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Introduction

Aneurysms are focal dilatations in the wall of an artery that are
often asymptomatic until dissection (tear) or rupture occurs (1,
2). Thoracic aortic aneurysms occur in all age groups (including
young children), have a strong genetic basis, and often develop
in individuals affected by hereditary connective tissue disorders
(2-4). Very few pharmacological therapies exist, and the only
proven treatment option to prevent rupture is surgical repair (5,
6). Binding of transforming growth factor-f (TGF-B) ligand to
tetrameric receptor complexes composed of 2 type I (TBRI) and
2 type II (TBRII) subunits, which are encoded by the TGFBRI
and TGFBR2 genes, respectively (7), induces receptor-mediated
phosphorylation of intracellular signaling mediators Smad2 and
Smad3 (mothers against decapentaplegic homolog 2 and 3) at the
C-terminal Ser-X-Ser motif; binding of phosphorylated Smad2
and Smad3 (p-Smad2/3) to Smad4 induces translocation of this
complex to the nucleus, and transcription of TGF-f target genes
in concert with other transcription and chromatin remodeling
factors (8, 9). Binding of TGF-B to its receptors can also activate
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The aortic root is the predominant site for development of aneurysm caused by heterozygous loss-of-function mutations
in positive effectors of the transforming growth factor-p (TGF-B) pathway. Using a mouse model of Loeys-Dietz syndrome
(LDS) that carries a heterozygous kinase-inactivating mutation in TGF-f receptor |, we found that the effects of this mutation
depend on the lineage of origin of vascular smooth muscle cells (VSMCs). Secondary heart field-derived (SHF-derived),

but not neighboring cardiac neural crest-derived (CNC-derived), VSMCs showed impaired Smad2/3 activation in response
to TGF-, increased expression of angiotensin Il (Angll) type 1receptor (Agtria), enhanced responsiveness to Angll, and
higher expression of TGF-p ligands. The preserved TGF-f signaling potential in CNC-derived VSMCs associated, in vivo,

with increased Smad2/3 phosphorylation. CNC-, but not SHF-specific, deletion of Smad2 preserved aortic wall architecture
and reduced aortic dilation in this mouse model of LDS. Taken together, these data suggest that aortic root aneurysm
predisposition in this LDS mouse model depends both on defective Smad signaling in SHF-derived VSMCs and excessive
Smad signaling in CNC-derived VSMCs. This work highlights the importance of considering the regional microenvironment
and specifically lineage-dependent variation in the vulnerability to mutations in the development and testing of pathogenic

Smad-independent pathways, although the specific pathways acti-
vated and their temporal dynamics vary depending on cell type
(10, 11). Heterozygous kinase-inactivating mutations in genes
coding for either TGF- receptor subunit (TGFBRI or TGFBR2)
cause LDS, a syndrome characterized by a highly penetrant and
aggressive aneurysmal disease (12). LDS can also be caused by
heterozygous loss-of-function mutations in genes encoding TGF-f
ligands (TGFB2 and TGFB3) or intracellular signaling mediators
(SMAD2 or SMAD3) (12-18). In patients and in mouse models of
LDS, the aortic root represents the site of greatest predisposition
to dilation (2, 6, 12-14, 16, 19). Although the mutational reper-
toire associated with LDS seemingly implicates defective Smad
signaling as the primary driver of disease, evidence for increased
Smad2/3 phosphorylation is observed in aortic tissue derived from
LDS patients and mouse models (12-14, 16,19-21), suggesting that
compensatory mechanisms might contribute to disease, and gen-
erating ambiguity regarding the precise role of Smad signaling in
pathogenesis (22-24). Evidence from the literature indicates that
the embryological origin of VSMCs can influence their signaling
response to extracellular cues, including those mediated by TGF-p
(25-29). In this study, we examine the effect of an LDS-causing
mutation on the signaling capacity of the 2 types of VSMCs that
populate the aortic media of the proximal aorta, namely SHF- and
CNC-derived VSMCs (30, 31), and assess how lineage-specific
effects influence aortic disease.
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Figure 1. Tbr1*’* mice develop dilation of the aortic root in association with localized increase in Smad2/3 phosphorylation. (A) Masson'’s trichrome
staining of the proximal aorta of control (Tbr7*/*) and mutant (Tbr7*’*) mice at 20 weeks of age. Scale bars: 1,000 pm. The dashed rectangles indicate

the areas used for in situ analyses. (B) Aortic diameters of mice of the indicated genotypes at 16 weeks of age. F, females (n = 13 for Tbr1*/* and n = 10 for
Tbr1MR+); M, males (n = 12 for Tbr1*/*; n = 6 for Tbr1**). No sex-specific differences were observed within any experimental group. P values refer to Krus-
kal-Wallis test with FDR-based multiple comparison correction. (C) Representative parasternal long-axis echocardiographic view showing the boundaries
from which measurements were taken for aortic root (yellow arrows) and ascending aorta (blue arrows). (D) Representative immunofluorescence (IF) images
of the aortic root of 16-week-old mice of the indicated genotypes probed with an anti-p-Smad2 or an unrelated anti-p-Smad2/3 antibody. Scale bars: 50
um. Image enhancement for visual display was applied uniformly to all panels. Experiment was conducted at least 3 times. (E) Representative IF images of
the aortic root and ascending aorta of 12-week-old mice probed with an anti-p-Smad2 antibody. Scale bars: 50 um. Image enhancement for visual display
was applied uniformly to all panels. Experiment was conducted at least 3 times. (F) Immunoblot of protein lysates from the aortic root and ascending aorta
of mice of the indicated genotypes at 24 and 32 weeks of age after probing with antibodies that recognize p-Smad2 and B-actin (n = 3). Quantification of
p-Smad2 after normalization to B-actin is shown on the right. P values refer to 1-way ANOVA followed by Holm-Sidak’s multiple comparisons test. Numeri-
cal data are presented as scatter dot-plots with boxes, with the box denoting the mean; error bars identify the 95% confidence interval.

