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Unravelling the mechanism of action of enzyme
replacement therapy in Fabry disease

Younhee Ko1, CheolHo Lee1, Myeong Hee Moon2, Geu-Ru Hong3, Chong-Kun Cheon4 and Jin-Sung Lee1

Fabry disease (FD) is a rare X-linked recessive glycosphingolipid-storage disorder caused by deficient activity of the lysosomal

enzyme alpha-galactosidase A. Intravenous enzyme replacement therapy (ERT) has been used to supplement deficient enzyme

activity in patients with FD. Despite its clinical effect and manifestations, clear criteria for the clinical effectiveness and

cost-effectiveness of ERT have not been well established. In this study, we investigated the pharmacodynamic actions and

short-term effects of ERT in patients with FD through direct molecular profiling from blood samples of patients before and after

ERT. Based on this comparison, we observed that immune/inflammation-related pathways and growth factor-related pathways

such as innate/adaptive immune pathway, lymphocyte proliferation and leukocyte proliferation were actively regulated under

ERT. We also found that TINAGL1, DAAM2, CDK5R1 and MYO5B known to be related with clinical symptoms of FD showed

increased levels after ERT, leading to the amelioration of clinical manifestations. Especially the catabolic process-related genes,

including USP15 and ERUN1, showed direct increasing after ERT in vivo in male patients. These results suggest that male

patients with FD respond more actively to ERT than do female patients with FD. Pathway analysis revealed that oxidative

phosphorylation pathway-related genes are downregulated under ERT. ERT has a role to protect the proteins from oxidative

damage and such deactivation of oxidative phosphorylation is one of direct pharmacodynamic actions of ERT. These results

extended our understanding of the pathophysiology of ERT. To our knowledge, this is the first study to observe the molecular

basis for the mechanism of ERT in vivo through the comprehensive comparison of transcriptome study with next-generation

sequencing data.
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INTRODUCTION

Fabry disease (FD) is an X-linked recessive lysosomal storage disorder
caused by deficient activity of alpha-galactosidase A (GAL-A,
E.C. 3.2.1.22), which results in the intralysosomal accumulation of
glycosphingolipids in the body.1 The initial symptoms, including
acroparesthesia and pain with fever in childhood, make the timely
diagnosis of FD difficult. Intravenous enzyme replacement therapy
(ERT) has been used in patients with FD to supplement the deficient
enzyme, but clear criteria for the clinical effectiveness and cost-
effectiveness of ERT in symptomatic patients have not yet been
established, despite the high annual costs associated with therapy for
lysosomal diseases.2,3

Although there have been numerous studies to investigate the
efficacy of ERT on multiple organ systems,4–13 most of the studies
were focused on the long-term clinical effects of ERT based on
quantifiable clinical measurements such as measurements of pain,
renal, cardiac and cerebral outcomes and health-related quality of
life.14–18 Although ERT ameliorates many of the manifestations of FD
and leads to dramatically improved quality of life for many patients,

little is known about the pharmacodynamics of action or the pathway-
level mechanisms during the course of ERT in patients. Recently, some
studies reported the presence of antibodies against ERT in 70–100% of
patients,19–22 but there are few studies regarding the effectiveness or
clinical impact of antibodies for the therapy.19–21,23

Until now, no direct comparison of in vivo molecular profiles
before and after ERT has been performed, and the in vivo properties of
ERT remain unclear. Therefore, we need to understand the molecular
basis for the mechanism of action of ERT. Here we first investigated
the short-term effects of ERT through a direct comparison of
molecular perturbation patterns among Korean patients with FD.
To our knowledge, this is the first study reporting the molecular
basis for the mechanism of ERT at the molecular pathway level
using a transcriptome study. The advent of rapid sequencing
technologies has allowed for detailed profiling of gene-expression
levels with reduced costs, and sequence-based expression analysis is
now increasingly being adopted for clinical use.24,25 We applied
RNA-seq to identify the differentially expressed genes (DEGs) and
the molecular pathways directly responding to ERT. We found that
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immune/inflammation-related genes are significantly upregulated after
ERT, while the genes associated with oxidative phosphorylation are
downregulated under ERT. The consideration of gender revealed that
male patients with FD were more actively responsive than female
patients to ERT.

MATERIALS AND METHODS

Ethics approval
The study was approved by the institutional review board of the Severance
Hospital (No. 4-2014-0787) of Yonsei University. Written informed consent
was obtained from the patients (420 years) or the parents of child patients
before the study began.

