Lo L

P

1\

BN AN PNAS D

Genomic abnormalities of the murine model of Fabry
disease after disease-related perturbation, a systems

biology approach

David F. Moore*, Monique P. Gelderman®, Paulo A. Ferreira*$, Steven R. Fuhrmann?, Haiqing Yi*, Abdel Elkahlounl,
Lisa M. Lix**, Roscoe O. Brady'**, Raphael Schiffmann'***, and Ehud Goldin'*

*Section of Neurology, **Department of Community Health Sciences, University of Manitoba, Winnipeg, MB, Canada R3T 2N2; fLaboratory of Cellular
Hematology, Center for Biologics Evaluation and Research, Food and Drug Administration, Rockville, MD 20857; TIOMAI Corporation, Gaithersburg, MD
20878; Departments of *Ophthalmology and SMolecular Genetics and Microbiology, Duke University Medical Center, Durham, NC 27710; INational
Institute of Neurological Disorders and Strokes, Micro-Array Core Facility, Bethesda, MD 20892; and "'Developmental and Metabolic Neurology

Branch, National Institute of Neurological Disorders and Strokes/National Institutes of Health, Bethesda, MD 20892

Contributed by Roscoe O. Brady, March 20, 2007 (sent for review February 26, 2007)

Fabry disease is a disorder of a-p-galactosyl-containing glycolipids
resulting from a deficiency of a-galactosidase A. Patients have a
poorly understood vascular dysregulation. We hypothesized that
disease-related perturbation by using enzyme replacement ther-
apy in the murine model of Fabry disease would provide insight
into abnormal biological processes in Fabry disease. Gene expres-
sion analyses of the heart, aorta, and liver of male a-galactosidase
A knockout mice 28 weeks of age were compared with that of WT
mice. Microarray analyses were performed before and after six
weekly injections of a-galactosidase A. Alteration of Rpgrip1
ranked highest statistically in all three organs when knockout mice
were compared with WT, and its splice variants responded in a
unique way to a-galactosidase A. Enzyme replacement therapy
tended to not only normalize gene expression, e.g., reduce the
overexpression of securin, but also specifically modified gene
expression in each tissue examined. Following multiple compari-
son analysis, gene expression correlation graphs were constructed,
and a priori hypotheses were examined by using structural equa-
tion modeling. This systems biology approach demonstrated mul-
tiple and complex parallel cellular abnormalities in Fabry disease.
These abnormalities form the basis for informed, in a Bayesian
sense, sequential, hypothesis-driven research that can be subse-
quently tested experimentally.

glycolipids | growth factor | lysosomal | reactive oxygen species

F abry disease is an X-linked metabolic disorder due to deficiency
of the lysosomal enzyme a-galactosidase A, resulting in reduced
and altered catabolism of «-D-galactosyl-containing compounds
(1). Glycosphingolipids, particularly globotriaosylceramide (Gbs),
accumulate in endothelial cells and other tissues (2—4). It is thought
that the deposition of such lipids contributes directly to endothelial
dysfunction. The precise relationship between abnormal sphingo-
lipid metabolism and impaired endothelial function is not clear (95).
Most of the burden of disease results from a vasculopathy associ-
ated with progressive damage of the heart and kidney as well as
cerebrovascular strokes. Evidence suggests that the vasculopathy of
Fabry disease has significant functional components and is not
merely an obstructive vasculopathy. The vasculopathy may result
from an impairment of the nitric oxide (NO) pathway probably due
to excess superoxide production, peroxynitrite, and other reactive
nitrogen species capable of causing oxidative damage. Abnormal-
ities of this nature are present in the cerebral circulation and dermal
vasculature of patients with Fabry disease (6).

One consequence of NO pathway dysregulation may be cerebral
hyperperfusion resulting in altered vascular reactivity and elonga-
tion of cerebral blood vessels predominantly in the vertebrobasilar
circulation (5). Evidence for excess formation of superoxide or
reactive oxygen species (ROS) was provided recently by a magnetic
resonance imaging and arterial spin labeling study (7). Elevated
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vascular ROS formation, together with increased myeloperoxidase,
has been associated with accelerated atherosclerosis (7). The
abnormalities in cerebral blood flow, including cerebral hyperper-
fusion and delayed vascular reactivity to acetazolamide, were
reversed by enzyme replacement therapy (ERT) (7-9). Vascular
NO dysregulation, increased nitrotyrosine staining, and accelerated
atherosclerosis were recently confirmed in the murine model of
Fabry disease (10).

