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Marfan syndrome (MFS) is associated with mutations in fibrillin-1 that predispose afflicted
individuals to progressive thoracic aortic aneurysm (TAA) leading to dissection and rupture of
the vessel wall. Here we combined computational and experimental approaches to identify and
test FDA-approved drugs that may slow or even halt aneurysm progression. Computational
analyses of transcriptomic data derived from the aortas of MFS patients and MFS mice (Fbn1m?/
maR mice) predicted that subcellular pathways associated with reduced muscle contractility

are key TAA determinants that could be targeted with the GABA, receptor agonist baclofen.
Systemic administration of baclofen to Fbn1m?/mR mice validated our computational prediction
by mitigating arterial disease progression at the cellular and physiological levels. Interestingly,
baclofen improved muscle contraction-related subcellular pathways by upregulating a different
set of genes than those downregulated in the aorta of vehicle-treated Fbn1m9*/mR mice. Distinct
transcriptomic profiles were also associated with drug-treated MFS and wild-type mice. Thus,
systems pharmacology approaches that compare patient- and mouse-derived transcriptomic
data for subcellular pathway-based drug repurposing represent an effective strategy to identify
potential new treatments of human diseases.

Introduction

The therapeutic promises of precision medicine largely rely on our ability to distinguish molecular determi-
nants of pathogenesis from correlative, compensatory, or other concurrent physiological processes (1). Dis-
eases like cancer that arise from multiple genomic alterations can often be defined by individual determinants
that enable targeted therapies (2). However, the situation is more complicated for other progressive diseases.
Many molecular determinants can control disease progression even in monogenic disorders, thus requiring
systems-level approaches to identify underlying mechanisms. Systems pharmacology views disease as a mal-
function of integrated molecular interactions — i.e., networks of multiple subcellular pathways (SCPs) — and
drug treatment as a method to restore physiological response of disease-centered networks by targeting one
or more of their components (3). Analyses of transcriptomic data for underlying SCPs provides an unbiased
strategy to identify biological targets in disease-related regulatory networks, and then use this information to
predict known drugs and compounds that can be repurposed for new therapeutic applications.

Thoracic aortic aneurysms (TAAs) are life-threatening pathologies characterized by progressive vessel
dilation associated with smooth muscle cell (SMC) dysfunction, occasional localized inflammatory infiltrates,
and severe maladaptive extracellular matrix (ECM) remodeling that, together, predispose the arterial wall to
dissection and rupture leading to premature death (4). Consistent with the progressively degenerative nature
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of the disease, inherited forms of TAA are accounted for by mutations in molecules involved in support-
ing tissue integrity and homeostasis, such as components of the ECM, SMC contractile apparatus and its
mediators, and TGF-p signaling pathways (4). Yet, the molecular mechanisms and SCPs that translate these
different genetic defects into a seemingly identical pathology are not fully understood. As a result, prevention
of untimely death from TAA complications currently relies on early detection by imaging and prophylactic
repair by surgery. Unfortunately, disease progression is highly heterogeneous, clinical outcome is unpredict-
able, therapeutic options are limited, and surgical intervention carries significant morbidity/mortality risks.

TAA with ensuing dissection and rupture of the vessel wall is the clinical hallmark of Marfan syndrome
(MFS), a relatively common connective tissue disease associated with mutations in the gene that codes for
the multifunctional ECM glycoprotein fibrillin-1 (4, 5). Fibrillin-1 assemblies (microfibrils and elastic fibers)
impart specific physical properties to tissues, distribute mechanical forces within and across them, commu-
nicate to multiple types of vessel wall cells through integrin receptors, and modulate local bioavailability of
ECM-bound latent TGF-$ complexes (5). In spite of significant research effort, the molecular pathogenesis
of arterial disease in MFS remains unresolved, therefore hindering advances in drug therapy. Earlier studies
of MFS mice with nondissecting TAA (FbnI¢'%’* mice) have correlated aneurysm onset and progression
with increased TGF-} signaling in the media stimulated by improper angiotensin II (AnglII) type I receptor
(AT1r) activity (6, 7). More recent findings indicate a more complex disease mechanism involving the gradual
stratification of stress-stimulated interactions among different cell types and multiple regulatory pathways, of
which the AT 1r and TGF-p signaling pathways are a critical subset (8—14).

An overview of regulatory pathways and networks associated with a given pathology can often be
obtained by examining changes in gene expression during disease progression. Systems pharmacology
approaches that consider drug targets as nodes within cellular regulatory networks can use differentially
expressed genes (DEGs) to predict dysregulated SCPs that underlie cell-level mechanisms (1, 3). Further,
computational analyses of the pharmacologically induced perturbations of gene expression listed in the
Connectivity Map (CMap) database can predict drugs to be repurposed to normalize dysregulated SCPs
(15). By revealing that SCPs associated with muscle cell contractility are downregulated in both aortic
SMC:s isolated from MFS patients and aortic tissue harvested from MFS mice, this strategy enabled us to
predict that the GABA, receptor agonist baclofen could restore normal activity of these TAA-related SCPs.
To test our computational prediction, we performed a series of in vivo and ex vivo analyses that demon-
strated a statistically significant mitigation of TAA pathology at the cellular and physiological levels in
baclofen- versus vehicle-treated MFS mice. Hence, we conclude that alterations in muscle contractility pro-
cesses contributing to TAA development in MFS can be therapeutically targeted through GABA ; receptors.