Results develop dilation of the aortic root with rapid tapering in the more

Tgfbr1* 8%+ mice develop aortic root dilation in association with
localized increase in Smad2/3 phosphorylation and TGF-f ligand
expression. We previously generated and described a mouse mod-
el of LDS carrying a heterozygous kinase-inactivating missense
mutation in Tgfbrl (Tgfbr1*38%/+, referred to herein as Thr1"*");
this mutation is equivalent to a TGFBRI mutation found in LDS
patients that results in a methionine to arginine substitution
at amino acid 318 (12, 19). Both female and male ThrI™¥* mice
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distal ascending aorta (Figure 1, A-C, and ref. 19). Although this
heterozygous mutation is expected to result in loss of kinase
activity in approximately half of TGF-p receptor complexes (32),
and thus diminished levels of p-Smad2/3, in situ techniques
detect increased levels of p-Smad2/3 in the aortic root media by
12-16 weeks of age (Figure 1, D and E, and ref. 19), while averag-
ing methods such as immunoblots document the same finding by
24-32 weeks of age (Figure 1F and ref. 19). Notably, increased lev-
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Figure 2. Tbr1*/* mice develop dilation of the aortic root in association with localized increase in TGF-f1 and TGF-$3 ligand expression. (A) Immuno-
blot of lysates of the aortic root and ascending aorta of mice of the indicated genotypes at 24 weeks of age after probing with antibodies that recognize
full-length latency-associated peptide (LAP)-TGF-B1, LAP-TGF-B2, LAP-TGF-B3; arrow identifies the band quantified for LAP-TGF-B3. Quantification after
normalization to B-actin (same as that shown in in Figure 1F) is shown below (n = 3). P values refer to 1-way ANOVA followed by Holm-Sidak’s multiple
comparisons test. (B) Representative RNA in situ hybridization of the aortic root of 24-week-old mice using RNAscope probes directed against the smooth
muscle-specific transcript Myh11, and against Tgfb7 and Tgfb3; insets mark the area shown at higher magnification for each panel. Scale bars: 20 pm.
Experiment was conducted at least 3 times. Image enhancement for visual display was applied uniformly to all panels. Numerical data are presented as
scatter dot-plots with boxes, with the box denoting the mean; error bars identify the 95% confidence interval.

els of p-Smad2/3 colocalize with the site of dilation, and become
more pronounced as disease progresses (Figure 1, E and F). The
localized increase in p-Smad2/3 levels in the aortic root associ-
ates with increased levels of TGF-p1 and TGF-B3 ligand (Figure
2A), suggesting that overexpression of TGF-f might contribute to
the apparent increase in signaling at this location. While adven-
titial fibroblasts and recruited immune cells likely contribute to
the increased levels of TGF-B ligand assessed by immunoblot,

increased expression of Tgfbl and Tgfb3 can also be detected in
the aortic root media of ThrI** mice in cells that also express the
VSMC-specific transcript Myhll (Figure 2B).

Defective induction of Smad-dependent pathways in response
to TGF-f in SHF-, but not CNC-derived, VSMCs generated from
Tbr1¥* mice. We next examined the cell-autonomous signal-
ing consequences of the ThrI"¥* mutation in SHF- and CNC-
derived VSMCs (30, 31) (Figure 3A). VSMCs derived from these
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Figure 3. SHF- and CNC-derived VSMCs intermingle in the aortic root of Thr1?/* mice. (A) Schematic representation of the aortic root and arch highlighting
the embryonic origin of VSMCs that populate the medial layer in these regions. (B) Schematic representation of mouse transgenic lines used for tracing of
SHF- and CNC-derived VSMCs. Mice carrying a conditional STOP cassette controlling expression of a fluorescent reporter were crossed to mice that express the
Cre recombinase under the control of the SHF-specific promoter Mef2c>"* or CNC-specific promoter Wnt1. Removal of the STOP cassette induces expression

of the fluorescent reporter and allows identification of VSMCs derived from the lineage of interest even after these promoters are silenced postnatally. (C)
Representative fluorescence images of the aorta of control (Tbr1*/*) and mutant (Tbr1™*/*) mice in which SHF- and CNC-derived cells are lineage-traced based
on TdTomato fluorescence; insets mark the areas in the ascending aorta and aortic root shown at higher magnification to the right of each panel. SHF- and
CNC-derived VSMCs intermingle in the aortic root, with relative polarization towards the adventitial and luminal margins of the media, respectively. Scale bars:
200 pm. Image enhancement for visual display was applied uniformly to all panels. Experiment was conducted at least 3 times.

2lineages were identified using conditional fluorescent reporter
alleles and transgenic mice that express Cre recombinase under
the control of SHF-specific (Mef2¢¥-Cre) (33) or CNC-specific
(Wnt1-Cre) (34, 35) promoters, thus circumventing the lack
of lineage-specific postnatal markers (Figure 3B). SHF- and
CNC-derived VSMCs intermingle in the aortic root, with rel-
ative polarization towards the adventitial and luminal margins
of the media, respectively (Figure 3C and ref. 36). We generated
primary VSMCs from the aortic root of lineage-traced 8-week-
old Thr1"¥* and control mice, and used fluorescence-activated
cell sorting (FACS) to isolate SHF-derived and CNC-derived
VSMCs based on expression of the lineage-specific fluorescent
reporter. VSMCs from both lineages and genotypes expressed
similar amounts of the VSMC-specific marker smooth muscle
myosin heavy chain (SMMHC) and showed similar prolifera-
tion rates (Supplemental Figure 1, A and B; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI123547DS1). SHF- and CNC-derived VSMCs from control
(Tbr1*/*) and mutant (ThrIM¥*) mice were assessed for their
ability to phosphorylate Smad2 and Smad3 in response to exog-
enous TGF-B ligand both by phospho-flow cytometry, using
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an antibody able to recognize both p-Smad2 and p-Smad3
(p-Smad2/3) (Figure 4A) and by immunoblot using anti-
p-Smad?2 and anti-p-Smad3 antibodies separately (Figure 4B).
In both assays, SHF-derived Tbr1"** VSMCs showed decreased
p-Smad2/3 induction in response to TGF-B. In contrast,
CNC-derived VSMCs from Tbr1*¥* mice showed a signaling
response comparable to that of those from ThrI** control ani-
mals (Figure 4, A and B, and Supplemental Figure 1C). TGF-B-
dependent induction of Smad-independent pathways, such as
phosphorylation of Akt at serine 473 (37) or phosphorylation
of extracellular signal-regulated kinase (p-ERK) at threonine
202 and tyrosine 204 (38), was negligible and not significantly
different between lineages or genotypes (Supplemental Figure
2, A and B). Defective TGF- responsiveness in SHF-derived
VSMCs from Tbr1*** mice correlated with decreased induction
of the TGF-p target genes Ctgf and Serpinel; no difference was
observed between control and mutant CNC-derived VSMCs
(Figure 4C). These data suggest that defective signaling in
Thr1M¥+ SHF-derived VSMCs may be critical to predisposition
to dilation in the aortic root, where they predominate (36).
Analysis of p-Smad2/3 induction in response to TGF-p in other
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Figure 4. Defective induction of Smad-dependent pathways in
SHF-, but not in CNC-derived, primary VSMCs generated from
Tbr1"?/+ mice. (A) Representative flow cytometry histogram
plots and quantification of p-Smad2/3 induction over baseline
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cell types analyzed revealed heterogeneity in the signaling con-
sequences of this mutation, with Thr1™¥/* adventitial fibroblasts
and TbrI™¥* T lymphocytes displaying, respectively, normal
and attenuated responses relative to their control counterparts
(Supplemental Figure 3).