The murine model of Fabry disease developed at the National
Institutes of Health has been well characterized. Histological evi-
dence suggests many similarities with human Fabry disease, al-
though some discordance is present (4, 11-13). One significant
advantage of the murine model is the ability to investigate Fabry
tissues such as the aorta and heart, which are generally inaccessible
in clinical studies. Gene expression analysis using microarrays
allows a near complete description of biological processes within a
tissue. We performed gene expression analysis on the heart and
aorta of the knockout (KO) model of Fabry disease. The liver was
also examined as a tissue that is not critically involved in Fabry
disease. The goal of the current work was to develop a systems
biology approach to Fabry disease by using ERT with agalsidase-a
as a disease-related perturbation, allowing mapping of the signifi-
cantly associated gene pathways suitable for development of
hypothesis-driven research.

Results

Gene-wise comparison using a robust general linear model estima-
tion of the aorta, heart, and liver was performed for the following
states: untreated Fabry mice, Fabry mice that received ERT
(Fabry-ERT), and wild-type (WT) mice. These findings are pre-
sented and tabulated in supporting information (SI) Tables 1-9.
Results for Holm correction [family-wise error (FWE) correction]
are presented before results for a false discovery rate (FDR)
multiple comparison correction. For aortic tissue, contrasts be-

Author contributions: D.F.M., M.P.G., R.O.B., and E.G. designed research; D.F.M., M.P.G.,
S.R.F.,, H.Y.,, P.AF., A.E., and E.G. performed research; S.R.F., H.Y., P.A.F., and A.E. contrib-
uted new reagents/analytic tools; D.F.M., H.Y., P.A.F., LM.L., R.S., and E.G. analyzed data;
and D.F.M., M.P.G., P.AF,, LM.L, R.O.B.,, R.S., and E.G. wrote the paper.

The authors declare no conflict of interest.
Freely available online through the PNAS open access option.

Abbreviations: AGFI, adjusted goodness-of-fit index; BIC, Bayesian information criterion;
CFA, confirmatory factor analysis; Cl, confidence intervals; ERT, enzyme replacement
therapy; FDR, false discovery rate; FWE, family-wise error; GFl, goodness-of-fit index; KO,
knockout; MCC, multiple comparison correction; ML, maximum likelihood; MLE, maximum
likelihood estimator; NFI, normed fit index; RMSEA, root mean square error of approxi-
mation; ROS, reactive oxygen species; SEM, structural equation modeling.

#*To whom correspondence may be addressed. E-mail: rb57v@nih.gov or rsd4e@nih.gov.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0701991104/DC1.

© 2007 by The National Academy of Sciences of the USA

PNAS | May 8, 2007 | vol. 104 | no.19 | 8065-8070

wv
w
)
2
w
v
wv
-
<
g
=
w
=



http://www.pnas.org/cgi/content/full/0701991104/DC1
http://www.pnas.org/cgi/content/full/0701991104/DC1
http://www.pnas.org/cgi/content/full/0701991104/DC1

Lo L

P

1\

=y

15 1514150 at
2< i" z>;4xsw;fac

6<
7 1415850 _at
8<

3 1415850 at

9<

29
10< 27}

11 1415950_a_at 950_a_at
1 62”at

12 1416021 a at
13 1416022”at
<

l4<
15< 03|
16<1416588]
17< 1121
18< 25|
19< 10|
20<14165%
21<1416088 at
22< 31" 22>141633 a_at
23<
24<
25<
26 1416326_at
27< <
28<14168 A at
29<1416081 1
| 27>1416414_at
28>1416420_a_at
29>1416424_at
30>1416446_at
31>1416453 x_at
| 32>1416498_at
| 33>1416514_a_at
30 1416592_at 34 1416592 at
31 1416593 at 35 1416593 at
32< ] 36>141660 at
33< 12) 37>14166€l at
3e<i41600] 38>1416] at

39>1416647_at
40>1416675_s_at
41>1416719_a_at

Fig. 1. Genesthat are specifically modified by ERT. Comparative list of genes
significantly expressed in the aorta of Fabry-ERT mouse vs. WT (Left) and Fabry
vs. WT (Right). Genes in both lists have a white background, and unique genes
for either list are in color.