Human patient samples
Prospective data were collected from six patients with FD (two male patients
with classical phenotypes and four symptomatic female carriers) who had been
receiving ERT. The patients were aged between 17 and 35 years. The patients
were receiving ERT with Agalsidase beta (Fabrazyme, Genzyme Corporation,
Cambridge, MA, USA), which was intravenously infused at a dose of 1mg kg− 1

per 2 weeks. Blood samples (3ml) were obtained immediately before and after
ERT for the transcriptome study to observe the molecular-level changes. RNAs
were extracted from the blood samples. For a fair comparison, the patients were
guided not to drink or eat any kinds of food or water after ERT to prevent the
perturbation of molecular signals owing to the ingestion process.

Illumina strand-specific RNA sequencing
After extracting the total RNA from the samples, mRNA was isolated using
oligo-dT magnetic beads from 1 μg total RNA. Isolated RNA was fragmented
into pieces about 200 nucleotides long and purified for cDNA synthesis. Then
sequencing adaptors were ligated to the fragments, and size selection of the
adaptor-ligated cDNA was performed using Agencourt AMPure XP (Beckman
Coulter, Brea, CA, USA) Beads. These fragments were purified and PCR-
amplified to construct the sequencing library. The primary sequencing reads
were subjected to quality control. Sequencing was performed on an Illumina
MiSeq instrument (Illumina, Inc., San Diego, CA, USA).

Data analysis and statistical modeling
All primary analysis of sequence data was performed with Bowtie226 and
TopHat27 packages. Bowtie2 is an ultrafast and memory-efficient tool for
aligning sequencing reads to long reference sequences. TopHat is a specially
designed tool for fast splice-junction mapping of RNA-seq reads. It also
analyzes the mapping results to identify splice junctions between exons. In our
study, raw FASTQ files were generated using a MiSeq machine from Illumina,
and sequence reads were mapped to the UCSC hg19 reference genome using
Botwie2 and TopHat. Once the sequence reads were successfully mapped to the
reference genome, the htSeq program, which contains powerful options for
analyzing high-throughput sequencing data, was used to count the reads
mapped to each gene. It counts reads that overlap with any exon for the given
gene, counting the untranslated region as part of the first exon. Once the count
of the reads for each gene was finished, the tags with very low counts were
filtered out in order to prevent the intervention of weakly expressed tags. We
kept the tags expressed in at least two of the samples. Then a normalization
process was applied to account for the differences in the number of reads
produced in different sequencing runs as well as technical biases caused by
the library preparation protocols, sequencing platforms and nucleotide
compositions.28 The edgeR29 package was used for differential gene-
expression analysis. To address the overdispersion problem, which is caused
by the assumption of a Poisson distribution where the mean is equal to the
variance, edgeR assumes a negative binomial distribution, where the relation
between the variance υ and mean μ is defined as υs= μ+αμ2. Using the negative
bionomical assumption, we estimated the coefficient of variance for each gene.
Then a generalized linear model was applied for the statistical comparison of
gene expression before and after ERT. First, we tested the ERT effect in a paired
design under the additive model by estimating the baseline differences among
patients, which would be subtracted out. DEGs under ERT were identified by

comparing the expression profiles before and after ERT. Then gender was
considered in order to identify DEGs under ERT, which would be a critical
factor owing to the characteristics of FD. Because FD is X-linked, males and
females can both have symptoms, but males are usually more severely affected
than females. Hence, we expect that there might be differences in the
responsiveness and effectiveness of ERT depending on the degree of clinical
manifestations. Indeed, we observed distinct differences in gene-expression
patterns under ERT between female and male patients.

RESULTS

Analysis of DEGs associated with ERT
First, we identified DEGs responding to ERT. There were about 30
DEGs, with significantly (P-valueo0.05) perturbed expression under
ERT. Because ERT for patients with FD only involves the replacement
of the deficient enzyme, we would not expect dramatic changes,
including serious side effects in the body owing to the intravenous
infusion of recombinant enzyme. However, there would be clear
molecular responsiveness associated with ERT. Indeed, the DEGs
responding to ERT were enriched for immune-related pathways such
as lymphocyte proliferation and leukocyte proliferation. The infusion
of recombinant enzyme would trigger immune reactions, leading to
subtle molecular-level changes in the body. However, there is no
confirmed association between the immune responses associated with
antibodies and the clinical effectiveness. Such initial immune response
is natural and causes only minor effects; there is a small fraction of
genes responding to ERT. To further elucidate the biological differ-
ences between normal physiological and pharmacological conditions,
the profiles of pre-ERT and post-ERT conditions were compared
(Figure 1a). The RNA-seq data demonstrated minor differences after
ERT, which is also consistent with the results in Figure 1d. Most of the
female patients revealed very minor gene-expression differences before
and after ERT, while most of the gene-expression levels stayed the
same (Figure 1a). However, changes of gene expression in the male
patients were much clearer; the regression line for the expression levels
before and after ERT shows that many of the genes were down-
regulated right after ERT (for example, GDY and SHM). Figure 1b
represents the scatter plot of gene-expression levels showing significant
differences before and after ERT in the male patients. Interestingly,
although the gene-expression levels generally tended to decrease
slightly (Figure 1a, bottom right), highly ranked, significantly changed
genes (2-fold (in red) and o0.5-fold (in blue)) showed upregulated
patterns after ERT (Figure 1b). Comparison of the gene-expression
levels with hierarchical clustering showed that male patients were
clearly distinguished from female patients based on the fold changes in
gene expression (Figure 1c), which is consistent with Figure 1e.