Results
Our study was organized into 3 successive lines of investigation. First, we identified shared SCPs from transcrip-
tomic analyses of SMCs isolated from the dilated aorta of MFS patients and aortic tissue harvested from Fbn-
1msR/mR mice, a validated animal model of early-onset progressively severe MFS (16). Second, we used the gene
expression profiles listed in the CMap database (15) to predict FDA-approved drugs that could normalize the
dysregulated SCPs in common between human and mouse aortic samples. Third, we tested a top-ranked drug
prediction for its ability to modify TAA pathology in Fbn "R’k mice and determined if the drug acted through
the subcellular mechanisms predicted to be shared by the diseased aortas of MFS patients and MFS mice.
Impaired SMC contractility is associated with TAA in both MF'S patients and mice. RNA sequencing (RNA-
Seq) was used to identify genes differentially expressed in the aortas of Fbni"s®/mk (MFS) mice versus
wild-type (WT) littermates, and in aortic SMCs of MFS versus non-MFS patients (Figure 1, A and B,
and Supplemental Tables 1 and 2; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.127652DS1). MFS patients and mice were comparable with respect to the phe-
notypic severity as opposed to the disease stage in which the tissues had been harvested. Gene Ontology
(GO) SCP enrichment analysis of upregulated and downregulated genes revealed that SCPs related to
actin cytoskeleton dynamics and muscle contractility were top-ranked in the downregulated genes of both
human SMCs and mouse aortas (Figure 1, C and D, and Supplemental Tables 3 and 4). By contrast, a
similar analysis found no top-ranked disease-relevant SCPs in common between the upregulated genes of
human and mouse aortic specimens (Supplemental Figure 1, A and B). Using the top-ranked downregu-
lated SCPs associated with muscle contraction as seed nodes in the GO topology, we identified all related
SCP ancestors and offspring that contained at least 20 genes and were also related to SMC contractility
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Figure 1. DEG analyses correlate defective muscle contractility with TAA progression in MFS mice and patients. Volcano plots of DEGs in (A) aortas
of MFS mice sacrificed at P16 (n = 3 mutant mice and n = 3 WT mice) and (B) aortic SMCs of MFS patients aged between 22 and 32 years (n = 3 MFS
patients and n = 3 non-MFS organ transplant donors). The log, of fold change is plotted against the negative log, of the P value; blue/green dots indi-
cate significantly downregulated genes, and orange dots indicate significantly upregulated genes. Dots above the horizontal gray line indicate genes
whose minus log, (P value) was calculated as infinity (since its P value was below the lowest number that is supported by Cuffdiff and therefore given
as zero). Blue/orange or green/orange numbers give total counts of significantly down- or upregulated genes in mouse and human samples, respec-
tively. Top-ranked (according to P values) SCPs related to muscle contractility (blue or green boxes) from GO enrichment analysis of mouse aorta (C) or
human SMC (D) downregulated genes. Integration of the enrichment results into GO-SCP topology identifies 2 muscle contractility-related subnet-
works (E) that have 5 SCPs in common. SPCs predicted to be downregulated in MFS aortas and human aortic SMCs are in blue and green, respectively,
and intermediate SCPs are in white. Solid lines connect parents with their children processes (“is_a" or “part_of” GO relationship), dashed lines indi-
cate regulatory relationships (“regulates” GO relationship). Regulatory SCPs are visualized as rectangles, all other SCPs as circles. Identity of network
components can be found in Supplemental Table 5.

(Figure 1E and Supplemental Table 5). Importantly, network analysis revealed that the mouse (blue) and
the human (green) downregulated subnetworks shared 5 (seed or intermediate) GO-SCPs related to muscle
contractility (Figure 1E). As our study was being completed, Lino Cardenas at al. (17) reported that genes
coding for contractile proteins are similarly repressed in the aorta of MFS mice with nondissecting TAA.
Computational identification of baclofen as a potential anti-TAA drug. Next, we screened the CMap gene
expression database (15) to predict FDA-approved drugs that could upregulate the 5 muscle contractil-
ity-related SCPs found in common between the downregulated subnetworks of the mouse and human
aortic specimens (Figure 1E). Each of the CMap drugs had originally been tested under several different
conditions (i.e., cancer cell lines, drug concentration, and treatment length) listed in the database as
separate experiments. We subjected the upregulated human genes in the CMap database to GO-SCP
enrichment analysis under the assumption that SCPs most significantly enriched in upregulated genes
best reflect the main action of a given drug. It follows that a drug was not considered further if the asso-
ciated top-ranked SCP was not disease relevant, even if a high-significance disease-relevant SCP was
low-ranked. This approach identified 12 candidate drugs for which upregulation of a disease-relevant
SCP was predicted at the top rank (Figure 2A and Supplemental Table 6); of them, only 4 were consid-
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Figure 2. Baclofen is a predicted potential treatment for TAA. (A) Top-ranked potential drug candidates identified from GO-SCP enrichment analysis of

upregulated genes in the CMap dat

abase. Bars indicate the minus log (P values) of the identified treatments, numbers correspond to the SCPs in the

subnetworks of Figure 1E. (B) Target proteins of the indicated drugs annotated in the Drug Bank database (see also Supplemental Table 7); green bar
graphs on the right indicate the expression levels of the corresponding mouse genes in the P16 MFS aorta. (€) GO-SCPs identified in the top-ranked list of
SCPs derived from baclofen-stimulated genes in the annotated drug treatment baclofen number 2036 of the CMap database (see Supplemental Figure 2A

and B). (D) Top-ranked muscle cont

ractility-related GO-SCPs in the combined list of upregulated genes in all baclofen treatments of the CMap database. In

panels Cand D, muscle contractility-related SCPs are in orange.

ered further because they had an annotated protein target in the database (Figure 2B and Supplemental
Table 7). Based on the relatively high expression of their respective targets in the aorta of MFS mice, this
shorter list of top-ranked drugs was narrowed down to the steroid fludrocortisone and the muscle relax-
ant baclofen (Figure 2B). However, fludrocortisone was excluded from further analyses because of its
potential to induce iatrogenic arterial hypertension, the major risk factor for thoracic aortic disease (14).

