactosaemia (OMIM 230400) is a rare autosomal reces-
sive disorder of carbohydrate metabolism, caused by deficiency of
galactose-1-phosphate uridyltransferase (GALT E.C 2.7.7.12). The
disease is fatal if untreated in the neonate. Currently, the only available
treatment is a life-long galactose restricted diet. Although this treat-
ment is life-saving in the neonate, long-term complications persist in
treated patients including, but not limited to, cognitive impairments,
speech and language abnormalities, ataxia and premature ovarian in-
sufficiency (POI) [1–3]. The severity of these complications is not linked
to genotype or age of therapeutic intervention [2–10].

The accumulation of galactose-1-phosphate (gal-1-p) and
galactitol, and their toxic effects on a number of metabolic pathways
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including inhibition of GALT, UDP-glucose/galactose pyrophos-
phorylase, galactosyltransferases and competitive inhibition of
inositol monophosphatase 1 (IMPase1), may be implicated in the
pathophysiology [1,11]. In addition, over-restriction of galactose
may also contribute to the disease phenotype by further depleting
UDP-galactose and disrupting glycosylation [12]. In support of this,
abnormalities of N-glycosylation have been shown in serum transferrin
and whole serum from untreated, galactose intoxicated Galactosaemia
neonates, [12–15]. We have also demonstrated on-going N-glycan
processing defects in treated children and adults with Classical
Galactosaemia [12,16]. There are numerous clinical similarities noted
between Galactosaemia and congenital disorders of glycosylation
(CDG) [15,17].

Galactosaemia, although described in 1908, remains a poorly treated
rare disease. A key step in improving approaches to therapy to this, and
related diseases, is the identification of accurate biomarkers which
could predict current treatment (dietary intervention) effects, and
new emerging modalities of treatment. To date, the measurement of
RBC gal-1-p is effectively used tomonitor the response to dietary galac-
tose restriction in intoxicated Galactosaemia neonates (11,12). This bio-
chemical marker has not however been shown to discriminate
moderate galactose liberalisation in treated Galactosaemia patients or
to be prognostic for long-term treated outcomes [5,12,18,19].

Earlier studies carried out on the exposure of patient-derived
Galactosaemia dermal fibroblasts to intoxication levels of galactose
classical Galactosaemia: Is there a central mechanism?, Mol. Genet.
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(0.1% galactose) indicated gross disruption of a number of genes, indi-
cating a potential role for gene dysregulation in the early pathophysiol-
ogy of Galactosaemia to include ER stress and up-regulation of the
unfolded protein responses (UPR) [20].

We have previously described the T-lymphocyte expression pattern
in four treated adult Galactosaemia patients and demonstrated dysreg-
ulation of numerous Kyoto Encyclopaedia of Genes and Genomes
(KEGG) pathways [8]. A number of these genes were validated by
qRT-PCR indicating ongoing systemic defects following treatment.

In this study, we now provide further validation of these genes and
pathways by extending these studies to include twelve Galactosaemia
patients with the development of an in vitro dermal fibroblast cellular
model to further validate genes of interest; the effects of galactose
intoxication (0.1% galactose) and a predicted cellular model of treat-
ment (dietary intervention) (0.01% galactose) on mRNA and protein
expression.

2. Materials and methods

2.1. Study patients

The clinical characteristics of the affected patients are detailed in
Table 1. All adult patients were maintained on a monitored galactose
restricted diet of up to 300 mg/gal per day. T-lymphocyte samples
were taken from the twelve patients for DNA microarray analysis
(six with FSIQ ≥ 80 and six with FSIQ b 80). Control samples were
taken from three healthy adult patients.

The arrays from healthy controls were compared with the twelve
treated Galactosaemia patients. Galactosaemia human dermal fibro-
blasts (GHDF) were derived from two patients (Q and M, Table 1).
Control normal human dermal fibroblast adult (NHDF-Ad) primary
cells were commercially obtained from Lonza.

2.2. T-lymphocyte collection and RNA extraction

T-lymphocyte extraction and DNA microarray analysis, using
Affymetrix Human Genome U113 plus 2.0 arrays, was carried out as
Table 1
Clinical characteristics of study subjects.