Gender-specific responsiveness to ERT
We performed a principal component analysis of all individual
samples to see the overall patterns of responding genes based on the
RNA-seq expression profiles (Figures 1d and e). For fair comparison,
we excluded the genes in sex chromosome. Figure 1d shows no clear
distinction between pre-ERT and post-ERT conditions at the
molecular level. However, it is interesting to note that male patients
revealed much more active gene-expression changes associated with
ERT than did female patients (Figure 1e). These data suggest that
gender would be a critical factor to identify the molecular signals
associated with ERT. Thus we identified DEGs responding to ERT
under the consideration of gender. As we see in Figure 1, there were
more DEGs in the male patients than in the female patients
(167 DEGs in male patients, 37 DEGs in female patients;
P-valueo0.05), which indicates the occurrence of an active response
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Figure 1 Comparison of biological differences before and after ERT (two male patients and four female patients, two samples (precondition/postcondition) per
patient). Each sample was obtained before and after ERT from each patient. (a) Scatter plots between normal physiological (pre) conditions and
pharmacological (post) conditions. HKS, KYM, KWK and PYM represent female patients, and GDY and SHM represent male patients. (b) Scatter plots of
gene-expression levels (FPKM) showing significant differences between precondition and postcondition in a male patient. The genes having 42-fold (in red)
and o0.5-fold (in blue) differences are plotted. (c) Hierarchical clustering of six Fabry patients based on log fold change ratio. Male patients were clearly
distinguished from female patients based on their expression perturbation patterns. (d) Twelve samples including pre-ERT and post-ERT conditions. (e) The
same samples annotated only by gender. The samples from male patients reveal more clear differences between pre-ERT and post-ERT conditions (light
green vs deep green). A full color version of this figure is available at the Journal of Human Genetics journal online.
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to ERT in the male patients at the molecular level. Because Fabry
disorder is X-linked, male patients usually experience much more
progressive and severer multi-organ damages, while there are con-
siderable variations in the clinical manifestations in female carriers.
Therefore, the active responses in the male patients might be related to
severe clinical manifestations or damages. Pathway-enrichment analy-
sis was performed to identify overrepresented or under-represented
gene ontology terms in the course of ERT using the DAVID
program,30 which provides comprehensive functional annotations to
understand biological mechanisms associated with DEGs. From the
above results, we found that ‘proteolysis involved in cellular protein
catabolic process (P-valueo1.4 ×E-02)’, ‘cellular protein catabolic
process (P-valueo1.4×E-02)’, ‘enzyme-linked receptor protein sig-
naling pathway (P-valueo4.3×E-04)’ and ‘regulation of glucokinase
activity (P-valueo2.2 ×E-02)’ were identified as the most highly
enriched pathways.
To better understand the pattern of enriched pathways responding

to ERT, the expression profiles of genes associated with protein
catabolic processes were plotted in Figure 2. As shown in Figure 2a, all
genes associated with two protein catabolism-related pathways (‘pro-
teolysis involved in cellular protein catabolic process’ and ‘cellular
protein catabolic process’) were highly upregulated right after ERT in
the male patients. However, in the female patients (Figure 2b), the
genes associated with those pathways were more likely randomly
perturbed or downregulated right after ERT. Thus we could observe
that male patients responded more actively to ERT by stimulating the

protein catabolic pathway-related genes. Meanwhile, the ‘regulation of
cell cycle’ pathway-related genes were enriched (P-valueo3.0 ×E-02)
in the female patients, although the significance was not critical.