Baclofen is a highly selective drug for GABA, receptors, as evidenced by 17 supporting references
in the Drug Bank database (http://www.drugbank.ca). Two additional computational analyses further
strengthened the predicted stimulatory effect of GABA receptor agonism on muscle contractility. In the
first approach, manual inspection of the top 15 upregulated GO-SCPs listed in the CMap database as
experiment 2036 identified 4 other muscle cell-related mechanisms (Figure 2C and Supplemental Table
8). By contrast, no muscle function—related SCPs were predicted through a similar analysis of the top 15
downregulated GO-SCPs (Supplemental Figure 2A and Supplemental Table 8). In the second approach,
GO-SCP enrichment analysis of the combined list of upregulated genes in the 5 different baclofen exper-
iments of the CMap database identified 2 top-ranked muscle cell-related SCPs (Figure 2D and Supple-
mental Table 9). Parallel inspection of the combined list of downregulated genes identified “Actin filament
de-polymerization” as the top SCP, consistent with the destabilizing effect of this mechanism on muscle
function (Supplemental Figure 2B and Supplemental Table 9). Collectively, our analyses supported the pre-
diction that GABA ; agonism may represent a potential treatment option against TAA progression in MFS.

1In vivo validation of baclofen efficacy in slowing TAA progression in MFS mice. To test the above prediction,
we compared TAA progression in MFS mice treated with either baclofen or vehicle. Baclofen was system-
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Figure 3. Improved median survival associated with alleviated arterial disease in baclofen-treated MFS mice. (A)
Kaplan-Meier survival curves of WT and MFS mice treated with either baclofen (BAC) or vehicle (VEH). Number of mice
analyzed in each treatment ranged from 20 (WT with VEH and BAC) to 25 (MFS with BAC) to 33 (MFS with VEH). The
black marks in the survival curves of vehicle- and baclofen-treated mice signify animals that died from reasons other
than ruptured TAA (i.e., pulmonary insufficiency or heart failure; ref. 16). *Mantel-Cox test determined P = 0.0287
significance among experimental groups, and Fisher’s exact test determined P = 0.0078 significance between vehicle-
and baclofen-treated MFS mice at P90. (B) Diameters of the aortic root (AoR; left) and proximal ascending aorta (AsA;
right) in 3-month-old WT and MFS mice treated with either vehicle or the indicated drugs (n = 7-10 per each genotype
and treatment). 2 x 2 Factorial ANOVA followed by Student’s t tests were employed to determine statistically signifi-
cant differences (P < 0.05), which are indicated by an asterisk. Data presented as mean + SD.

ically administered in drinking water to WT and mutant mice for 74 days starting at P16 and its impact on
TAA progression was determined by monitoring the survival curve (and implicitly, the rate of aortic dissec-
tion and rupture) of MFS mice until P90 (when ~50% of them are expected to be still alive; ref. 16). P90
was also the stage in which clinical, histopathological, biomechanical, and cellular surrogate parameters of
arterial disease were examined. The relative levels of phosphorylated (p-) Smad2 and Erk1/2 (molecular
surrogate parameters of TAA; refs. 6, 7) were instead estimated at P60, a stage at which activation of both
proteins is abnormally high in the dilating aorta of mice with progressively severe MFS (9).

We also conducted pharmacokinetics analyses to determine baclofen concentration in the plasma
of treated mice. To that end, the drug was administered for 24 hours to eight 1-month-old WT mice
that were sacrificed for plasma collection either immediately or 6 hours after completing the 24-hour
treatment period (n = 4 per treatment group). HPLC/MS-MS based measurements of plasma baclofen
in the first and second group of mice revealed mean drug concentrations of 271 + 61.04 ng/ml and
72.5 + 30.6 ng/ml, respectively. The former value was comparable with the human C__ (211 *+ 42.8

max
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Table 1. Blood pressure measurements of mice of the indicated genotypes and treatments

Mice Systolic Diastolic Mean
WT + VEH 1056 766 85+6
WT + BAC 84+5 634 706
MFS + VEH 110+8 777 88+6
MFS + BAC 82+6 64 +£7 70+ 6
MFS + PRO 84 +1 63+2 70 £1
MFS + ENA 81+3 58 +2 66 +1

VEH, vehicle; BAC, baclofen; MFS, Marfan syndrome; PRO, propranolol; ENA, enalapril.

ng/ml) obtained at a low therapeutic dose of 10 mg baclofen per day (18). We therefore concluded that
the dose of baclofen used for our preclinical studies in mice is well within the FDA-approved dosage
for both adult and pediatric subjects (20 to 80 mg/day).

Systemic administration of baclofen led to a statistically significant extension of the median survival of
MFS mice — and implicitly, a statistically significant delay of TAA dissection and rupture — as result of a
substantial reduction in the rate of aneurysm growth relative to vehicle-treated animals (Figure 3, A and B). In
line with hypotension being an infrequent side effect of baclofen administration to humans (9% of cases as per
https://www.rxlist.com/baclofen-drug.htm#description), the drug treatment also lowered blood pressure in
both WT and MFS mice (Table 1). However, similar to what has been previously reported for MFS mice with
nondissecting TAA (19), the antihypertensive drugs propranolol and enalapril (both administered at hemo-
dynamically equivalent doses to baclofen; Table 1) did not modify aneurysm growth and the rate of aortic
dissection in MFS mice with lethal TAA (Supplemental Figure 4, A and B). This last finding therefore ruled
out the possibility of a substantial protective effect of pharmacologically induced hypotension on aneurysm
formation. Consistent with the phenotypic findings, postmortem examination of aortic wall histopathology
of baclofen-treated MFS mice sacrificed at P90 revealed improved medial cellularity, nearly normalized elas-
tic fiber morphology, and mitigated vessel wall fibrosis relative to vehicle-treated mutant animals (Figure 4).
Furthermore, drug treatment was also associated with normal amounts of p-Smad2 and p-Erk1/2 in the aorta
of MFS mice (Figure 5). Collectively, our analyses demonstrated that baclofen treatment can effectively delay
TAA dissection and rupture in mice with progressively severe MFS.