Code Age Genotype Ethnicity Complications

Control group
CA♀ 29 years N/A Irish N/A
CB♀ 24 years N/A Irish N/A
CC♀ 25 years N/A Irish N/A

Group A, FSIQ ≥ 80
Q♂ 25 years Q188R/Q188R Irish FSIQ 80–89
N♂ 18 years Q188R/Q188R Irish FSIQ 94, verba
O♂Ω 21 years Q188R/Q188R Irish FSIQ 90
P♂Ω 19 years Q188R/Q188R Irish FSIQ 108
A♀ 26 years Q188R/Q188R Irish traveller FSIQ 112, POI
X♂ψ 28 years Q188R/Q188R Irish FSIQ 110, oste
M♂ 24 years Q188R/Q188R Irish Traveller FSIQ 80–89, sl
JQ♂ 16 years Q188R/Q188R Irish Traveller FSIQ 81, speec
KP♂ 18 years Q188R/Q188R Irish Traveller FSIQ 80, speec

Group B, FSIQ b 80
W♀ψ 27 years Q188R/Q188R Irish FSIQ 47, sever
U♂β 16 years Q188R/Q188R Irish FSIQ 47, sever
V♂β 13 years Q188R/Q188R Irish FSIQ 52, sever
H♀κ 29 years Q188R/Q188R Irish FSIQ 65, delay
G♀κ 27 years Q188R/Q188R Irish FSIQ 57, stamm
F♀ 22 years Q188R/Q188R Irish FSIQ 70–79, os
CX♂ 18 years Q188R/Q188R Irish Traveller FSIQ 70–79
BY♂ 26 years Q188R/R333W Irish FSIQ 70–79, bi
AZ♀λ 20 years Q188R/R333W Irish FSIQ 74

POI: Premature Ovarian Insufficiency.
Ω, λ, κ, β, ψDesignate sibling pairs.

a GALT expressed as micromoles of Gal-1-p converted per hour per gramme.
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described in our previous study [8]. Only genes p b 0.05 were included
for analysis. The Database for Annotation, Visualisation and Integrated
Discovery-Expression Analysis Systematic Explorer (DAVID-EASE)
programme was used to determine KEGG pathways affected in the
groups [21,22].

2.3. Validation of microarray data

The expression profile of genes selected from the DNA microarrays
were validated using qRT-PCR. In addition, GRP78/BiP was examined
in fibroblasts as a marker of ER stress. Genes were validated in
T-lymphocytes and dermal fibroblasts using qRT-PCR. Total RNA was
extracted from cells using the TRI-reagent RNA extraction method
(Ambion, AM9738) and was retro-transcribed using the avian reverse-
transcriptase method (Sigma, A4464-1KU). qRT-PCR was performed
on a rotor gene system (Corbett research) [8]. For each sample, genes
were amplified in duplicate. GAPDH was used as the housekeeping
gene for both cell types. There was no dysregulation of this gene
noted in the 12 Galactosaemia microarray samples. Relative mRNA
expression levels were determined using the ΔΔCT method.

2.4. Cell culture conditions

The cells were maintained in Nutrient Mix F-10 HAM galactose
free media (Sigma-Aldrich, Ireland N6908). Lonza NHDF-Ad cells
were maintained in Fibroblast Growth Medium galactose free media
(FGM; Lonza, supplied by Brennan and Company, Ireland CC-3132).
Galactosaemia patient fibroblasts (GHDF) and NHDF-Ad were used
between passages 3–4 (no cells were used over passage 5). Cells were
grown in 6-well plates and each treatment done in triplicate. Cells
were exposed to 1.5 ml of media per well. 0.1% galactose (Sigma-
Aldrich, G5388) was used to mimic galactose intoxication in patients.
0.1% galactose in cell culture generates 1.3 mM gal-1-p which is equiv-
alent to the gal-1-p level in galactose intoxicated patient erythrocytes
(approximately 1000 to 2000 μmol/l) [20]. 0.01% galactose was used
as an estimate of the RBC galactose concentration for diet-restricted
Galactosaemia patients. Matched controls grown in galactose free
GALTa
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media were used. Cells were exposed overtime; for 30 min, 1 h, 2 h and
4 h. Gene expression was then analysed with qRT-PCR and immunoflu-
orescence carried out.
2.5. Gal-1-p metabolite measurement assay

The gal-1-p assay was analysed using established protocols [23].
This allowed for the establishment of the cellular mimic of the
post-treatment level of galactose exposure in Galactosaemia patients
(0.01% galactose in culture media). 0.01% galactose is an estimation
of the treatment level of galactose for Galactosaemia cells, based on
the approximate 90% reduction in patient hemolysate gal-1-p levels
following treatment with dietary intervention in the neonatal stage,
Fig. 1. A and B. Selection of KEGG pathways (A) up-regulated and (B) down-regulated in Galact
genes dysregulated in the pathway.