tween Fabry-ERT and Fabry after FWE correction gave 10 sig-
nificant differentially expressed genes, Fabry-ERT vs. WT gave 65
significant differentially expressed genes, and Fabry and WT gave
30 significant differentially expressed genes. FDR correction gave
aortic Fabry-ERT and Fabry (n = 180), Fabry-ERT and WT (n =
751), and Fabry and WT (n = 551) significant differentially
expressed genes. SI Fig. 5 is a heat plot illustrating the significant
differential gene expression of Fabry aortic tissue with and without
ERT. The red areas indicate up-regulation of gene expression, and
the green areas indicate down-regulation. ERT caused a predom-
inantly up-regulatory response in aortic tissue gene expression. For
cardiac tissue, contrasts between Fabry-ERT and Fabry after FWE
correction revealed seven significant differentially expressed genes,
contrasts between Fabry-ERT and WT showed 52 significant
differentially expressed genes, and contrasts between Fabry and
WT gave 69 significant differentially expressed genes. FDR cor-
rection comparing cardiac Fabry-ERT and Fabry showed 129
differentially expressed genes, 386 genes between Fabry-ERT and
WT, and 334 genes between Fabry and WT. For liver tissue,
contrasts between Fabry-ERT and Fabry after FWE correction
gave 11 significant differentially expressed genes, Fabry-ERT and
WT gave 41 significant differentially expressed genes, and Fabry
and WT revealed 31 significant differentially expressed genes. FDR
correction for the liver between Fabry-ERT and Fabry gave 41
differentially expressed genes, Fabry-ERT and WT 401 differen-
tially expressed genes, and Fabry and WT 186 differentially ex-
pressed genes. Upon comparison of the significant differentially
expressed genes between not only the Fabry vs. WT, but also the
Fabry-ERT vs. WT, we found 61 shared genes in the aorta (Fig. 1),
139 genes in the heart, and 85 genes in the liver. ERT did not
completely normalize the gene expression profile; in fact, it actually
induced novel sets of genes in each tissue examined.

To address the question of the biological relevance of these
changes, we used two approaches. The first is a more traditional
approach that searches for similarities and differences in the gene
listings representing changes between the genes ranked by their
statistical P value. The second was a systems biology approach
looking for networks of genes in specific pathways that change
expression due to Fabry disease and, more specifically, disease-
related perturbations in tissues following ERT.

The first approach highlights the similarities between the aorta
and heart lists, probably representing similar embryological origins
of these tissues, whereas the liver list is different. In general, several
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Fig.2. Western blotfor RPGRIP1yin liver tissue. In Fabry mice, the expression
of an immunoreactive RPGRIP1+y-related isoform is suppressed, whereas upon
ERT its expression is induced again (arrow). Conversely, another RPGRIP1y-
related isoform seems to be suppressed upon treatment only (dashed arrow).

genes, including Rpgripl, Pugl, Capl, Syndecan 4, and Comt 1,
appeared in all three tissues. The majority of genes in nontreated
Fabry KO mice expression lists also occurred in agalsidase-a-
treated KO gene expression lists (=80%). In this regard, the gene
expression lists comparing ERT-treated and nontreated Fabry KO
mice are less informative probably due to the partial treatment
effect of ERT. Pttgl (securin) and syndecan 4 appear in the liver
(Fabry-ERT contrasting with untreated Fabry mice), but not in a
statistically significant manner. In general, despite the reduction in
storage material observed in Fabry tissue after ERT, the mouse
array experiment reveals at best a trend toward partial restoration
of normal tissue function.

Rpgrip1 Gene Expression in the Fabry KO Mouse. The expression of
Rpgripl ranked at the top of all mutant lists in the three tissues
tested regardless of treatment (see SI Tables 1, 3, 4, 6, 7, and 9). This
gene is known to generate multiple splice variants and protein
isoforms that are differentially expressed in various tissues and
subcellular compartments in the mouse and human (14-16). In
addition, some isoforms of Rpgripl undergo limited proteolytic
processing (17). The Affymetrix (Santa Clara, CA) mouse gene
expression chip contains four different probes for the RpgripI gene,
but only one (1421144 _at) is significantly overexpressed in the
Fabry mouse. This probe corresponds to the terminal 3’ region of
mRNA for Rpgripl. We tested the expression of the protein in tissue
from WT, Fabry, and agalsidase-a-treated Fabry mice. A novel
25-kDa Rpgrip1 isoform, or a limited proteolytic product thereof,
was missing in the liver of nontreated Fabry mice. This form
appeared to be partially restored in tissue from Fabry-ERT mice,
whereas another isoform of ~35 kDa was repressed only in
Fabry-ERT mice (Fig. 2). The apparent discrepancy between
mRNA and protein expression may be explained by assuming an
inhibitory role of the overexpressed form on other variants of the
gene either at the mRNA or protein level.