Baclofen stimulates muscle contractility—related SCPs in MFS mice. To test if the therapeutic effect of baclofen
was related to the SCPs used for its selection, we examined DEG profiles in the P60 aortas of baclofen-
versus vehicle-treated WT and MFS mice (Figure 6, A and B, and Supplemental Table 10). These analyses
revealed that drug treatment upregulated genes associated with distinct SCPs related to muscle contractility
and excitability in WT versus MFS aortas (Figure 6, C and D, and Supplemental Table 11). By contrast,
analysis of downregulated genes did not predict any muscle-related SCPs (Supplemental Figure 4, A and B,
and Supplemental Table 11). Taken together, these results suggest that GABA; agonism induces the same
muscle responses by stimulating different subcellular mechanisms in WT versus MFS mice.

Experimental testing of our predictions showed that long-term baclofen treatment of MFS mice
significantly increased the intracellular Ca** response of cultured primary aortic SMCs to the muscarinic
receptor agonist carbachol (Figure 6E and ref. 20). Improved responsiveness to receptor-regulated cal-
cium mobilization led us to hypothesize that normalized cellular muscle excitability would strengthen
vascular tone, thus translating into improved mechanical compliance of the fibrillin-1-deficient aorta.
Indeed, ex vivo biaxial mechanical testing of aortas from baclofen-treated MFS mice revealed a statisti-
cally significant improvement of vessel distensibility associated with a statistically significant reduction
of circumferential wall stress and material stiffness compared with vehicle-treated MFS mice (Figure 7).
Of note, we previously showed that increased circumferential wall stiffness is a strong indicator of aneu-
rysmal propensity or presence (21). By contrast, no appreciable effects on elastic energy storage capacity
were detected as a result of drug treatment (Figure 7). In line with the observation that baclofen lowers
blood pressure in mice (Table 1), improved biomechanical values were most evident when calculated at
the relevant systolic blood pressure (Figure 7 and Supplemental Table 12A) rather than at the common
pressure of 100 mmHg (Supplemental Figure 4 and Supplemental Table 12B). The finding that circum-
ferential material stiffness was reduced under both systolic and common pressure was interpreted to
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Figure 4. Mitigated TAA pathology in baclofen-treated MFS mice. Representative images of cross-sections of aortic walls of indicated genotype and
treatment stained with (A) H&E to estimate nuclei count, (B) Verhoeff-van Gieson stain to estimate elastic fiber architecture, and (C) Masson'’s trichrome
to estimate collagen deposition. Data quantification is shown in the dot plots next to each of the panels (n = 5-12 per genotype and treatment group). 2

x 2 Factorial ANOVA followed by Student's t test were employed to determine statistically significant differences (P < 0.05), which are indicated by an
asterisk. Data presented as mean + SD. Scale bars: 25 pm.
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strongly indicate that pressure alone could not modify this biomechanical property of the mutant aorta.
Similar to MFS patients, these analyses also confirmed that the ascending aorta of MFS mice is intrin-
sically stiffer than the WT counterpart. Altogether, our data demonstrated that baclofen, an FDA-ap-
proved GABA agonist, significantly extended the median survival of MFS mice prone to TAA dissec-
tion and rupture by improving aortic wall microarchitecture, contractility, and biomechanical function.

Discussion

It is hoped that pathologies that normally require surgical intervention, such as aortic aneurysms, would even-
tually be treated with drugs that, by slowing disease progression, reduce the complexity of pathology and
comorbidity and allow stabilization and management of the abnormal phenotype. Among many others, a
successful example of this approach is the treatment of hypertension, which if untreated often leads to myo-
cardial infarctions or stroke, but with drug therapy can be managed for decades (22). Searching for a treatment
that controls early determinants of pathophysiology would be particularly helpful, but inferring drug therapy
from pathophysiological findings requires caution. Characterization of MFS mice with nondissecting TAA
(Fbn1€%%’* mice) had originally concluded that aneurysm formation is due to a combination of AT 1r-stimu-
lated TGF-B signaling and uncontrolled release of latent TGF- from a fibrillin-1-deficient ECM (6, 7). This
disease mechanism was largely based on the finding that either AT 1r antagonism by losartan or TGF-f inhibi-
tion by a neutralizing antibody could prevent TAA formation. However, subsequent clinical trials with several
large cohorts of MFS patients showed that the losartan neither mitigated the rate of aneurysm growth more
than currently used beta blockers nor modified clinical endpoints of the disease (i.e., aortic dissection, elective
aortic surgery, cardiovascular death) (4, 23). Exacerbated TAA pathology in Fbnl/%¢/* mice with genetic dis-
ruption of TGF- signaling in postnatal SMCs further refuted the earlier postulate that TGF-f is the primary
trigger of TAA formation in MFS (8, 10). Indeed, a study of MFS mice with dissecting TAA (Fbni"s¥/" mice)
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Figure 6. Baclofen treatment improves smooth muscle contractility and excitability in MFS mice. Volcano plots of DEGs in the aortas of WT (A) and MFS
mice (B) sacrificed at the end of treatment with either baclofen or vehicle (n = 2-4 for each condition; for details see Figure 1A). Top-ranked SCPs identified
in GO enrichment analysis of baclofen-upregulated genes in WT (C) and MFS mice (D) treated with either drug or vehicle (see also Supplemental Figure 3);
WT and mutant muscle contractility-related processes are in orange and red, respectively. (E) Dot plot of mean peak heights of time traces acquired from
single cells (and averaged per mouse) within 15 minutes of carbachol addition from 3 technical replicates (n = 4 for vehicle-treated WT and MFS mice, and
n =3 and 4 for baclofen-treated WT and MFS cells, respectively). 2 x 2 Factorial ANOVA was used to determine statistically significant differences (P <
0.0524), which are indicated by an asterisk. Data presented as mean + SD.