Please cite this article as: K.P. Coss, et al., Systemic gene dysregulation in
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where levels of gal-1-p drop from between 2.5 mM and 6.5 mM to
0.1 mM and 0.2 mM. Cells were exposed to these levels for 4 h to con-
firm the hypothesised increase and decrease in gal-1-p levels.
2.6. Time dependent alteration of gene expression in GHDF and NHDF cells

The gene analysis was carried out following exposure of
Galactosaemia fibroblasts to either: galactose free media, 0.1% galac-
tose containing media (inducing intoxication in Galactosaemia
dermal fibroblasts [20]), or 0.01% galactose containing media. The
cells were exposed to these levels of galactose for 4 h, after confirma-
tion of increased gal-1-p levels after 4 h using the gal-1-p metabolite
measurement assay.
osaemia versus control T-lymphocyte DNAmicroarray. The x axis illustrates the number of
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Table 2
CDG N-glycan related genes dysregulated in Galactosaemia DNA Microarrays.

Up-regulated SD p-Value

Gene Fold increase Controls Galactosaemia

CDG-I ALG9 7.9 0.36 0.54 b7 × 10−7

ALG2 3.9 0.07 0.80 b1 × 10−3

DHDDS 2.9 0.46 0.59 b1 × 10−3

ALG8 1.9 0.63 0.49 b2 × 10−2

DPAGT1 4.7 0.26 0.45 b2 × 10−6

RFT1 4.1 0.40 0.86 b1 × 10−3

ALG1 2.5 0.40 0.67 b6 × 10−3

Down-regulated SD p-Value

Gene Fold decrease Controls Galactosaemia

CDG-I DPM1 1.7 0.11 0.29 b1 × 10−3

DDOST 3.2 0.04 0.69 b1 × 10−3

RPN2 2.4 0.30 0.40 b2 × 10−4

CDG-II B4GALT1 1.9 0.51 0.52 b1 × 10−2

MGAT2 2.6 0.16 0.20 b3 × 10−4
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2.7. Immunofluorescence

Both NHDF and GHDF cells were cultured on Nunc Lab-Tek II Cham-
ber Slides (Sigma-Aldrich, Ireland). All cell-lines were treated with 0.1%
galactose (1 h, 2 h and 4 h exposure times, depending on the time taken
for significant changes in gene expression to be seen). Matched controls
(grown in galactose free media) were included for all treatments or
time-points. A no primary antibody control was also included to check
for non-specific binding of the secondary antibodies. Post-treatment
cells were fixed using formaldehyde (4% v/v in PBS) and permeabilised
with Triton X (0.1% v/v in phosphate buffer saline (PBS)), before being
incubated with blocking solution (10% BSA w/v in PBS) for 30 min.
Cells were incubated overnight with either 1:150 rabbit anti-ANXA1
(Biosciences, Ireland, 71-3400), or 1:25 goat anti-ALG9 (Santa Cruz,
USA sc-109496), before being detected with 1:200 goat anti-rabbit
Table 3
Top ten genes (A) up- and (B) down-regulated in Galactosaemia, with the proposed gene func

Gene title Gene
symbol

Protein function

Ribosomal protein, large, P2 RPLP2 Role in the elongation step of p
Ribosomal protein L14 RPL14 RPL14 interacts with PHLDA1,

apoptotic effects of insulin-like
Regulator of G-protein signalling 10 RGS10 Inhibits signal transduction by

of G protein alpha subunits.
ATPase, H + transporting, lysosomal 9 kDa,
V0 subunit e1

ATP6V0E1 Acidifies a variety of intracellu
cells

S100 calcium binding protein A8 S100A8 Calcium-binding protein. An in
Ribosomal protein S11 RPS11 Ribosomal protein that is a com
Amyloid beta (A4) precursor-like protein 2 APLP2 Regulation of haemostasis.
Spectrin, beta, non-erythrocytic 1 SPTBN1 Functions in the determination

organelles
Transmembrane protein with EGF-like and
two follistatin-like domains 2

TMEFF2 Survival factor for hippocampa

BolA homolog 2 (E. coli) BOLA2 Involved in cell proliferation/ce
Annexin A1 ANXA1 Glycoprotein with anti-inflamm
Zinc finger protein 36, C3H type-like 2 ZFP36L2 Probable regulatory protein in
Interleukin 23, Alpha Subunit P19 IL23A Involved in autoimmune inflam
ST6 beta-galactosamide alpha-2,6-
sialyltransferase 1

ST6GAL1 Transfers sialic acid from the d
acid to galactose containing ac

Folate receptor 1 (adult) FOLR1 Binds to folate and reduced fol
Myeloid cell leukaemia sequence 1 (BCL2-
related)

MCL1 Regulation of apoptosis versus

Trophoblast-derived noncoding RNA TncRNA Novel noncoding RNA; may ha
role in nuclear paraspeckles