Pathway analysis with GSEA (Gene Set Enrichment Analysis)
In order to understand the molecular basis associated with ERT in FD,
we performed GSEA analysis. GSEA31 is a computational method that
determines the statistical significance of predefined genes (for example,
biological pathways) related with two biological states. Figure 3
represents the upregulated and downregulated pathways responding
to ERT. First of all, immune-related pathways (for example, innate/
adaptive pathway, interleukin 2 (IL2)-related pathway, T-cell receptor
pathway and so on) were identified as highly upregulated pathways.
Such enrichment of immune reaction was very natural owing to
injection of enzyme. Growth factor-related pathways, especially
associated with a cell proliferation, such as EGF_pathway and
PDFG_pathway were also activated after ERT, and inflammatory-
related pathways were also detected as activated pathways. Recent
study32 showed that globotriaosylceramide is correlated with inflam-
mation in Fabry patients treated with ERT. Furthermore, interestingly,
we identified an oxidative phosphorylation pathway as a down-
regulated one after ERT. As oxidative damage is usually increased in
patients with FD and ERT has a role to protect from the protein
oxidative damage,32 such a deactivation of oxidative phosphorylation
was very critical process indeed for treatment.

Figure 2 Expression patterns of genes associated with the top two highly enriched pathways: ‘proteolysis involved in cellular protein catabolic process’ and
‘cellular protein catabolic process’. (a) Expression profiles of genes belonging to the above two pathways in male patients. (b) Expression profiles of the same
genes in female patients. A full color version of this figure is available at the Journal of Human Genetics journal online.
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Network analyses of DEGs in male patients
We investigated the functional similarity of the DEGs through a
network analysis, which might reveal hidden regulatory relationships.
In this study, we used HumanNet,33 which is a probabilistic functional
gene network constructed by a modified Bayesian integration of
various types of genomic data from multiple organisms. It covers
about 87% of the protein-coding genes in humans. Figure 4 represents
the functional connections of the DEGs in the male patients. As we
can see in Figure 4, most of the significant DEGs are directly or
indirectly connected with the overall upregulation patterns, which
reveal the functional connections among the DEGs. Such functional
modules associated with DEGs demonstrate that those DEGs are not
just randomly expressed but are more likely perturbed under
functionally common biological mechanisms. For example, even
though two significantly upregulated genes such as CDK5R1 and
TINAG1 (Module 2) are not directly connected to each other, they
share many common genes in the functional network, which leads to
the overall upregulation patterns, including the immediate immune
reaction under ERT. The module composed of ERLIN1 (Module 3)
and its neighborhoods was functionally enriched for ‘AMP bio-
synthetic process’ (P-valueo2.4×E-3) and ‘AMP metabolic process’
(P-valueo4.1 ×E-3). Figure 4 show the module annotations
(Modules 1, 2 and 3) and corresponding enriched gene ontology
terms associated with these modules. Interestingly, each of those
modules represents ERT response-related pathways. The functionally
connected genes in Module 1 are mostly related to antibody
response-related pathways, which supports our observation of the
occurrence of antibodies in the male patients. Similarly, Modules 2
and 3 show the enrichment of cell cycle regulation- and immune-
related pathways. In the next section, we further investigate the
significant DEGs in detail and show that they are closely related to
known clinical manifestations of FD.

Analysis of DEGs in male patients with FD
The up-regulated genes, such as IL18R1 and IL1R1 on chromosome 2,
form a gene cluster, and they are known to be associated with various
clinical features of FD, including pyogenic arthritis, pyoderma gang-
renosum and acne (Table 1). ER lipid raft associated 1 (ERLIN1) is
also identified as one of the upregulated DEGs after ERT in the male
patients. It is a component of the ENLIN1/ERLIN2 complex, which
mediates the endoplasmic reticulum-associated degradation of inositol
1, 4, 5-trisphosphate receptors. In FD, the degradation of mutant
lysosomal alpha-galactosidase was demonstrated to occur within the
endoplasmic reticulum-associated degradation as a result of the
misfolding of mutant proteins.34 Such upregulation of ERLIN1 in
male patients with FD would be closely related to the degradation
process of alpha-galactosidase A. In addition, DAAM2, which helps to
alleviate the retinitis-related symptoms in male patients, also showed
very high fold changes in its perturbation patterns after ERT. Analysis
of the DEGs revealed that most of the genes are functionally related to
clinical symptoms of FD in male patients, and such molecular-level
changes due to ERT are well explained by the active relief of symptoms
in male patients. Such clinical effectiveness of ERT in male patients
was also shown in several studies based on quantifiable clinical
parameters or manifestations such as measurements of pain, renal,
cardiac and cerebral outcomes and health-related quality of life.14–18,35