also revealed opposite, stage-specific contributions of TGF-f signaling to TAA development — i.e., protective
during postnatal vessel growth and pathological later in arterial disease progression (9).

The disappointing outcome of the losartan clinical trials and the apparently dimorphic role of TGF-f
signaling during TAA progression have highlighted the inherent limitations of assessing complex pathophys-
iological processes by examining candidate signaling pathways in isolation. Integration of experimental and
computational approaches to characterize disease-centered SCP networks represents a potentially powerful
unbiased alternative to identify critical determinants of disease progression that could be targeted by pathway-
and stage-specific drugs (1, 3). Using this strategy, we did not anticipate “correcting” the disease-associated
transcriptome by searching for a drug that counter-regulates both upregulated and downregulated genes, as
several different studies have done before (24-35). Rather, our approach sought to identify selective subcel-
lular functions whose misregulation could be predicted to be involved in disease pathogenesis. We used the
CMap database to identify drugs that affect the same subcellular functions without considering the identity
of individual genes differentially expressed in MFS aortas. This approach has 2 advantages. By comparing
expression profiles between afflicted patients and mutant mice, we can ensure that SCPs relevant to human
diseases are targeted. By considering SCPs rather than individual DEGs, we can utilize disease mechanisms
for drug discovery and thus raise the relevance of animal studies for human therapies.
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Figure 7. Baclofen treatment improves biomechanical function of the MFS mouse aorta. Dot plots summarizing
the results from ex vivo biaxial mechanical tests of the ascending aorta of mice of the indicated genotype and
treatment showing (A) reduced circumferential wall stress, (B) normalized circumferential material stiffness, (C)
unchanged elastic energy storage capability, and (D) improved aorta distensibility in baclofen- relative to vehi-
cle-treated MFS mice. All values were calculated at the group-specific systolic pressure and in vivo value of the
axial stretch (n = 4-6). Additional biomechanical data relevant to this figure are included in Supplemental Table
12A. Student’s t test was employed to determine statistically significant differences (P < 0.05), which are indicated
by an asterisk. Data presented as mean + SD.

Our results indicate that an integrative approach combining human and mouse transcriptomic data with
prior knowledge of gene-SCP associations and disease pathophysiology allows drug repurposing even if the
experimental data are based on relatively small sample sizes. The focus on SCPs (instead than individual
genes) increases signal-to-noise ratios by eliminating “false-positive” DEGs from further analyses, as they
usually belong to multiple different SCPs with low significance ranking. Additional increases in signal-to-
noise ratios are accounted for by the exclusive focus on those convergent disease mechanisms that are inde-
pendently predicted from both human and mouse data. Integration of computational predictions from whole
genome expression profiles with prior knowledge of gene-SCP associations also increases our confidence in
the predictions, as only disease-relevant mechanisms (i.e., SCPs) are further used in the study design.

Our work implicates GABA, signaling as an unsuspected modulator of TAA pathology in MFS. This
finding is in agreement with previous in vitro experiments showing that GABA,, receptors are expressed in
human aortic SMCs where they transiently regulate intracellular Ca?* concentration and presumably, muscle
contractility (36), though we describe structural changes induced by long-term GABA, receptor stimulation.
It should be noted that baclofen stimulation of SMC contractility is a new property of this drug distinct from
the known muscle relaxing effect mediated through innervation (37). As the main scope of our study was to
develop and validate a new computational strategy for drug repurposing, more detailed analyses of baclofen’s
mechanism of action on TAA progression and its probable impact on cardiac and endothelial dysfunction
are the focus of ongoing investigations. Along the same lines, the use of aortic SMCs (as opposed to whole
aortic tissue) might have limited the identification of other disease-related SCPs in common between human
and mouse specimens. Future availability of both aortic SMCs and tissue from individual MFS patients will
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address this potential problem. Although they converge on SCPs related to muscle contractility, the identity of
genes whose expression is altered by baclofen treatment is different than the identity of genes whose expres-
sion is associated with disease. Thus, the focus on SCPs indicative of dysregulated cell function allows for
drug discovery beyond DEG identity. It is noteworthy that baclofen-induced mitigation of dissecting TAA is
associated with improved microstructure (i.e., cellular) and biomechanical (i.e., physiological) function. We
are therefore hopeful that our experimental findings will eventually be translated into clinical trials testing
baclofen’s ability to influence thoracic aortic disease progression in MFS patients.