Defective Smad signaling in SHF-derived VSMCs from TbrI"¥/*
mice associates with upregulation of Agtrla, oversensitization to Angll,
and increased expression of TGF-f ligands. Our previous work has

in serum-starved SHF- and CNC-derived VSMCs from mice of

the indicated genotypes after exposure to 1 ng/ml or 10 ng/ml
TGF-B1for 1 hour. Levels of p-Smad2/3 were assessed by phos-
pho-flow cytometry using an antibody specific for p-Smad2/3
(SHF samples: control n = 5, mutant n = 4; CNC samples, control
n =5, mutant n =5). P values shown refer to Kruskal-Wallis test
with FDR-based multiple comparison correction. (B) Immunoblot
of cell lysates from serum-starved SHF and CNC-derived VSMCs
stimulated with 1 ng/ml TGF-B1for 1 hour. Levels of p-Smad2 and
p-Smad3 were assessed with antibodies detecting p-Smad2 or
p-Smad2/3; arrow identifies the band quantified for p-Smad3.
Quantification of p-Smad2 and p-Smad3 induction relative to
baseline is shown below (n = 3). P values shown refer to Krus-
kal-Wallis test with FDR-based multiple comparison correction.
(€) Quantification of normalized Ctgf and Serpine? induction
relative to baseline upon stimulation of serum-starved SHF- and
CNC-derived VSMCs from mice of the indicated genotypes with
TGF-B1 (10 ng/ml) for 3 hours (SHF samples: control n = 4, mutant
n = 4; CNC samples, control n = 4, mutant n = 5). P values shown
refer to Kruskal-Wallis test with FDR-based multiple comparison
correction. Numerical data are presented as scatter dot-plots with
boxes, with the box denoting the mean; error bars identify the
95% confidence interval. NS, not significant.

shown that antagonism of the angiotensin II (AnglI) type 1 receptor
(AT1R) with losartan improves aortic dilation and architecture in
amouse model of LDS carrying a knockin mutation in Tgfbr2, and
that this protective effect is associated with reduction of p-Smad2
levels in the aortic root (19). Similar results were obtained in the
TbrI"¥* LDS mouse model, with losartan treatment resulting in
reduced aortic root growth and improved aortic wall architec-
ture, with no significant sex-specific differences observed within
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Figure 5. Upregulation of Agtria, increased responsiveness to Angll, and increased expression of Tgfb isoforms in SHF-, but not CNC-derived primary
VSMCs from Thbr1”/* mice. (A) Normalized Agtria mRNA expression in serum-starved SHF- and CNC-derived VSMCs from control (Thr7*/*) and mutant
(Thr1~+) mice cultured in the presence of TGF-B1 (10 ng/ml) (SHF samples: control n = 5, mutant n = 5; CNC samples, control n = 4, mutant n = 4). P values
refer to Kruskal-Wallis test with FDR-based multiple comparison correction. (B) Immunoblot and quantification of p-ERK induction in lysates of SHF- and
CNC-derived VSMCs of the indicated genotype cultured as in A and stimulated with Angll (1 uM) for 2 minutes (SHF samples: control n = 5, mutant n =

4; CNC samples, control n = 4, mutant n = 4). P values refer to Kruskal-Wallis test with FDR-based multiple comparison correction. (€) Immunoblots of
lysates of SHF- and CNC-derived primary VSMCs of the indicated genotype after exposure to Angll (10r 10 uM) or TGF-B1 (10 ng/ml). No Angll-dependent
p-Smad2 induction was detected under any of the conditions. (D) Levels of Tgfb1, Tgfb2, and Tgfb3 induction in serum-starved SHF- and CNC-derived
VSMCs of the indicated genotype after exposure to Angll (10 uM) for 24 hours (SHF samples: control n = 5, mutant n = 4; CNC samples, control n =5,
mutant n = 5). P values refer to Kruskal-Wallis test with FDR-based multiple comparison correction. Numerical data are presented as scatter dot-plots
with boxes, with the box denoting the mean; error bars identify the 95% confidence interval. NS, not significant.

any group (Supplemental Figure 4, A-C), and in association with ~ VSMCs relative to their control counterparts; no significant dif-
reduced levels of p-Smad2/3 (Supplemental Figure 4, D and E).  ference was observed between control and mutant CNC-derived
These results prompted us to examine whether AT1R expression ~ VSMCs (Figure 5A and Supplemental Figure 5). Expression of
or function was increased in VSMCs of Thr1*¥* mice. In the pres-  Agtrlb, the other gene coding for ATIR in rodents, was marginal
ence of TGF-B, Agtrla was overexpressed in Thr1"®* SHF-derived  in cultured VSMCs of either lineage or genotype (data not shown).
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Figure 6. Increased expression of Agtrla and Tgfb isoforms in SHF-, but not CNC-derived, aortic root tissue from Thr1“?/* mice. (A) Representative
images showing the aortic root of 12-week-old control (Tbr7*/*) and mutant (Tbr1**) mice in which SHF- and CNC-derived tissue is marked by expression
of TdTomato, taken before and after laser capture. Scale bars: 100 um. Experiment was conducted more than 10 times. (B) Expression of the indicated
transcripts in SHF- and CNC-derived aortic root tissue obtained by laser-capture microdissection in 12-week-old lineage-traced control (Thr1*/*) and mutant
(Tbr1"”*) mice, or mutant (Thr1"*/*) mice treated with losartan (100 mg/kg/day) from 6 to 12 weeks of age (SHF samples: control n =9, mutant n = 9; losar-
tan n = 5; CNC samples, control n = 13, mutant n = 9, losartan n = 4). P values refer to Kruskal-Wallis test with FDR-based multiple comparison correction.
Numerical data are presented as scatter dot-plots with boxes, with the box denoting the mean; error bars identify the 95% confidence interval.