Family with sequence similarity 132,
member A

FAM132A Regulation of glucose metaboli

GTPase, IMAP family member 1 GIMAP1 May regulate lymphocyte surv
prostaglandin E receptor 4 (subtype EP4) PTGER4 Member of G-protein coupled

identified for prostaglandin E2

Please cite this article as: K.P. Coss, et al., Systemic gene dysregulation in
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Alexa Fluor© 488 (Invitrogen, Ireland A-11008) or 1:200 mouse anti-
goat fluorescein isothiocyanate (FITC) (Santa Cruz, USA sc-2356) re-
spectively, incubated for 1 h and 30 min. All antibody dilutions were
prepared in BSA solutions (10% in PBS) to prevent non-specific binding,
and secondary antibody-only controls were included. A wash buffer
(0.1% Tween in PBS) was also used (4 × 200 μl washes, after each anti-
body incubation). Allwellswere counterstainedwith thenuclear specif-
ic 4′, 6-diamidino-2-phenylindole (DAPI) stain to allow visualisation of
cell nuclei. After staining, cells were mounted and photographed using
anOlympus fluorescentmicroscope equippedwith appropriate fluores-
cent filters.

2.8. Statistical analysis

Standard deviations and statistical analysis, using student t-tests,
were carried out using GraphPad prism 5, with statistical significance
determined as p b 0.05.

2.9. Ethics

Ethical approval for the study was obtained from the Ethics
Committee of the Children's University Hospital, Dublin.

3. Results

3.1. Analysis of KEGG pathways dysregulated in Galactosaemia

The DAVID-EASE programme was used to display the DNAmicroar-
ray results as KEGG pathways affected [21,22]. A selection of these path-
ways is shown in Figs. 1A and B. These affected pathways correspond
with many of the proposed mechanisms for the systemic effects in
Galactosaemia. For example, the ubiquitin-mediated proteolysis path-
way was shown to be grossly dysregulated with sixty known genes
up-regulated and fifty-seven genes down-regulated. The ubiquitin-
tion.

Fold
increase

Control
SD

Galactosaemia
SD

p-Value

rotein synthesis 273.0 0.53 0.20 b1 × 10−15

which has a role in the anti-
growth factor-1

125.8 0.57 0.09 b1 × 10−15

increasing the GTPase activity 122.2 0.50 0.45 b5 × 10−12

lar compartments in eukaryotic 91.6 0.64 0.46 b3 × 10−11

flammatory marker. 88.8 0.09 2.66 b1 × 10−3

ponent of the 40S subunit 86.1 0.66 0.13 b3 × 10−14

81.3 0.35 0.49 b2 × 10−11

of cell shape/organization of 80.3 1.99 0.28 b2 × 10−8

l and mesencephalic neurons 78.6 1.01 0.27 b2 × 10−11

ll-cycle regulation 76.9 0.73 0.22 b5 × 10−13

atory activity. 92.3 0.46 0.54 b6 × 10−11

response to growth factors 52.6 0.74 0.65 b5 × 10−9

mation. 48.8 0.31 0.49 b8 × 10−11

onor of substrate CMP-sialic
ceptor substrates

48.0 0.85 0.40 b2 × 10−10

ic acid derivatives 37.2 0.35 0.97 b6 × 10−7

cell survival. 26.4 0.45 0.51 b2 × 10−9

ve an important structural 23.5 0.43 0.55 b6 × 10−9

sm 21.1 0.15 0.75 b2 × 10−7

ival 20.5 0.18 1.24 b5 × 10−5

receptor family, receptor
(PGE2)

19.8 0.18 0.49 b2 × 10−9
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mediated proteolysis pathway may relate to aberrant glycosylation,
degradation of proteins and the unfolded protein response (UPR) path-
way. In addition, over 60 genes involving the oxidative phosphorylation
pathway were either upregulated or down-regulated.

The phosphatidylinositol signalling system, which has been reported
as a potential pathway in the pathophysiology of Galactosaemia [24–26],
was also dysregulated with twenty-nine genes up-regulated and
twenty-four down-regulated. A number of glycosylphosphatidylinositol
(GPI)-anchor biosynthesis genes (involved in the synthesis or attach-
ment of proteins to a GPI-anchor, linking proteins to membranes) were
Fig. 2. A–E. Gene expression validation using qRT-PCR. The fold change is presented, normalise
with *p b 0.05, **p b 0.01, ***p b 0.001 ****p b 0.0001.

Please cite this article as: K.P. Coss, et al., Systemic gene dysregulation in
Metab. (2014), http://dx.doi.org/10.1016/j.ymgme.2014.08.004
also dysregulated. There are eleven genes up-regulated and thirteen
down-regulated in the glycosphingolipid biosynthesis pathway [27].