Methods
Animals and drug treatments. All experiments used male Fbnl™®/"* (MFS) mice and sex-and age-matched
WT littermates maintained on the C57BL/6J genetic background (16). Male animals ensured consisten-
cy with previous work using the same mouse model of MFS by avoiding sex-related differences in TAA
progression (9, 13). Baclofen (Sigma Life Science), enalapril, or propranolol (LKT Labs) was administered
to mice in drinking water from P16 until P90. Drug concentrations were 0.15 g/1 (enalapril) and 0.5 g/1
(propranolol) per body mass; baclofen concentration was either 0.1 g/1 or 0.2 g/1 per body mass, depending
on whether the mice weighed less or more than 10 grams, respectively. Plasma was collected from 30-day-
old WT mice treated with baclofen for 24 hours and sacrificed by cardiac puncture either immediately after
baclofen withdraw (4 mice) or 6 hours later (4 mice). Sample preparation including calibration curves,
quality controls, LC-MS/MS, and data analysis were performed as previously described (38, 39). Briefly,
the liquid chromatographic/triple-quadrupole (LC-MS/MS) system consisted of a Shimadzu Prominence
HPLC system connected to a Sciex API 3000 triple-quadrupole instrument equipped with electrospray
ionization (ESI) source. The data acquisition was under the control of Analyst software (version 1.4.2).
Baclofen and the baclofen-D4 internal standard (IS) were separated on a Phenomenex C18 column (2 mm
X 50 mm, 4 pm). The initial mobile phase consisted of 0.1% formic acid (A) and acetonitrile with 0.1%
formic acid (B) with gradient elution at a flow rate of 0.2 ml/min and an injection volume of 3 pl. The
gradient program was (min/%B): 0.2, 5/95, 8/95.8. 10/2, 12/2. The multiple-reaction-monitoring modes
of ions with m/z 214.3—151.2 for baclofen, and m/z 218.30—155.20 for IS were utilized for quantitative
analysis. Regression analyses of peak area ratios of baclofen/IS versus baclofen concentrations were used
to assess linearity utilizing 1/y weighting factor (x = concentration). The calibration curves were linear (7
> (0.998) over the baclofen concentration range of 1-2500 ng/ml in plasma. Based on analyzing quality
control samples in triplicate, the intraday and interday precision (%CV) and the accuracy were equal to or
less than +11% of the nominal concentrations. The recovery of baclofen and IS in plasma was greater than
90%. Mouse median survival was calculated from weaning to P90 when surviving mice were sacrificed for
tissue collection. Censored events due to death other than dissecting TAA were recorded and their time
included in the survival curve. TAA progression in MFS mice was monitored by ultrasound (VisualSonics
Vevo 2100 imaging system and a 40-MHz transducer) using long-axis parasternal views of the aorta in
mice under isoflurane anesthesia (6, 9, 13). B-mode 2-dimensional videos were captured and used to mea-
sure aortic root and ascending aorta diameter with the aid of VisualSonics software. Measurements were
taken in systole from 3—4 images per mouse by a single individual blinded to genotype and treatment, and
values were averaged to obtain diameter per mouse (6, 9, 13). Tail-cuff blood pressure measurements were
performed on each group of 3-month-old conscious mice using the CODA noninvasive blood pressure
system (Kent Scientific). Mice were habituated to the tail-cuff pressure system over the course of 2 days
with subsequent recording over the course of 3 days (40). The average systolic, diastolic, and pulse pressure
measured in more than 30 blood pressure recordings was used for each animal (n = 4-5 per group).
Patients and aortic SMC cultures. Three male MFS patients who underwent aortic root surgery (patients
FB359, FB490, and FB721) were recruited through the National Reference Center for MFS and Related
Disorders (Hopital Bichat) and diagnosed according to established clinical criteria at the age of 22 (FB359),
29 (FB490), and 4 years (FB721) (41). Patient FB359 [FBNI mutation: c.4786C>T — p.(Arg1596*)] underwent
prophylactic surgery at the age of 32 because of both progressing aortic dilatation (48 mm) despite beta block-
er therapy, and massive mitral regurgitation secondary to mitral valve prolapse. He had no opthalmologic fea-
ture except flat cornea. He was tall (195 cm), with pectus carinatum, scoliosis, hindfoot deformity, no wrist or
thumb sign, no dural ectasia, protrusio acetabuli, increased arm span/height ratio, no scoliosis, facial features,
and skin striae. Patient FB490 [FBNI mutation: c. 4937G>A — p.(Cys1646Tyr)] underwent surgery at the age
of 29 when progressive aortic dilatation was discovered (53 mm) without mitral valve prolapse. He presented
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wrist and thumb signs, slight pectus carinatum deformity, no hindfoot deformity, no pneumothorax, reduced
elbow extension, mild scoliosis, and facial features; this patient had surgery for ectopia lentis during infancy.
Patient FB721 [FBNI mutation: c.4349_4351del — p.(Cys1450del)] underwent surgery at the age of 22 for
progressive root aortic dilatation. He also presented mild mitral valve prolapse with minor regurgitation, wrist
and thumb sign, pectus excavatum, hindfoot deformity, minor scoliosis, skin striae, facial features, and ectopia
lentis was present since early infancy. TAA specimens from the outer curvature (the most dilated part of the
ascending aorta) were collected during elective aortic surgery. Normal ascending aortas were obtained from
3 organ transplant donors (AS1043, AS1883, and AS1960) aged 22, 21, and 31 years, respectively. Mean age
at the time of aortic tissue collection was 28 years for MFS patients and 25 years for non-MFS individuals.
Aortic tissues were processed to separate medial and adventitial layers. Media samples were incubated in col-
lagenase and elastase 0.1% (3 hours, 37°C) to obtain aortic SMCs that were cultured in specific medium (Pro-
mocell) containing 20% fetal calf serum (FCS), insulin (5 pg/ml), human epidermal and fibroblast growth
factors (0.5 and 2 ng/ml, respectively), plasmocin (2.5 pg/ml), and primocin (100 pug/ml). Cells at passages
3—4 were used for RNA extraction performed after 24-hour incubation in serum-free medium.