Increased expression of Agtrla in Thr1™¥+ SHF-derived VSMCs  the aortic root of Thr1*** mice (Figure 2, A and B), and reports

correlated with increased Angll-dependent induction of p-ERK,
a known downstream mediator of ATIR signaling (39), while
no significant difference was observed between CNC-derived
VSMCs from control and mutant animals (Figure 5B). Exposure
to AnglI at doses leading to robust p-ERK induction did not result
in induction of p-Smad2 in VSMCs of either lineage or genotype
(Figure 5C). In light of increased expression of Tgfbl and Tgfb3 in

indicating that AngII can induce expression of TGF-B in VSMCs
(40), we tested whether exposure to AnglI increased expression
of transcripts coding for TGF-f ligands in lineage-traced VSMCs.
Stimulation with AnglI for 24 hours resulted in a modest but sig-
nificant upregulation of Tgfbl and Tgfb3 mRNA in SHF-derived
Tbr1"®* VSMCs relative to controls; no significant differences
were observed between control and mutant CNC-derived cells
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Figure 7. Smad2/3 phosphorylation is enriched in CNC-derived tissue in the aortic root media of Thr1"*/* mice. Representative immunofluorescence
images showing levels of p-Smad2 (A) and p-Smad2/3 (B) in the aortic root of 12-week-old control (Tbr1*/*) and mutant (Thr1™*/*) mice in which CNC-
derived tissue is marked by expression of YFP; areas of high and low YFP expression are identified by insets, and shown at higher magnification below
each panel. Scale bars: 50 um. Experiment was conducted at least 3 times. Image enhancement for visual display was applied uniformly to all panels.

(Figure 5D); minimal induction was observed in either genotype
or lineage at an earlier time point (Supplemental Figure 6). In
order to validate and extend our in vitro observations, we used
laser capture microdissection (LCM) of TdTomato-traced aortic
roots (Figure 6A) to obtain SHF- and CNC-enriched tissue from
the aortic root of Thr1”* and ThrI"¥* mice at 12 weeks of age, and
from ThrI™¥* mice that had been treated with losartan from 6 to
12 weeks of age, and examined expression of selected transcripts
by quantitative PCR (qPCR). While samples from either lineage
or genotype expressed similar amounts of TdTomato and Myhll
(Supplemental Figure 7), SHF-derived tissue from the aortic root
of ThrI™¥* mice uniquely showed enhanced expression of Agtrla,
Tgfbl, and Tgfb3, with losartan treatment resulting in normalized
expression of Tgfbl in Thr1*¥* mice (Figure 6B). Expression of
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INHBA, the transcript encoding activin A (also known as inhibin,
subunit f8,), a member of the TGF-B family that is also known to
induce p-Smad2/3 (41, 42), was not different among groups (Sup-
plemental Figure 7). Consistent with previous reports suggesting
that SMAD?2 is transcriptionally upregulated in the context of
thoracic aortic aneurysm (43), we also observed increased Smad2
mRNA in TbrI"¥* SHF-, but not CNC-derived aortic tissue; this
increase was not reduced by losartan (Supplemental Figure 7).
Smad2/3 phosphorylation is enriched in CNC-derived tissue in the
aortic root media of ThrIM¥* mice, and suppression of Smad2 signaling
in CNC-derived but not SHF-derived cells reduces aortic root pathology
in Thr1™¥* mice. We reasoned that the observed increase in TGF-f
ligand production by mutant SHF-derived VSMCs could result
in increased p-Smad2/3 activation by their neighboring signal-
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Figure 8. Smad2 deletion in CNC- but not SHF-derived cells ameliorates aortic pathology in Tbr1*/* mice. Absolute size and aortic root growth
rate in 20-week-old control (Tbr7*/*) and mutant (Tbr1™?/*) mice in which Smad2 (abbreviated Sm2) is not deleted (Sm2"), deleted in SHF-derived
cells (Sm2°"F) (A) or deleted in CNC-derived cells (Sm2"¢) (B) (for all groups n > 8). P values refer to Kruskal-Wallis test with FDR-based multiple
comparison correction. (C) Representative images of Masson's trichrome staining of the aortic root of mice of the indicated genotype at 20 weeks
of age. Scale bars: 500 um. Experiment was conducted at least 3 times. (D) Representative images of Masson's trichrome staining of the aortic
root of mice of the indicated genotype at 20 weeks of age. Scale bars: 100 um. Image enhancement for visual display was applied uniformly to all
panels. Experiment was conducted at least 3 times. Numerical data are presented as scatter dot-plots with boxes, with the box denoting the mean;

error bars identify the 95% confidence interval.
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ing-competent CNC counterparts in the aortic media. In keeping
with this hypothesis, we found substantial colocalization between
the CNC lineage and the enhanced p-Smad2/3 signal in the aortic
root media of 12-week-old ThrI"** mice (Figure 7 and Supplemen-
tal Figure 8). There was no detectable p-Smad?2 in the very distal
ascending aorta of LDS mice, where there is overt predominance
of CNC-derived VSMCs (Supplemental Figure 8). The medial cells
that trace positive for the CNC lineage also expressed SMMHC,
attesting to their VSMC identity (Supplemental Figure 9).