Of relevance to our earlier studies was the significant dysregula-
tion of the N- and O-glycan biosynthesis pathways. Twelve N- and
six O-glycan biosynthesis genes were up-regulated in Galactosaemia,
while another ten N- and eight O-glycan biosynthesis genes were
down-regulated. Of the genes involved in N-glycan biosynthesis,
ten genes (seven up-regulated, three down-regulated) were linked
to CDG-I and two genes (both down-regulated) to CDG-II (see
Table 2). A number of genes in the fructose andmannosemetabolism
d to healthy controls, ±SD. Statistical significance was determined using Students t-test,

classical Galactosaemia: Is there a central mechanism?, Mol. Genet.
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pathway, of direct relevance to glycosylation, were also observed to
be dysregulated (ten genes up-regulated and nine genes down-
regulated).
3.2. Dysregulated gene expression in Galactosaemia

Significant dysregulation of mRNA expression was identified in
16,877 genes. 8087 genes were significantly up-regulated and 8790
down-regulated. Genes with significance level of p b 0.05were retained
for analysis.

The top 10 most up- and down-regulated genes are shown in
Table 3. Of the most significantly affected genes, a number have func-
tions that potentially relate to Galactosaemia pathophysiology, with
biological plausibility. For example, as illustrated in Table 3, these
include up-regulation of regulator of G-protein signalling 10 (RGS10)
gene linked to the activation of microglia, indicating a role in inflamma-
tory responses in the brain [28], S100 calcium binding protein A8
(S100A8 a pro-inflammatory agent [29] which may be involved in
synapse formation and function [30]) and secreted protein, acidic,
cysteine-rich (osteonectin) (SPARC). These genes were also found to
be dysregulated in our earlier study [8]. In this study we also observed
the overexpression of spectrin, beta, non-erythrocytic 1 (SPTBN1),
which has been shown to increase neurite branching in human dopami-
nergic neuron cells [31].

The down-regulated genes of significance include the most sig-
nificantly down-regulated gene, annexin A1 (ANXA1), a glycoprotein
[32]. ANXA1 is a pro-apoptotic marker and potent anti-inflammatory
agent, with a role in microglia cells in the central nervous system
(CNS) [33]. The truncated form of the ANXA1 protein can act as a
pro-inflammatory, released from neutrophils, this activity contrasts
the anti-inflammatory role of the full-length ANXA1 protein [34].

ST6 beta-galactosamide alpha-2,6-sialyltransferase 1 (ST6GAL1) is a
sialyltransferase involved in the addition of the sialic acid residue to
galactose on the N-glycan chain. The decreased expression of this gene
further supports the dysregulation of glycosylation in Galactosaemia,
potentially linked to the decreased bioavailability of UDP-galactose
which consequently may affect glycan sialylation.

We noted that the leptin receptor gene (LEPR) was up-regulated in
Galactosaemia versus healthy controls. Leptin signalling has a well
characterised role in fertility and the hypothalamic–pituitary–ovarian
axis [35,36]. It has also been reported to have a potential neuroprotec-
tive role and disruption of leptin signalling may have a role in cognitive
Gal-1-p levels in GHDF
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Fig. 3.Gal-1-p levels in 2 GHDF cell-lines (Q andM) grown in galactose-free and galactose
containing media for 4 h.
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defects [37–40]. Of note, we have recently described altered leptin
levels and hypoleptinaemia in patients with Galactosaemia [41].

3.3. Validation of genes of interest from DNA microarrays using qRT-PCR

Genes were selected for further analysis based on their potential
involvement in the pathophysiology of Galactosaemia. The five genes
chosen for qRT-PCR evaluation are shown in Figs. 2A–E. Three of these
genes were related to glycosylation pathways; B4GALT1, ALG9 and
COG1.

The expression of ANXA1 (Fig. 2A) was 1.5 fold decreased in
Galactosaemia versus healthy controls in qRT-PCR (p = 0.0000003).
The expression of ALG9 (Fig. 2B), encoding a mannosyltransferase
involved in N-glycan assembly, and mutated in ALG9-CDG (CDG-Il),
was increased by 4.3 fold in Galactosaemia versus healthy controls, in
qRT-PCR (p = 0.005). The expression of B4GALT1 (Fig. 2C), encoding a
galactosyltransferase involved in glycan processing, and mutated in
B4GALT1-CDG (CDG-IId), was decreased by 2.9 fold in Galactosaemia
versus healthy controls, (p = 0.01).
Fig. 4.A and B.ANXA1 expression in (A) GHDF versusNHDF, grown in galactose freemedia
and (B) GHDF cells grown in 0.1% galactose. *p b 0.05, **p b 0.01, ***p b 0.001
****p b 0.0001.