Securin (Pttg1) Epression in the Fabry KO Mouse. As indicated in the
gene list, the gene for securin was among the most highly overex-
pressed in the Fabry KO mouse. The expression of securin protein
was also tested in Fabry mice. The level of protein expression was
increased dramatically in both the heart (10-fold) and liver (16.8-
fold), consistent with the microarray results. Interestingly, the level
of expression decreased in both tissues with agalsidase-« treatment
to 4.4- and 5.3-fold, respectively. These results indicate that, in this
case, determining protein expression may offer a better marker to
evaluate the ability of ERT to alleviate the burden of the disease in
treated animals than measuring mRNA expression.

Structural Equation Modeling (SEM). To develop SEM, assumptions
of data normality, with an emphasis on kurtosis (18) of differential
gene expression, were examined in the case of the FDR-corrected,
ERT-treated aortic tissue, compared with nontreated Fabry KO
aortic tissue. SI Fig. 64 is a histogram plot of the data set with a
skew calculated at 0.43 and a kurtosis of 2.9. By D’ Agostino skew
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Fig. 3. SEM analysis of superoxide dismutase in aorta of Fabry mice that
received ERT. (A) Graphical Gaussian model of Sod3-related gene expression
in aortic tissue of the Fabry KO mouse after disease-related perturbation with
agalsidase-a. (B) Path diagram of simplified Sod3 model based on the graph-
ical Gaussian network illustrated in A (y2 = 4.7, df = 5, P = 0.44).

test (skew = 0.43,Z = 5.2, P = 1.759¢-07), the data are significantly
skewed. By Anscombe—Glynn test for kurtosis, the data are not
abnormally kurtotic (kurtosis = 2.9, Z = —0.66, P = 0.5; in an
alternative hypothesis, kurtosis is not equal to 3). Despite the
significant right skew of the data, SI Fig. 6B shows the Mahalanobis
distance for the aortic ERT-Fabry vs. Fabry data set with relatively
few outliers. These indices indicate the acceptable normality and
kurtosis of the differential gene expression set used in path analysis
and SEM. It has been established that the maximum likelihood
estimator (MLE) properties are maintained for nonnormal data as
long as there is not excess multivariate kurtosis.