In order to examine whether Smad2 signaling in CNC-derived
VSMCs is a critical determinant of disease progression, we set out
to test the effect of lineage-specific deletion of Smad2 on aortic
disease in the LDS mouse model. A previously characterized con-
ditional Smad? allele (Smad2'*/"*) (44) was introduced in ThrIM*/+
mice, and the same transgenic Cre lines used for recombination
of conditional fluorescent reporter alleles (Figure 3) were used for
lineage-specific deletion. Ultrasound measurements did not find
any significant differences in aortic root size or growth between
male and females mice within any experimental groups (Supple-
mental Figure 10), and thus these data are presented in aggregate
(Figure 8). Despite previous reports on the deleterious effects of
CNC-specific Smad2 deletion in adult carotid arteries (45), Smad?2
deletion in either lineage did not alter aortic root growth, size, or
architecture in control mice (Figure 8, A-D). In contrast, deletion
of Smad2 in CNC-derived cells, but not in SHF-derived cells, nor-
malized aortic root size and growth rate (Figure 8, A and B), and
aortic wall architecture (Figure 8, C and D) in TbrI™*/* mice. Dele-
tion of Smad2 in SHF- or CNC-derived cells did not have any sig-
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Figure 9. CNC-specific Smad2 deletion associates with
decreased Smad2/3 phosphorylation in the aortic root of
Tbr1"?/* mice. (A) Representative immunofluorescence (IF)
images of the aortic root of 20-week-old control mice (Thr1*/*;
Sm2%"), mutant mice in which Smad2 is not deleted (Tbr1"R;
Sm2%"), and mutant mice in which Smad?2 is deleted in SHF-
derived cells (Tbr1R’+; Sm2°"f) stained with an antibody that
recognizes p-Smad2 or p-Smad2/3. Dotted lines mark the outer
boundary of the vessel wall. Experiment was conducted at least
3 times. Image enhancement for visual display was applied uni-
formly to all panels. (B) Representative IF images of the aortic
root of 20-week-old control mice (Tbr1*/*; Sm2¢t), mutant mice
(Tbr~+; Sm2°"), and mutant mice in which Smad?2 is deleted
in CNC-derived cells (Tbr1"~’+; Sm2®°) stained with an antibody
that recognizes p-Smad2 or p-Smad2/3. Scale bars: 50 pm.
Experiment was conducted at least 3 times. Image enhancement
for visual display was applied uniformly to all panels.

Tbr1MR/+; Sm2CNC

nificant effect on the diameter of the more distal ascending aorta
(Supplemental Figure 10). In keeping with previous observations
in this model of LDS, which shows high survival (85%-90%) at
140 days (19), no significant differences in viability were observed
between genotypes by the endpoint of 20 weeks (Supplemental
Figure 10). Deletion of Smad2 in SHF-derived cells did not result
in worsening or amelioration of disease in ThrI*** mice; in these
mice, p-Smad2/3 staining was most prevalent on the luminal side
of the aortic media, a region enriched with CNC-derived cells (21,
46) (Figure 9A). In contrast, amelioration of disease by CNC-spe-
cific deletion of Smad2 was associated with an overall reduction in
p-Smad2/3 (Figure 9B). Although it is possible that Smad2 dele-
tion in other CNC-derived cell-types might contribute to amelio-
ration of disease, these results show that a manipulation intended
and observed to decrease Smad signaling in CNC-derived VSMCs
leads to amelioration of aortic pathology in a mouse model of LDS.

Discussion

The study of monogenic syndromic presentations of thoracic aor-
tic aneurysm has implicated perturbation of TGF-§ signaling in
disease pathogenesis (2). Primary mutations have been identified
in genes encoding factors along the entire TGF-f signaling cas-
cade, including extracellular regulators of TGF-B bioavailability
(fibrillin-1 or biglycan), TGF-B ligands (TGF-B2 or TGF-B3), recep-
tor subunits (TBRI or TRRII), as well as positive (SMAD2, SMAD3)
and negative (SKI) signaling effectors (12-18, 47-51). Ambiguity
about the precise role of TGF-B in vessel wall homeostasis has
arisen because of apparently contradictory observations and
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inferences regarding loss or gain of TGF-p activity in the patho-
genesis and treatment of disease (22-24). While protective ther-
apeutic trials in preclinical models associate with attenuation of
biochemical and gene expression signatures indicative of TGF-p
signaling (19, 48, 52-56), ambiguity remains as to the relative con-
tribution of TGF-p inhibition to disease amelioration, and the role
of TGF-p signaling as a primary driver or a nonspecific late-stage
consequence of disease (21, 24, 46, 56, 57). Ongoing controversy
has also been fueled by the observation that genetic abrogation
of TGF-P signaling in VSMCs can result in severe and widespread
aortopathy, or exacerbation of vessel wall disruption caused by
other insults such as AnglII infusion or genetic predisposition for
aneurysm (58-65). In these studies, however, the phenotype is
often hyperacute, evolving from predisposition to death in a mat-
ter of days, overtly inflammatory, and of debatable relevance to
genetic presentations of thoracic aortic aneurysm that manifest
over months in mouse models, and decades in people.

In this study, we present data in support of a model in which
paracrine interactions between SHF- and CNC-derived VSMCs are
initiated by defective Smad2/3 signaling in Thr1**/* SHF-derived
cells, and through excessive AT1R-dependent increase in TGF-f3
expression, culminate in pathogenic p-Smad2/3 signaling in
neighboring Thr1"®* CNC-derived cells in the aortic root (Figure
10). This model integrates the apparently discordant foundational
observations supporting both loss and gain of p-Smad2/3 signaling
as drivers of disease, and the localized vulnerability to dilation and
associated signaling abnormalities in the aortic root of LDS mice
and patients (3, 19, 66). We speculate that the peculiar predispo-
sition to dilation in the aortic root, and not in the ascending aorta,
where SHF- and CNC-derived VSMCs are also found, depends on
atleast two factors. First, the unique hemodynamic environment of
this vascular segment might contribute to diverse factors that pro-
mote aneurysm progression, including activation of latent TGF-p
and ligand-independent ATIR triggering by mechanical stretch
(57, 67-72). Second, while SHF- and CNC-derived VSMCs tend to
mingle in the aortic root — a circumstance that logically would pro-
mote paracrine interactions — they occupy more spatially distinct
domains in the more distal ascending aorta (36) (Figure 3C).