classical Galactosaemia: Is there a central mechanism?, Mol. Genet.
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Fig. 5. A and B. ALG9 expression in (A) GHDF versus NHDF, grown in galactose free media
and (B) GHDF cells grown in 0.1% galactose. *p b 0.05, **p b 0.01, ***p b 0.001
****p b 0.0001.
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The expression of COG1 (Fig. 2D), encoding a subunit of the COG
complex involved in protein trafficking in the Golgi, particularly
the localisation of glycosyltransferases to Golgi subunits [42], and
mutated in COG1-CDG, was decreased by 1.8 fold in Galactosaemia
versus healthy controls, (p = 0.0002). As evidenced in our earlier
study, SEPTIN4, a cytoskeletal protein involved in sperm motility
was again significantly decreased in Galactosaemia versus healthy
controls, 1.7 fold (p = 0.001) [8].

3.4. Gal-1-p levels in patient-derived dermal fibroblasts

The gal-1-p levels (measured as nmol/mg gal-1-p) in both cell-
lines are shown in Fig. 3. In cell-line Q an approximate 14.3%
decrease in gal-1-p level was observed in 0.01% galactose cells versus
galactose intoxicated cells. There was no substantial increase in the
levels of gal-1-p in this patient, during 0.1% or 0.01% galactose expo-
sure. This could indicate that this subject may have altered accessory
galactose metabolism pathways mitigating the effects of galactose
intoxication. In contrast, for cell-line M there is an approximate
70% decrease in gal-1-p levels between 0.01% galactose cells and
galactose intoxicated cells, similar to the approximate 90% decrease
in gal-1-p levels observed in Galactosaemia patients during treat-
ment with dietary intervention.

3.5. Time dependent alteration of gene expression in GHDF and NHDF cells

There were five genes selected for further evaluation in GHDF
(cell-line Q and M) and NHDF cells based on validation of these
cells in T-lymphocytes (COG1, B4GALT1, SEPT4, ANXA1 and ALG9).
ANXA1 and ALG9 were the only genes that showed statistical signifi-
cant alterations in expression in both GDHF cell-lines compared to
NHDF cells grown in galactose free media.

Expression of ANXA1, grown in galactose free media, was in-
creased significantly in both GHDF cell-lines at 2 h compared with
NHDF (M p = 0.005, Q p = 0.045 and average p = 0.001)
(Fig. 4A). ANXA1 expression was also significantly increased in cell-
line M at 30 min (p = 0.03) and Q at 4 h (p = 0.02). While on aver-
age expression is significantly increased at 30 min (p = 0.008) and
4 h (p = 0.02).

When GHDF cells were exposed to 0.1% galactose and compared to
untreated matched cells from each donor, the expression of ANXA1
(Fig. 4B) decreased significantly at 2 h in both cell-lines (M p = 0.03
and Q p = 0.02, average p = 0.0003).

Expression of ALG9 grown in galactose free media was decreased
significantly in both GHDF cell-lines at 30 min, compared with NHDF
(M p = 0.004, Q p = 0.001 and average p = 0.00002) (Fig. 5A).
Cell-line M also shows significantly decreased expression at 2 h
(p = 0.04); on average expression is also significantly decreased at
2 h (p = 0.01).

When GHDF cells were exposed to 0.1% galactose and compared to
untreated matched cells from each donor, the expression of ALG9
(Fig. 5B) decreased significantly at 1 h in both cell-lines (M p = 0.002
and Q p= 0.03, average p = 0.0001). The expression was significantly
decreased at 4 h in cell-lineM (p= 0.01) and on average (p= 0.0008).
The cell-line M is also significantly decreased at 30 min (p = 0.0002),
showing possible increased susceptibility of this patient during galac-
tose exposure.

3.6. Immunofluorescence of ANXA1 and ALG9 expression in GHDF versus
NHDF exposed to 0.1% galactose

We selected the genes ANXA1 and ALG9 for further validation at a
protein level using immunocytochemistry.

Staining for the ANXA1 protein showed little change with 0.1%
galactose treatment in all cell-lines after 2 h, with a slight reduction in
staining visible in GHDF cell-line M (Fig. 6A, indicated with arrows).
Please cite this article as: K.P. Coss, et al., Systemic gene dysregulation in
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After 4 h exposure to 0.1% galactose, there is a minor decrease in
GDHF cell-line M (Fig. 6B, indicated with arrows). There is also a slight
decrease in staining levels in NDHF visible after 0.1% galactose exposure.
There were no changes in the localisation of the protein during 0.1%
galactose exposure in any cell-line. However there are some changes
in protein localisation in untreated (galactose free media) GDHF
cell-lines versus untreated NHDF, at 2 h and 4 h, these changes being
more pronounced in cells derived from patient M (Figs. 6A and B). The
no primary antibody control is shown in Fig. 6C. There are also some
decreases in ALG9 protein in cell-line Q, and no specific changes in
cell-line M at 1 hour exposure to 0.1% galactose (Fig. 7A, indicated
with arrows). There are no visible changes in the localisation of the
protein following exposure to 0.1% galactose (Fig. 7A).