In the development of the subsequent systems biology models,
particular attention was paid to the effect of ERT on Fabry
vasculopathy by comparing the differential gene expression be-
tween the ERT-Fabry aortic tissue group and the nontreated Fabry
aortic tissue group. Complete correlation graphs derived for the
aortic tissue are shown in SI Fig. 7. Subsequent systems biology
approaches develop an SEM concentrating on the up-regulated
Sod3 gene following ERT because this is known to regulate vessel
wall ROS (19). Prior clinical investigation indicates the involvement
of ROS in Fabry vasculopathy (6, 7). This suggests that the model
is an effective realization of vessel wall ROS involvement and allows
the formation of a priori SEM related to the abnormal glycolipid
disorder in Fabry (glycolipidopathy) and ERT. The model was a
priori-derived from the correlation graph in Fig. 3a. An initial
simplified structural model seen in Fig. 3b was examined and fitted
by an MLE, giving a model fit of x> = 4.74, df = 5 (model
overidentified), Pr (>x?) = 0.45, null model x* = 11.21, df = 10,
goodness-of-fit index (GFI) = 0.88, adjusted goodness-of-fit index
(AGFI) = 0.65, Bentler-Bonnett normed fit index (NFI) = 0.58,
root mean-squared error of approximation (RMSEA) index = 0.0,
90% confidence intervals (CI): (0, 0.41), Bayesian information
criterion (BIC) = —7.68, with negative value signifying a fit superior
to saturated model. Although none of the parameters was statis-
tically significant, directionality (correlation graph value) was ap-
propriately preserved with standardized parameter values in the
small to medium effect range (small <0.1, medium 0.1-0.5). A
trend significance value was found between Usp9x and Fbxo33 (P =
0.09). The standardized residuals ranged from —0.83 to 0.56, with
small modification indices suggesting little utility in parameter refit
and relative variable independence. The model parameters were
used as initial values in confirmatory factor analysis (CFA), where
glycolipidopathy and subsequently ERT were independently fitted
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to the path model with MLE convergence, although the BIC was
reduced to 1.99 (glycolipidopathy) and —1.73 (ERT). These CFA
models were subsequently combined into a model with structural
and measurement components representing a hypothesized cellular
abnormality of Fabry vascular tissue with up-regulation of growth
factor genes such as Cbfa2t3h and Fbxo33, with ERT acting directly
on glycolipidopathy as a latent variable (see SI Fig. 8B). These paths
were chosen on the basis of the directed correlation in SI Fig. 84,
indicating that cellular growth dysregulation genes are up-regulated
in the untreated Fabry aortic tissue. Sod3 is included in the path
from the glycolipidopathy latent variable. The model was overi-
dentified with the following fit parameters: Model x> = 7.7, df =
3, Pr(>x?) = 0.053, GFI = 0.84, AGFI = 0.21, NFI = 0.31, RMSEA
index = 0.38, 90% CI: (0, 0.72), BIC = 0.203. This model was
trimmed (SI Fig. 8B) to achieve better global fit statistics by
removing paths with high standard residuals so that Sod3 had a path
to the ubiquitin genes Usp9x, Cbfa2t3h, and Fbxo33, whereas the
effect of the glycolipidopathy is restricted to Cbfa2t3h and Fbxo33,
with ERT acting as before directly on the glycolipidopathy latent
variable. The fit was improved by this more parsimonious model as
indicated by the global indices and the decrease in the BIC: Model
x> =7.6,df = 4Pr(>x?) = 0.10, GFI = 0.84, AGFI = 0.41, RMSEA
index = 0.29, 90% CI: (0, 0.59597), BIC = —2.28. The x* value
indicates that the model is acceptable, whereas the RMSEA is less
than optimal despite the effective reduction in BIC. The standard-
ized path coefficients for this model are as follows: p14 = 0.26, Sod3
— Fbxo33, p13 = —0.26, Sod3 — Cbfa2t3h, p12 = 0.37, Sod3 —
Usp9x, 1g3 = 0.27, glycolipidopathy — Cbfa2t3h, 1g4 = 0.62,
glycolipidopathy — Fbxo33, latentl = 0.1, ERT — glycolipidopa-
thy. SI Table 10 contains the unstandardized parameters and the
estimated parameter significance.

Nonuniqueness of SEM analysis is inherent in the technique. For
this reason, a more complex model was analyzed. It is seen that the
previously analyzed model is a subgraph of this more complex
model (Fig. 4b) based on the correlational graph in Fig. 4a. The
strategy previously adopted for the simplified model was developed,
in that the initial model was analyzed and used to provide param-
eter start values for the subsequent structural equation model:
Model x? = 8.9, df = 17, Pr(>x?) = 0.94, null model x> = 16.476,
df = 28, GFI = 0.88, AGFI = 0.74, NFI = 0.4604, RMSEA index =
0.0, 90% CI: (0, 0.047356), BIC = —33.356, normalized residuals
min. —9.47¢-01, 1st Qu. —5.35¢-02, median 0.00¢ + 00, mean
—1.83¢-02, 3rd Qu. 1.5%-16, max. 1.05e + 00. The complex model
containing both manifest and latent variables was formulated
analogously to the more simple model by allowing the glycolipi-
dopathy latent variable to have paths directly to cellular growth
factors, whereas the ERT effect is mediated through the glycolipi-
dopathy variable as before. The BIC is significantly decreased after
addition of the latent variables over the measurement model;
however, the global fit indices show a good overall model fit: Model
X2 = 3.15,df = 11, Pr(>x?) = 0.99, null model x> = 16.476, df =
28, GFI = 0.93, AGFI = 0.80, NFI = 0.806, RMSEA index = 0.0,
90% CI: (0, 0), BIC = —24.181, normalized residuals min.
—6.22¢-01 1st Qu. —4.22¢-02, median —1.12¢-07, mean 2.51e-02,
3rd Qu. 5.73e-02, max. 1.05¢ + 00. SI Tables 11 and 12 contain the
nonstandardized parameters and the estimated parameter signifi-
cance, together with the standardized parameters. It is noted that
the glycolipidopathy path parameter to Serpinfl and the Usp9x
path parameter to Serpinfl are statistically significant.