Our in vitro studies document the particular vulnerability of
SHF-derived VSMCs to the consequence of a heterozygous loss-
of-function mutation in a positive effector of TGF-f signaling (Fig-
ure 4). Decreased p-Smad2/3 signaling in ThrI"¥+* SHF-derived
VSMCs associates with increased levels of Agtrla mRNA and

@ = high p-Smad2/3
O = low p-Smad2/3

AT1R signaling
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Figure 10. Model for aortic pathogenesis associated with Loeys-
Dietz syndrome. In the Tbr?"** LDS mouse model, a heterozygous
kinase-inactivating missense mutation in Tgfbr1 (Tgfbr1“é~/+)
associates with defective TGF-f signaling in SHF-derived cells,
while CNC-derived cells retain normal signaling capacity. Defective
Smad2/3 signaling in SHF-derived cells associates with upreg-
ulation of Agtria gene expression, and AT1R-dependent overex-
pression of TGF-B ligands. In the presence of increased levels of
TGF-pB, CNC-derived cells show increase levels of p-Smad2/3, which
contributes to pathogenesis. Treatment with the AT1R inhibitor
losartan and CNC-specific Smad2 ablation ameliorates disease.
Additional cell types, such as adventitial fibroblasts, endothelial
cells, and recruited immune cells might also contribute to increased
TGF-B expression and/or activation at sites of disease.

Angll-mediated induction of TGF-p ligand expression, which, in
vivo, can be attenuated by treatment with the ATIR antagonist
losartan (Figures 5 and 6). Notably, localized upregulation of Tgfb1
expression has been observed at sites of dilation in other forms of
LDS, such as those caused by haploinsufficiency in TGF-p ligands
(14, 16) and intracellular signaling mediators (13), suggesting that
this might be a common feature of aneurysm syndromes associat-
ed with partial inhibition of TGF-p signaling. Although the change
in Tgfbl expression is modest, a disease model in which a small
but sustained change in local TGF-f ligand concentration con-
tributes to pathogenesis is consistent with the observation that, in
both patients and mouse models, loss of vessel wall homeostasis
is a slow evolving process, which is quite different from the hyper-
acute events observed after overt genetic or pharmacological
provocations (59-62, 64, 65). Other cell types, including adven-
titial fibroblasts and immune cells recruited to the site of disease
might also contribute to elevated levels of TGF-p ligand expres-
sion and/or activation at sites of disease (65,72, 73).

Our prior manuscript showed no therapeutic (or detrimen-
tal) effect of treatment with TGF-B-neutralizing antibody, and no
influence of this intervention on p-Smad2/3 in the aortic media of
LDS mice (19). In Marfan syndrome (MFS) models, this interven-
tion can have therapeutic effects in association with attenuation
of p-Smad2/3 (48, 74, 75), but this is highly context specific, with
variation from beneficial to neutral to detrimental based on back-
ground or developmental stage (56). Although it is possible that
other signaling cascades are driving enhancement of p-Smad2/3
in ThrI"¥+ CNC-derived VSMCs, we provide evidence against a
direct role for either activin A (Supplemental Figure 7) or AnglI
(Figure 5C) in the activation of p-Smad2/3 in the aortic root. Epi-
genetic regulation resulting in higher Smad2 mRNA expression
has also been proposed as a TGF-f-independent mechanism to
explain increased levels of p-Smad2 (43). However, in our anal-
ysis, only Thr1¥+ SHF-enriched tissue showed elevated levels
of Smad2 mRNA, while Smad2 levels in Thr1M¥+ CNC-enriched
tissue, where the majority of p-Smad2/3 signal localized (Figure
7), were not increased relative to controls; furthermore, losartan
treatment lowered levels of p-Smad2 but not Smad2 mRNA levels
(Supplemental Figures 4 and 7). In view of all these considerations,
the failure of TGF-B-neutralizing antibody treatment to suppress
p-Smad2/3 and ameliorate disease in LDS mouse models seems
more likely to be explained by issues related to bioavailability, as
also observed in other TGF-B-related pathologies (76), rather than
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by TGF-B-independent p-Smad2/3 induction. In this light, it is
also notable that chronic treatment of mice with TGF-B-neutral-
izing antibody — as an isolated provocation — is not sufficient to
induce aortic dilation (19, 56, 64).

The mechanism for the discordant effect of the Tgfbr13&/+
mutation on SHF-derived and CNC-derived VSMCs is currently
unknown; we hypothesize that the ability of CNC-derived VSMCs
to retain normal signaling might relate to differential expression
of signaling modulators in these two lineages.

The CNC-specific upregulation of p-Smad2/3 at early stag-
es of disease might also explain the observation that elevation of
p-Smad2/3 in the aortic root of Thr1*¥* mice can be observed in
situ but not when averaging techniques are used to assay other or
broader aortic segments. Xie and colleagues have documented
the consequences of CNC-specific Smad2 deletion on aortic arch
arteries, and specifically the carotid arteries, with no comment,
however, upon the status of CNC-derived structures in the aor-
ta (45). The phenotype they describe, thinner and fewer elastic
lamellae, is reminiscent of observations made with elastin haplo-
insufficiency, which can include vascular stenosis but not aneu-
rysms (77, 78). Recent human genetics data suggest that germline
haploinsufficiency for SMAD2 can associate with a very mild,
late-onset, and poorly penetrant aortic aneurysm phenotype (17,
18). We clearly do not see this predisposition in mice with isolated
targeting of either lineage, at least in our background and within
the time frame of observation (Figure 8). It is possible that TGF-$
signaling via Smada3 is sufficient to allow normal VSMC differen-
tiation and tissue homeostasis in some contexts; this is consistent
with the observations that Smad3 is the primary Smad that regu-
lates transcription of VSMC differentiation genes (79, 80).

Extensions of this work may more broadly inform the basis
for focal and regional aneurysm predisposition in LDS and other
inherited aortopathies (3). A large amount of data from multiple
groups has revealed a signature for high p-Smad2/3 in the aor-
tic wall of MFS patients and mouse models (48, 74, 75, 81, 82).
Prior work has suggested that fibrillins can positively regulate
TGF-p signaling by concentrating this cytokine at sites of intend-
ed function, but negatively regulate TGF-B activation through
sequestration of its latent form (83, 84). It remains possible that
low concentrations of TGF-B in the fibrillin-1-deficient aortic
root might mimic the influence of TGF-f receptor mutations in
the SHF-derived cells, leading to increased TGF-B production
— and perhaps a greater tendency for activation in the absence
of efficient matrix sequestration. Importantly, these potential
effects are not mutually exclusive.