DISCUSSION

Male patients had more active responses to ERT, which were especially
related to protein catabolism-related pathways. We further investigated
the biological mechanism of the enrichment of protein catabolism-
related pathways in male patients with FD. Recent studies reported the
occurrence and effects of antibodies.19–22 The incidence of antibodies
toward the infused enzyme is commonly observed in male patients
with FD and is related to negative impacts on Gb3 reduction.20

Figure 3 Identified enriched pathways with GSEA (Gene Set Enrichment Analysis) (top) upregulated pathways and (bottom) downregulated pathways. A full
color version of this figure is available at the Journal of Human Genetics journal online.
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According to recent studies,4,19 antibody emergence occurs in more
than half of male patients with FD regardless of enzyme types, such as
Agalsidase alpha or beta, but not in any female patients. Because
female patients usually have residual enzyme activities owing to
X-chromosome inactivation, the infused enzyme is not recognized
as immunogenic. Therefore, male patients have a greater tendency to
be exposed to the antibodies than female patients. We observed that
male patients were more actively responsive to ERT than female
patients and protein catabolic process-related pathways were

significantly upregulated in male patients. This suggests that the
activation of protein catabolic processes in the male patients is closely
related to the incidence of antibodies after ERT. We will further
investigate the direct connection between them in the future. In
summary, our study shows the molecular-level perturbation caused
by ERT in patients with FD. To our knowledge, this is the first study
to observe the short-term effectiveness of ERT through the compre-
hensive comparison of transcriptome data with next-generation
sequencing data. In this study, we could only collect six samples from

Figure 4 Functionally connected DEGs in HumanNet in male patients (P-valueo0.01): Overview of functional networks around the differentially expressed
genes. The connected genes in HumanNet are marked as modules (Module1: red circle, Module 2: blue circle, Module 3: functionally connected gene set in
the center). The enriched biological pathways for each module are also listed. Note that node size represents the significance of differential expression
(∝ reverse of P-value), and the bigger the node size, the more differentially expressed the gene. The border color represents the upregulated/downregulated
pattern. The light green color demonstrates the genes with an upregulated pattern after ERT, and the black color represents the genes with a downregulated
pattern after ERT. The deeper the color, the larger the fold change log ratio. The nodes with red color represent differentially expressed genes under ERT
(seed genes) while the nodes with cyan color represent the genes that are directly connected with the seed genes even though they were not differentially
expressed in this experiment. A full color version of this figure is available at the Journal of Human Genetics journal online.

Table 1 Description of differentially expressed genes associated with ERT in male patients

Gene symbol Chromosome Log-fold change Description Associated symptoms or diseases

IL4I1 19 −2.1382 Interleukin 4 induced 1 Perinephritis

IL18R1 2 2.347295 Interleukin 18 receptor 1 Immune responses

TINAGL1 1 2.36866 Tubulointerstitial nephritis antigen-like 1 Tubulointerstitial nephritis

DAAM2 6 4.616617 Dishevelled-associated activator of

morphogenesis 2

Retinitis

CDK5R1 17 1.749653 Cyclin-dependent kinase 5, regulatory

subunit 1 (p35)

Tauopathy

MYO5B 18 3.830631 Myosin VB Microvillous inclusion disease

ERLIN1 10 1.49804 ER lipid raft associated 1 Autosomal recessive spastic paraplegia type 62

IL1R1 2 1.66205 Interleukin 1 receptor, type1 Immune and inflammatory responses, pyogenic arthritis, pyoderma

gangrenosum and acne and Schnitzler syndrome
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patients with FD owing to the rareness of the disease; a limitation of
the study was the relatively small sample size, thus we are planning to
collect more samples in future to further explain more detailed
pharmacodynamics of ERT. We note that FD usually affect endothelial
cells, cardiomyocytes, podocytes and and so on; however, these cells
are very hard to be efficiently isolated in large numbers with high
purity. Thus this study was carried out by comparing the molecular
profiles before and after ERT in blood cells. We hope that these
limitations can be addressed in future research studies.
In conclusion, we investigated the mechanism of action of ERT

based on molecular-level perturbations in Korean patients with FD
through a transcriptome study. Our molecular pathway-level study
reveals that male patients are more actively responsive to ERT
than female patients in the short term. Protein catabolism-related
pathways and inflammation/immune-related pathways are especially
upregulated right after the course of ERT in male patients, which
explains the emergence of antibodies owing to the infused enzymes
while oxidative phosphorylation pathway is identified as a down-
regulated one owing to the role of ERT to protect the protein oxidative
damage. Our study provides valuable information for understanding
the direct molecular-level response to ERT and further clarifying the
optimal care for patients with FD.
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