Discussion

In this investigation, we first attempted to validate the results of
the microarrays and demonstrate that the changes are valid at a
protein level. We then investigated the manner by which these
findings may help explain the pathogenesis of Fabry disease. The
present work determined significant differences among treated,
untreated Fabry mice, and WT mice. The exact number of gene
differences varied for the tissues examined (aorta, heart, and
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liver) and comprised both up- and down-regulated gene expres-
sion levels. It appeared that the predominant effect of the Fabry
phenotype was determined by excessive expression of regulatory
growth genes in a tissue-dependent manner. This is seen, for
example, in the SEM analysis with the association of Net 1 and
Cbfa2t3h in the Fabry KO mouse aortic tissue. ERT appeared
to induce the expression of counterregulatory and adaptive
genes. The extent of significant differential gene expression in
each tissue was determined by the application of MCC. Such
correction was an absolute requirement due to the large number
of highly correlated genes sampled simultaneously from single
independent murine specimens. Two types of corrections were
performed and recorded in the SI Tables 1-9: an FWE or Holm
correction that is a relatively stringent procedure compared with
the FDR technique. Both techniques are valid, but it is often
considered that the FWE correction is probably too stringent.

The evaluation of the protein expression of two of the most highly
ranked genes in all lists confirmed the changes in mRNA expres-
sion. The increase in expression of Rpgrip! throughout the tissues
studied boosts our confidence in the validity of the techniques used
in this study. It points to a significant pathology in the Fabry KO
mouse resulting in major alterations of gene expression to adapt to
the mutation. The apparent reduction in expression of one form of
the protein provides an example of how difficult it is to interpret
gene expression data. However, this change illustrates our general
finding that ERT specifically modulated a series of genes. Rpgrip1
was discovered in the retina (16), but multiple isoforms derived
from alternative splicing are found across tissues and/or with
tissue-selective expression (14, 16). RPGRIP1+yis unique among all
Rpgripl isoforms because it colocalizes to a subpopulation of
lysosomes in the retina and cell culture (16, 36), pointing to a
possible interaction of Rpgriplvy, a related isoform, or a processed
proteolytic product, with a-galactosidase A. Changes in Rpgripl
expression seem to be related to tissue growth factors, as is the trend
in many other genes that show up in the Fabry mouse. The change
in securin levels due to ERT may be used as a target to evaluate
treatment in Fabry disease. The obvious limit in evaluating this
information is the fact that there is no known association between
these genes and Fabry disease. Another approach based on what is
already known about Fabry disease may be more useful. Such an
approach can identify targets in genes that may have changed less
dramatically or in a more tissue-specific manner, but are more
relevant to understanding the pathophysiology of the disease.

For consideration of a systems biology approach where process
parallelism is implicit, the less stringent FDR approach is probably
preferable because it allows the potential weaker causal associations
to interact. We focused on the aortic tissue because of the signif-
icance of Fabry vasculopathy and evidence for an altered tissue NO
and superoxide regulation (7). Of particular interest was the effect
of ERT on the aortic tissue. For this reason, the 180 FDR-corrected
gene expression values were chosen as the basis for the subsequent
systems biology analysis, with a view to retaining tissue pathway
parallelism as much as possible while removing significant sources
of type I error.

A first step in the construction of potential gene expression
pathways was the calculation of correlation graphs between the
various gene nodes, followed again by multiple comparison correc-
tion (MCC) to prevent the construction of spurious paths. The
resultant sparse network of graphical Gaussian models contains a
series of biologically testable statistical hypotheses about the dif-
ferences between ERT-treated and untreated Fabry aortic tissue.
The derivation of the covariance matrix in a microarray context is
ill-posed. However, a satisfactory approach based on Bayesian
inference was adopted here, resulting in the reported sparse graph-
ical Gaussian networks (20). To test hypotheses about these cor-
relation graphs, we adopted an SEM approach focusing in partic-
ular on the adjacency graph of Sod3. Up-regulation of this gene
following ERT is significant as an a priori hypothesis about the
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mechanism of dysfunction in Fabry vasculopathy relating to dys-
regulation of the NO and superoxide pathways. The implication of
SEM for defining and testing causal networks depends on the
strength of the a priori conditions on which the SEM analysis is
based. What is apparent is the ability of SEM to handle parallel or
conjunctional primitive events in the overall observed causal effect,
such as relating interdependent gene expression values. This anal-
ysis allows the investigator to generate simplified and sequential
hypothesis-driven investigations from groups of causal primitives
while increasing understanding of a disease state at a systems
biology level. The relationship of SEM to causality has a formal
theoretical basis (21).