A comprehensive understanding of lineage-specific events will
require consideration of additional triggers, potentially including
dynamic biomechanical factors (57, 71) and lineage-specific inter-
actions between VSMCs and other cell types (85). For example, it
has been well documented that the more distal ascending aorta
and the proximal descending thoracic aorta, both encompassing
the domain of CNC-derived cells, show enhanced risk of progres-
sive enlargement and dissection after prophylactic surgery that
replaces the normally compliant and elastic aortic root with stiff
synthetic material in both MFS and LDS patients (4, 6, 86); this
risk can be modulated with AT1R antagonists (87). The mechanis-
tic basis for this observation is not well understood but plausibly
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involves an interaction between perturbation of regional hemo-
dynamics and cell type-specific signaling responses. This study
highlights the need to consider and define the microenvironments
within which genetic alterations exert their phenotypic influence
in order to elucidate pathogenic mechanisms and design thera-
peutic interventions.

Methods

Mice. Generation of ThrIM¥* mice, which are maintained on a 129S6/
SvEv background, has been previously described (19). Mice carrying
the WntI-Crel (34) (stock 009107), R26R-YFP (88) (stock 006148),
R26R-TdTomato (89) (stock 007905), and conditional allele for Smad2
(44) (stock 022074) were purchased from The Jackson Laboratory.
Mice carrying the Mef2CSH-Cre (33) allele were a gift of the labora-
tory of K.R. Chien (Cardiovascular Research Center, Massachusetts
General Hospital, Boston, Massachusetts, USA), with permission
from the laboratory of B. Black (Cardiovascular Research Institute,
UCSF, San Francisco, California, USA). All strains were backcrossed
to 129S6/SvEv mice for at least 4 generations prior to intercrossing
with ThrI™¥* mice. Mice carrying the WntI-Cre2 (35) (stock 022137,
already on a 12984 background) were purchased from The Jack-
son Laboratory and crossed to TbrI"** mice, without any additional
backcrossing. For lineage tracing of CNC-derived cells, WntI-Crel
(34) and Wntl-Cre2 (35) mice were used interchangeably in conjunc-
tion with either R26R-YFP or R26R-TdTomato lineage-tracer alleles.
Whnitl-Cre2 (35) mice were used for lineage-specific deletion of Smad?2
in CNC-derived cells because the Wntl-Crel transgene (34) resulted
in seizures when crossed to ThrI1"¥*; Smad2 mutant strains. Losartan
diet was designed to deliver 3 mg of drug per day (approximately 100
mg/kg/day); control mice received a diet of identical formulation that
did not contain losartan (Envigo). Within their respective group (as
defined by either Tbrl**or Tbr1***), we did not observe any pheno-
typic differences between Smad2+*, Smad2""*, Smad2**; Wnt1-Cre2,
and Smad2*/+; Mef2CSH-Cre mice, and these animals are collectively
referred to as Smad2°* (Sm2¢"). Smad2""**; Wnt1-Cre2 are referred to
as Smad2°N¢ (Sm2°%°) and Smad2'*/"*; Mef2CS"'F-Cre are referred to as
Smad257F (Sm257F). Littermates and age-matched cohort mates were
used as controls; no formal randomization method was used; num-
bers of male and female individuals used in each experimental group
are reported in Supplemental Table 1; no explicit power analysis was
used, and sample size was estimated based on previous published and
unpublished work.

Aortic tissue processing for protein extraction. Dissection of the
entire heart and thoracic aorta was performed as previously described
(19). Aortic root and ascending aorta were dissected after flushing
the left ventricle with approximately 5 ml PBS (pH 7.4). Tissue was
snap-frozen in liquid nitrogen and stored at -80°C until processing.
Protein was extracted using an automatic bead homogenizer, and
beads/lysis reagents from the Protein Extraction Kit (Full Moon Bio-
systems). All buffers contained protease and phosphatase inhibitors
(MilliporeSigma).

Immunoblots and related antibodies. All immunoblots were per-
formed using standard techniques, secondary antibodies conjugated
to IRdye-700 (for mouse antibodies) or IRdye-800 (for rabbit anti-
bodies), LI-COR buffer and LI-COR Odyssey visualization system;
stripping, if required, was performed with NewBlot PVDF 5x Strip-
ping Buffer and verified with LI-COR Odyssey visualization system.
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The following antibodies were used to examine aortic protein lysates:
anti-p-Smad2 (clone A5S, MilliporeSigma), anti-B-actin (Cell Sig-
naling Technology, catalog 3700), anti-TGF-B1 (Abcam, ab179695),
anti-TGF-B2 (Abcam, ab113670), and anti-TGF-B3 (Abcam, ab15537).
The following antibodies were used to assess signaling responses in
cultured cells: anti-p-Smad2 (Cell Signaling Technology, catalog
3101), anti-total Smad2 (Cell Signaling Technology, catalog 3103),
anti-p-Smad3 (Abcam Ab52903), anti-total Smad3 (Cell Signaling
Technology, catalog 9523), anti-SMMHC (Abcam, ab53219), anti-B-
actin (MilliporeSigma, catalog A5316), anti-p-ERK1/2 (Cell Signaling
Technology, catalog 4370), anti-ERK1/2 (Cell Signaling Technology,
catalog 9107), anti-p-Akt (Ser473) (Cell Signaling Technology, catalog
4060), and anti-pan-Akt (Cell Signaling Technology, catalog 2920).