At 4 hour exposure to 0.1% galactose (Fig. 7B, indicatedwith arrows)
there is a slight increase in staining for ALG9 in both NHDF and GHDF
cell-line Q, while staining levels in cell line M are largely unchanged.
Interestingly at both time-points (Figs. 7A and B) the GDHF cell-lines
grown in galactose free conditions display altered protein localisation
compared to NDHF cells grown in galactose free conditions, with more
intense staining present at the cell boundaries. The no primary antibody
control is shown in Fig. 7C.
classical Galactosaemia: Is there a central mechanism?, Mol. Genet.
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Fig. 6. A–C. ANXA1 protein expression at (A) 2 hour exposure 60× and (B) 4 hour exposure 60×, in NHDF and GHDF grown in galactose-free and 0.1% galactose media;
(C) represents NHDF no primary antibody control at 60×. (A) At 2 hour incubation at 60× magnification no change was observed in the localisation of the ANXA1 protein in
NHDF and cell-line Q. Reduced staining was observed in cell-line M (indicated with arrows). (B) At 4 hour incubation there was no change in expression of ANXA1 in NHDF
or cell-line Q exposed to 0.1% galactose; there is a minor decrease in cell-line M. There was no change in the localisation of the ANXA1 protein in cell-lines exposed to 0.1%
galactose (indicated with arrows). There are some changes in localisation in GHDF compared to NHDF, in galactose free media. (C) Shows the no primary antibody control,
using representative NHDF cells at 60× magnification. There is no staining for ANXA1 antibody, indicating there is no non-specific binding of the secondary antibody.
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Fig. 7. A–C. ALG9 protein expression at (A) 1 hour exposure 60× and (B) 4 hour exposure 60×, in NHDF and GHDF grown in galactose-free and 0.1% galactose media;
(C) represents NHDF no primary antibody control at 60×. (A) At 1 hour incubation decreased expression of ALG9 in NHDF and cell-line Q can be observed during 0.1% galactose
exposure with no expression changes observed in cell-line M (indicated with arrows). There are no changes in the localisation of the ALG9 protein in any of the cell-lines versus
matched cells. (B) At 4 h some increased expression of ALG9 in NHDF and cell-line Q can be seen, while staining is largely unchanged in cell-line M. There is widespread
localisation of the ALG9 protein in NHDF cells (0.1% galactose) while localisation of the protein is altered in both GHDF cell-lines (galactose free and 0.1% galactose) with
more intense staining present at the cell boundaries. (C) Shows the no primary antibody control, using representative NHDF cells at 60x magnification with absence of staining
for ALG9 antibody.
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4. Discussion

The genomic analysis described in this study has demonstrated the
dysregulation of numerous systemic and glycosylation related genes
in classical Galactosaemia treated individuals. The dysregulation of
the genes linked to CDG-I and II disorders suggests that there may
be more extensive dysregulation to the N-glycosylation pathway in
Galactosaemia. It is also possible that pre-natal and neonatal galactose
intoxication may result in alteration of epigenetic control on glycosyla-
tion pathways, as this pathway is nowemerging as a significantmodifier
[43,44].

A number of key signalling pathways are affected in this disease,
findings which we identified in our earlier studies, a number of which
may relate to abnormal glycosylation including the UPR pathway
and also the involvement of inflammatory pathways and oxidative
phosphorylation. Dysregulation of the oxidative phosphorylation path-
way has been reported as having a role in the severity of outcome in the
Drosophila melanogaster Galactosaemia model [45].

Dysregulation of the inositol metabolism pathway has previously
been reported in a number of neurological conditions in addition to
Galactosaemia [46]. Depletion of inositol can also induce the UPR path-
way [47]. While decreased expression of SLC5A3was no longer statisti-
cally significant following qRT-PCR validation in the current study, the
systemic dysregulation of the inositol pathway suggests a potential
ongoing role for the long-term disruption of this pathway in the patho-
physiology of Galactosaemia.