Sod3 is the known vascular extracellular isoform of superoxide
dismutase (SOD), with the major source of synthesis considered to
be smooth muscle cells. It is hypothesized that the major function
of Sod3 is to protect NO as it diffuses from the endothelium to its
major target, smooth muscle soluble guanylate cyclase, resulting in
arterial wall relaxation (19). The up-regulation of Sod3 following
ERT is likely an adaptive response to restoring vascular health in
the Fabry aorta. Other genes present in the Sod3 subgraph are
Cbfa2t3h, a transcription factor (22); Dhx15, which forms part of a
putative family of RNA helicases (23); Fbxo33, which forms part of
the F-box protein family components of modular E3 ubiquitin
protein ligases (24); Asahl, which is the gene for acid ceramidase,
the enzyme that is deficient in Farber Disease (25); and Serpinfl
(a-2-antiplasmin), which is part of the serine protease inhibitor
family that has broad functions, including antiangiogenesis, but is
also known to decrease the activity of free plasmin (26) while at a
cellular level (e.g., in the brain) it is known to be neuroprotective
(27). We recently found a generalized perturbation of o-2-
antiplasmin and plasminogen in children with Fabry disease by
using a similar disease-related perturbation (28). Usp9x is ubiquitin-
specific protease 9 or deubiquitinating enzyme 9, resulting in the
removal of ubiqitin moiety from ubiquitin-modified proteins, re-
versing protein targeting to the 26S proteosome (29, 30).

A potential interpretation for the simpler SEM is that the Fabry
aortic phenotype results in enhanced cellular growth factor function
with ERT at least initiating counterregulatory mechanisms such as
enhanced Sod3 expression and deubiquitination of proteins des-
tined for cellular proteolysis. The association of Asahl may repre-
sent activation of a secondary metabolic pathway, again in a
counterregulatory fashion. SEM mediates the effect of ERT
through the glycolipidopathy latent variable to represent the clinical
context of treatment of patients with Fabry disease in whom ERT
is infused biweekly at a fixed dose. It is apparent that ERT has some
effect on Fabry disease, and the present experimental design
enables this effect to be evaluated at the genomic expression level.
The more complex model provides global fit and BIC statistics that
are substantially better than the simpler model, indicating a pref-
erence for the complex model on the basis of parsimony alone. On
a statistical note, the small sample size in this work will have an
effect on estimation of SEs. One way to overcome this problem is
to use bootstrapping. Two paths are statistically significant: glyco-
lipidopathy — Serpinfl, and Usp9x — Serpinfl. Although the sign
of the Usp9x — Serpinfl is similar to the graphical Gaussian model,
the large negative of glycolipidopathy — Serpinfl suggests a
negative interaction with glycolipidopathy. A treatment effect was
also seen by the up-regulation of Serpinfl with ERT.

Further exploration of the Fabry phenotype from the current
experimental data is ongoing. The applicability of the techniques
developed in this article could serve equally well in the study of any
disease state.

Methods

Male a-galactosidase A KO mice (Fabry mice) on a mixed C57BL/
6 X 129/Sv] background (31), ~28 weeks of age at the start of each
study, were used for these studies. All Fabry animals and WT
controls were progeny of the original colony of C57BL/6 X 129/Sv]
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Fig.4. SEM analysis of superoxide dismutase in ERT Fabry aorta using a more complex instantiation of the differential gene expression relations. (A) Complex
graphical Gaussian model (correlational graph network) of Sod3-related gene expression in aortic tissue of the Fabry KO mouse after disease-related
perturbation with agalsidase-«. (B) Corresponding Sod3 SEM showing the latent variables for ERT and glycolipidopathy based on the graphical Gaussian model

illustrated in A (x? = 3.1, df = 11, P = 0.99)

mice. Mice were housed in a pathogen-free facility where standard
rodent diet (Zeigler, Gardners, PA) and water were available ad
libitum. All procedures involving animals were performed in com-
pliance with the Guidelines of the American Association for the
Accreditation of Laboratory Animal Care on Use of Animals in
Research at the National Institutes of Health. Both WT and Fabry
mice were genotyped by a PCR-based assay as previously described
(32). Groups of Fabry mice received six weekly injections (100 ul)
in the tail vain of a-galactosidase A (agalsidase-«; Shire Human
Genetic Therapy, Cambridge, MA) diluted in normal saline at a
dose of 1.0 mg/kg of body weight for a total of six injections. One
week after the last injection, the thoracic aorta, liver, heart, and
kidneys were harvested. Portions of these organs were either
snap-frozen on dry ice and stored at —80°C before enzyme and lipid
analyses or flash-frozen in liquid nitrogen and stored in the liquid
phase of liquid nitrogen before RNA extraction. The thoracic
aortas were flash-frozen in liquid nitrogen and stored in the liquid
phase of liquid nitrogen before RNA extraction.