RNA purification and sequencing. Total RNA was extracted from human SMC cultures with Trizol Reagent
(Life Technologies) and purified by miRNeasy Mini kit (Qiagen S.A.) according to the manufacturer’s instruc-
tions. DNase digestion procedure was followed for each sample. RNA concentration was estimated by measur-
ing absorbance at 260 nm. RNA quality was assessed by agarose electrophoresis. Total RNA was purified from
frozen mouse aortic tissues (# = 3 for MFS mice at P16, n = 3 for WT mice at P16, n = 4 for baclofen-treated
‘WT mice at P60, n = 2 for vehicle-treated WT mice at P60, n = 4 for baclofen-treated MFS mice at P60, n =
3 for vehicle-treated MFS mice at P60) using the RNeasy Fibrous Tissue Kit (Qiagen S.A.). RNA amounts
were quantitated by Qubit fluorometer (Life Technologies) and RNA quality was assessed using an Agilent
2100 Bioanalyzer. Libraries were prepared from 1 pg of total RNA using TruSeq Stranded mRNA kit protocol
(Iltumina) according to the supplier’s recommendations. Briefly, poly-A RNA was isolated using oligo-dT,,
attached to magnetic beads, fragmented into approximately 300-bp-long pieces using divalent cations under
elevated temperature, used as template for double-stranded cDNA synthesis, Illumina adapters ligation, and
PCR-mediated cDNA library amplification. Sequencing of random paired-end 75-bp or single-ended 100-bp
molecules was carried out on an Illumina HiSeq 4000 for human and mouse samples, respectively.

Identification of human and mouse DEGs. Single- and paired-end sequencing reads were aligned to the
human reference genome ‘hg19’ or mouse reference genome ‘mm9’ using Tophat 2.0.8., samtools-0.1.7, and
bowtie 2.1.0. (42). DEGs were identified with cufflinks 1.3.0 (43). All human samples and mouse samples
at P16 and P60 were considered as 3 separate sets and DEGs were identified between experimental and con-
trol samples in each of them. To prevent the identification of false-positive DEGs due to read imbalances,
sequencing reads were randomly removed from each sample of the same set before read alignment to ensure
that each sample in that set had the same total read counts (44). Tophat was used with the mouse/human
ensemble GTF file as a gene annotation reference and the option ‘no-novel-juncs’. For the alignment of the
human paired-end sequencing reads we specified ‘--read-align-edit-dist 0’. The inner mate distance was set
to 311 bps (AS1043), 298 bps (AS1883), 273 bps (AS1960), 321 bps (FB359), 291 bps (FB490), and 285
bps (FB721). The mate-std-dev was set to 50 bps. Output BAM files were directly subjected to differential
gene expression identification using Cufflinks with the options ‘multi-read-correct,” ‘upper-quartile-norm,’
and ‘frag-bias-correct’ against the mm9/hg19 genome. DEGs were identified based on an FDR of 10% and a
minimum absolute fold change (log, [[FPKMcondition1 + 1)/(FPKMcondition2 + 1)]) of log (1.3).

CMap database and pathway enrichment analyses. The libraries “Old_CMAP_up” and “Old_CMAP_
down” were downloaded from the EnrichR website (45, 46). Lists of upregulated and downregulated genes
either in the CMap database or experimentally generated were subjected to pathway enrichment analysis
using Fisher’s exact test and the “GO_Biological_Process_2015” library downloaded from the EnrichR
website, as described previously (39). Background genes for the analysis of mouse/human DEGs were
intersecting genes between all genes in the GO library and all genes that are annotated in the ensembl GTF
file of the mm9/hg19 reference genome. Background genes for the analysis of the CMAP database were all
intersecting genes between all genes in the GO library and all genes in the merged “Old_CMAP_up” and
“Old_CMAP_down” libraries. For statistical accuracy, we removed all genes that were not part of the back-
ground set from DEGs or SCPs before performing the enrichment analysis and identifying disease-relevant
SCPs. To identify drug candidates, we considered only SCPs for the further analysis that were among the
top 15 predictions (ranked by P value) and contained at least 20 genes.
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GO graph extension. GO Open Biomedical Ontologies was downloaded from the website http://geneon-
tology.org/page/download-ontology, “go.obo.” GO hierarchical network was generated based on the “is_a,”
“part_of,” “regulates,” *

”

positively_regulates,” “negatively_regulates” relationships. Regulatory relationships
were inverted — i.e., source and target processes were switched. Disease-relevant SCPs were used as seed
nodes in the GO graph. All ancestor and offspring processes of the seed-node processes were identified.
SCPs that were annotated to less than 20 genes in the “GO_Biological Process_2015” library or not part
of it were removed. General and SMC-specific muscle contractility processes as well as processes involving
actin-related processes were expertly curated from the generated GO subgraph. We also removed processes
that described positive or negative regulatory functions (but not their parent processes with [unsigned] regu-
latory functions), if such removal did not split the GO subnetwork into multiple unconnected graphs.

Drug target genes identification. Human genes targeted by drugs were identified based on Drug Bank data
(http://www.drugbank.ca). Any drug not in the CMap database or without known targeted human genes was
excluded from further analysis. Mouse homologs were identified for the human targeted genes based on the
Mouse Genome Informatics (MGI) (http://www.informatics.jax.org) and the National Center for Biotechnolo-
gy Information (http://www.ncbi.nlm.nih.gov/homologene/database). All data processing steps after the iden-
tification of DEGs were coded in C#. R was used to generate diagrams, yED was used to visualize networks.