The dysregulation of inflammatory pathways as presented in these
studies is a novel finding in Galactosaemia which may relate to the
neurological and reproductive complications. The validated decreased
expression of the anti-inflammatory, glycoprotein ANXA1, is of interest
due to its involvement as a neuroprotective agent in the central nervous
system [33] and as it is a potential marker of bovine oocyte maturation
[48]. ANXA1 dysregulation has been linked to a number of cancers, in-
cluding lung [49], breast [50] and oral cancers [51]. The dysregulation
of ANXA1 in Galactosaemia may indicate a potential risk factor that
warrants further investigation.

Decreased expression of SEPT4 (described in our earlier study [8])
has possible clinical application. The septin family of proteins are
involved in interacting with the cytoskeleton to recruit proteins and
interacting with the membrane to form discrete domains in the cell
[52]. SEPT4 (along with other septins) is also expressed in the annulus
of sperm. SEPT4 knockout mice have non-motile, structurally defective
sperm [53,54]. The expression of septin 12 is localised to the testis
and men suffering from hypospermatogenesis were shown to have
decreased expression of septin 12 [55]. While offspring generated
from murine stem cells that contained a septin 12 mutant gene were
infertile with decreased sperm numbers, these findings suggest a role
for septin in spermatogenesis [55].

The decreased expression of the galactosyltransferase B4GALT1 also
has a link to male fertility, where it is expressed on sperm cells and
involved in capacitation of sperm [56]. The B4GALT1 knockout mouse
is fertile but exhibits an inability to undergo acrosome reaction upon
binding the zona pellucida 3 receptors on oocytes; the knockout
mouse exhibited a ~7% efficacy for fertilization when compared to
wild type sperm owing to poor penetration of the oocyte and these
mutant mice had an 85% mortality rate, suffering from endocrine insuf-
ficiency [57].

Validation of altered gene expression in patient derived cell-lines
treated with 0.1% galactose did not show up-regulation of key ER stress
marker GRP78/BiP or other ER stress proteins as noted earlier by Slepak
et al. [20]. However, this lack of induction of ER stress response could be
patient specific as both cell line studies were obtained from patients
who did not exhibit complications of Galactosaemia and who were
noted to tolerate increased galactose intake during a glycomic study of
diet relaxation suggesting the upregulation of accessory galactose
metabolism pathways [12].
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ALG9 and ANXA1were the only genes that were significantly altered
in both cell-lines at specific time points during galactose exposure and
when grown in galactose-free media and compared to NHDF. There
was also altered gene expression patterns in the genes of interest in
fibroblasts versus T-lymphocytes suggesting that some of the gene
expression alterations observed may be cell or tissue dependent.

The changes in ALG9 protein levels and localisation upon exposure
to 0.1% galactose in cells may have consequences for glycosylation
during galactose intoxication of cells. Localisation of glycosyltransfer-
ases is as important during glycosylation as the bioavailability of the
required sugar substrates [58]. If galactose intoxication disrupts the
localisation of ALG9, even to a minor degree, this in combination
with decreased UDP-galactose levels, and the dysregulation of other
glycosyltransferases, could have a significant role to play in systemic
glycosylation defects. Severe galactose intoxication during the neonatal
stage results in gross assembly defects in patients [8,12–15,59], which
supports our findings here of a susceptibility of the assembly stage of
glycosylation during exposure to galactose.

The abnormal expression of ALG9 gene, and potential defects in
protein level and localisation in cells, may be a marker for individuals
at risk of aberrant glycosylation during increased galactose intake. The
variation in the protein expression of ALG9 in the two GHDF cell-lines
suggests that ALG9 expression may be susceptible to increased galac-
tose exposure in some affected Galactosaemia individuals. The
interaction of ALG9 with ALG12 is required for the ultimate formation
of the disaccharide glycan, which influences downstream processing
of glycans, indicating a potential regulatory role for ALG9 in glycosyla-
tion [60]. Our date suggest that ALG9 may also influence the N-glycan
processing defects observed in Galactosaemia.

Also of interest is the observation that the ALG9 andANXA1 proteins
in untreated cells show differences in cellular localisation between
NHDF and GHDF cells; suggesting fundamental dysregulation in
Galactosaemia, independent of the effects of acute galactose toxicity.

As over half of all known eukaryotic proteins are N-glycosylated
[61], the dysregulation of the glycosylation pathways observed in
Galactosaemia likely predicts abnormalities in many gene pathways.

This study presents novel findings demonstrating the dysregulation
of the glycosylation and inflammatory pathways at a gene and protein
level in Galactosaemia; suggestive of their importance in the enigmatic
pathophysiology of this condition. While clearly further studies are
required to fully elucidate the exact interplay of gene expression and
metabolic factors at play, further extended population gene validation
analysis may lead to the discovery of biomarkers for monitoring
patients and the development of novel therapeutics.
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