Total RNA Isolation. Details of RNA isolation and Affymetrix
microarray methods are available in SI Methods.

Data Normalization and Analyses. A full description of data normal-
ization and analyses is available in SI Methods. We followed the
technique of Irizarry et al. (33) for analyzing gene expression data.
MCCs used either an FWE correction technique (Holm) or an
FDR correction technique (Hochberg-Benjamini) (34, 35). Two
list types of significantly differentially expressed genes were pre-
sented, the FWE-corrected gene expression, which was likely to be
too stringent, and the FDR corrected list, which may have been
overinclusive.

Protein Expression Determination. Aliquots of 10-30 mg of tissue
samples stored in liquid nitrogen were homogenized in NuPAGE
lithium dodecyl sulfate buffer and separated on 4-12% NuPAGE
gels (Invitrogen, Carlsbad, CA). Rpgripl analysis was performed
with tissue extracts prepared in Nonidet P-40 lysis buffer. Proteins
were transferred and incubated with an antibody against
Rpgriply (36) and anti-securin antibody (a kind gift from Hui Zuo,
University of Texas Southwestern Medical Center at Dallas).
Densitometry was performed by using Alpha-Innotech (San Le-
andro, CA) software.

Statistical Analysis. To develop SEM for selected metabolic pathway
abnormalities in Fabry vasculopathy by using a systems biology
approach, we examined significant gene expression in the KO aortic
tissue contrasted with the KO aortic tissue from mice that received
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ERT (37, 38). SEM allowed construction of an a priori hypothesis
related to excessive ROS noted in previous clinical work (6, 7). We
were specifically interested in examining the significantly expressed
superoxide dismutase 3 gene (Sod3). We assumed that weak
causality exists (i.e., the differential gene expression associations
exist, although not necessarily uniquely) among the FDR-corrected
gene expression list and that, in a statistical sense, this may have
been approached by deriving the covariance matrix between all
significantly expressed genes resulting in a 180 X 180 square matrix.
Derivation of a covariance matrix from high-dimensional corre-
lated gene expression data was performed by using an empirical
Bayesian technique, allowing derivation of an appropriately esti-
mated correlation matrix followed by application of FDR correc-
tion on the connecting edges of the graphical Gaussian model (20).
The overall distributional properties of the differential gene ex-
pression data used to generate the covariance matrix is seen in SI
Fig. 6, with prior distribution estimates of kurtosis indicating
satisfactory compliance with the multivariate kurtosis requirement
for SEM. Subgraphs were formed by selecting particular genes (e.g.,
Sod3) and forming adjacency matrices from the selected gene
nodes. Subgraph covariance matrices were then derived for the
subgraph from the previously determined covariance matrix. SEM
and derivation of the normalized gene expression data, together
with the covariance matrix, were performed in the statistical
programming language R (37, 39—42). For SEM-related analyses,
the MLE was calculated by the SEM R package. Standardized SEM
parameter values <(.1 were considered small, values of 0.1-0.5
were medium effects, with values >0.5 representing large effects
(37, 39). The structural models can be assessed by global indices
such as x?> > 0.05, GFI, AGFI, and the Bentler-Bonnett NFI, where
values closer to 1 suggested a better fit and values closer to 0 suggest
a poorer fit. These global fit indices tended to be affected by sample
size, with a larger n resulting in a better fit. Some relative fit indices
are sample size-independent, such as Bollen’s incremental fit index
(IFT), but these indices are not widely available (43). The RMSEA
is an absolute measure of global fit that asymptotically follows a
noncentral x* distribution with adjustment for the sample size.
RMSEA values <0.05 indicate a good fit of the data. The BIC,
calculated as BIC = —2.Ln(L) + k.Ln(n), where n = the sample
size, k = the number of parameters, and L is the maximized value
of the likelihood function for the estimated model, was used to
compare overidentified models, with more negative values indicat-
ing that the model has greater support than a just-identified model
(no degrees of freedom). The BIC is a decreasing function of the
residual sum of squares and an increasing function of the number
of parameters, k. The BIC penalizes the number of free parameters
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(k) more strongly than the Akaike information criterion. A value of
standardized residuals >0.1 suggested that the corresponding cor-
relation was not well explained. The reporting of the SEM analysis
conformed with current standards (37, 38, 44, 45).
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