Histological analyses. Aortas harvested from WT and MFS mice were fixed overnight in 10% formalin fol-
lowed by paraffin embedding and sectioning at 5 um. Sections were stained with hematoxylin and eosin (H&E),
Masson’s trichrome, or Verhoeff-van Gieson stain. Images were acquired using a Leica microscope (Model
DM2500) with a x40 objective and analyzed using ImageJ (NIH). For tissue cellularity (H&E staining), nuclei
were counted and normalized to area (6, 9, 13). The density of elastic (Verhoeff-van Gieson staining) and col-
lagen fibers (Masson’s trichrome staining) were quantified using the ImageJ analysis software color threshold
tool to define the area fraction of elastic fibers or collagen, and the ratio of their respective densities to the sur-
face of the tunica media area was calculated (13). All histological analyses were independently performed by 2
individuals blinded to genotype and treatment. Three serial sections per mouse were used for each histological
assessment in which 3 images of each individual section were analyzed and averaged (6, 9, 13).

Intracellular calcium measurement. SMCs were isolated by collagenase digestion from the aortas of vehi-
cle- or baclofen-treated WT and MFS mice (n = 3—4 per genotype and treatment). Approximately 10,000
cells were seeded on 96-well black assay plates with clear, tissue culture—treated polystyrene bottoms (Corn-
ing). Intracellular Ca?* measurements were performed as previously described (12, 47). Briefly, cells were
labeled for 1 hour with calcium fluorophore Fluo4-AM (Invitrogen) 48 hours after seeding. For each exper-
iment, the fluorophore was prepared fresh in Live Cell Imaging Solution (Molecular Probes, Life Technol-
ogies) to be used at a final concentration of 2.5 uM. Before measurements, cells were washed with Live
Cell Imaging Solution and subsequently assayed using a Zeiss LSM 880 confocal microscope and a x10
objective, with CO, and temperature control set at 5% and 37°C, respectively. Fluorescence intensity was
measured before and after addition of 100 uM carbachol (Sigma-Aldrich) for a total of 15 minutes, with
an acquisition rate of 1 frame/sec. For each well assayed, a field containing at least 10 cells was randomly
picked and the temporal fluorescence intensities were extracted for responding cells using ZEN Software. A
cell response was defined as having more than 10% increase in intensity upon stimulation compared with
basal levels (F/F, = 1.10). Normalization of fluorescence intensities (F/F ) within 60 seconds after agonist
addition was performed in MATLAB. Data of mice from the same group were averaged and results from
different experimental groups were plotted in Prism as dot plots with mean and £SD.

Biomechanics. For ex vivo assessment of biaxial mechanical properties, following euthanasia the ascend-
ing aorta (from the root to brachiocephalic) and proximal descending thoracic aorta (from the left subclavi-
an to the sixth pair of intercostals) were excised, cleaned of excess perivascular tissue, cannulated on glass
micropipets, and placed within a custom computer-controlled testing device in a Hanks buffered physiolog-
ic solution maintained at 37°C. Material behaviors were quantified using a validated constitutive relation
based on cyclic pressure-diameter and axial force-length tests as described previously (48). Aorta distensi-
bility was calculated as (systolic diameter — diastolic diameter)/(diastolic diameter X pulse pressure).

Immunoblotting. Proteins were extracted from frozen aortas and processed for immunoblots using anti-
bodies against phosphorylated and nonphosphorylated Smad2 and Erk1/2 proteins (Cell Signaling Tech-
nology; refs. 9, 13). Antibodies against p-Erk1/2 (T202/Y204; catalog 4370) were diluted 1:2000, and
antibodies against p-Smad2 (S465/467; catalog 3108), Erk1/2 (catalog 9102), and Smad2 (catalog 3102)
were diluted 1:1000 before being used as per manufacturer’s recommendations. Antibodies were diluted in
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Tris-buffered saline, pH 7.4, and 0.1% (v/v) Tween 20 in the presence of 5% nonfat milk and incubated
with the transfer membrane for 16 hours at 4°C. In all cases, ponceau S solution staining (Sigma-Aldrich)
of the transfer membrane was used as a protein loading control. Immunoreactive products were visualized
by chemiluminescence using Amersham ECL Select Western Blotting Detection Reagent (GE Healthcare)
and their relative intensity was evaluated using Photoshop (Adobe Systems Inc.).

Statistics. The nonparametric Mantel-Cox test was used to analyze survival curves. To compare the mean
differences between groups (vehicle- and baclofen-treated) that have been split between 2 independent vari-
ables (WT and MFS), a 2 x 2 factorial analysis of variance (ANOVA) design was used. This design tests both
experimental factors (drug and genotype) simultaneously and also tests for a possible interaction between
the 2 factors. For significant interaction terms, individual # tests were performed for each group (baclofen- or
vehicle-treated) per genotype (WT or MFS). All values were expressed as the mean + SD. P values were not
adjusted for the multiple tests that were performed, protecting against the inflation of the Type I error. Analy-
ses were performed using SAS System Software, version 9.4 and GraphPad Prism version 7.0.

Study approval. The Institutional Animal Care and Use Committees of the Icahn School of Medicine
at Mount Sinai in New York City reviewed and approved all animal studies. The clinical research protocol
was approved by the local ethical committee (CPP 05 04 32, Ambroise Paré, Boulogne, France, April 2005;
updated in March 2008). Aortic specimens were collected from MFS patients during elective aortic surgery
(Hopital Bichat) and used in compliance with French regulations (Declaration of Conservation DC-2008-
283). Ascending aortas from organ transplant donors were obtained with the authorization of the French
Biomedicine Agency (PFS 09-007) and in accordance with the Declaration of Helsinki. Informed consent
was provided for all patients in agreement with the requirements of French bioethics laws.

Data and materials availability. RNA-Seq data and source code can be downloaded from http://www.
sbeny.org and GEO GSE128101.
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