Immunofluorescence and histology. Dissection of the entire heart
and thoracic aorta en bloc was performed as previously described
(19). After flushing with approximately 5 ml of PBS, the heart was
flushed with 5 ml of freshly prepared 4% paraformaldehyde (PFA)
(Electron Microscopy Sciences) in PBS, and then fixed in fresh 4%
PFA at 4°C overnight. Tissue was then incubated in antigen retrieval
solution (10 mM sodium citrate buffer, pH 6.0) at 4°C overnight prior
to being immersed in boiling antigen retrieval solution for 3 minutes.
After this antigen retrieval step, which is critical for successful probing
of p-Smad2/3, tissue was immersed in cold 30% sucrose in PBS and
incubated at 4°C overnight prior to being embedded and frozen in Tis-
sue-Tek OCT compound. Sections (10 pm) were cut in a longitudinal
axis view using a cryostat and left to dry for at least 1 day at room tem-
perature prior to incubation with antibody or other staining reagents.
For immunofluorescence staining, sections were first permeabilized in
PBS containing 0.1% Triton X-100 and 0.3 M glycine for 20 minutes,
then incubated with Fc Receptor Blocker (Innovex) for 20 minutes at
room temperature, and then Background Buster (Innovex) for another
20 minutes at room temperature. Primary antibodies were diluted at
1:100 in staining buffer (0.1% Triton X-100 in PBS) and incubated over-
night at 4°C. Three consecutive washes were performed prior to incu-
bation with anti-rabbit secondary antibody conjugated to Alexa Fluor
594 (Invitrogen, R37119) or Alexa Fluor 555 (Invitrogen, A-31572) at
1:200 for 1 hour. If double staining for the YFP antigen was performed,
slides were then incubated with anti-YFP antibody for 1 hour at room
temperature, washed 3 times, and then incubated with anti-chicken
Alexa Fluor 488 conjugate secondary antibody (Invitrogen, A-11039)
at 1:200 for 1 hour. Slides were again washed 3 times prior to mounting
with VECTASHIELD Hard Set Mounting Media with DAPI (H-1500).
The following primary antibodies were used: anti-p-Smad2 (Milli-
poreSigma, clone AS5S, catalog 04 -953), anti-p-Smad2/3 (Abcam,
ab52903), anti-SMMHC (Abcam, ab53219), and anti-YFP (Abcam,
ab13970). Images were acquired on a Zeiss 710NLO-Meta multipho-
ton confocal microscope or Zeiss LSM780-FCS confocal microscope at
x25 magnification and are presented as maximal intensity projection.
Image adjustments to enhance visualization of information present in
the original were applied equally across samples. Sections stained with
Masson’s trichrome reagents were examined with a Nikon 801 using x4
and x20 objectives. Sections stained with Verhoeff-van Gieson stain
were processed as described previously (19).

In situ analysis with RNAscope probes. Preparation of aortic tissue
for RNA in situ hybridization with RNAscope probes from Advanced
Cell Diagnostics was performed according to the manufacturer’s
instructions optimized for the Fixed/Frozen Tissue and RNAscope
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Multiplex Fluorescent Reagent Kit (catalog 320850). The following
probes were used: Mm-Agtrla (C1 channel, catalog 481161), Mm-Tg-
#b1 (C3 channel, catalog 403451-C3), Mm-Tgfb3 (C1 channel, catalog
406211), and Mm-Myhll (C2 channel, catalog 316101-C2). Images
were acquired on a Zeiss LSM780-FCS confocal microscope at x40
magnification, and are presented as maximal intensity projection.
Image adjustments to enhance visualization of information present in
the original were equally applied across samples.

Generation of lineage-traced primary smooth muscle cell cultures.
Aortic root and proximal ascending aortas were dissected at approx-
imately 8 weeks of age. Both males and females were used to estab-
lish these cultures; the sex of samples used in each experiment is
provided in Supplemental Table 1. To remove the adventitial layer,
aortas were incubated in HBSS (Life Technologies) containing 300 U/
ml collagenase II (Worthington Biochemical Corp.) for 15 minutes at
37°C. After this treatment, the adventitial layer was stripped by gentle
pulling with tweezers, incubated with DMEM plus 10% FBS, and used
to establish cultures of adventitial fibroblasts without further process-
ing. The aortic media tissue was incubated overnight in DMEM (Life
Technologies) complete with antibiotics and 20% FBS, transferred to
a new well, and then further digested with 300 U/ml collagenase II
and 3 U/ml elastase for 45 minutes at 37°C. A scalpel was then used
to mince the remaining tissue and score the culture wells to facilitate
adherence. Tissue was then incubated with DMEM plus 20% FBS
until confluent cultures of smooth muscle cells could be established,
after which they were maintained in DMEM plus antibiotics and 10%
FBS. SHF-traced and CNC-traced cells were sorted from these cul-
tures based on Td-Tomato or YFP expression using a Becton Dickinson
FACSAria sorter, which was operated by the Johns Hopkins University
Ross Flow Cytometry Core Facility. All sorted lineage-traced VSMCs
were analyzed by flow cytometry to confirm expression of lineage
marker (295% positive) prior to in vitro experiments; all experiments
were conducted using cultures between 3 and 9 passages from the
time of sorting.

Stimulation and analysis of lineage-traced smooth muscle cells. Pri-
mary cultures were starved in DMEM containing no serum for at least
18 hours prior to stimulation with indicated ligands. Cells were stim-
ulated with recombinant TGF-B1 (Biolegend, catalog 580704), AngII
(MilliporeSigma, catalog A9525), or vehicle. Identical protocols were
used for stimulation of adventitial fibroblasts. For assessment of sig-
naling events by immunoblot, stimulation was stopped by removing
stimulation media, quickly washing with 1x PBS (Life Technologies),
and then adding M-PER lysis buffer (Pierce) plus protease and phos-
phatase inhibitors (MilliporeSigma).

Stimulation and analysis of T lymphocytes. Splenocytes were iso-
lated by mechanical disruption from the spleen of control and mutant
mice at 10 weeks of age. After lysis of red blood cells with ACK lysis
buffer, splenocytes were rested overnight in IMDM supplemented
with 0.1% FBS, penicillin/streptomycin, and f-mercaptoethanol. The
next morning, splenocytes were stimulated with 0.5 ng/ml of TGF-f
(R&D Systems, 240-B) for 30 minutes. Stimulation was ended by fix-
ing the cells by direct addition of BD Lyse/Fix buffer (BD Bioscienc-
es, 558048). Cells were permeabilized with BD Perm III buffer (BD
Biosciences, 558050) according to the manufacturer’s instructions
prior to staining for flow cytometry. Samples were stained with PE
anti-Smad2 (pS465/pS467)/Smad3 (pS423/pS425) (BD Biosciences,
562586), BV605 anti-CD4 (BD Biosciences, 563151), AF700 anti-
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CD8 (eBioscience, 56-0081-82), and APCef780 anti-TCR-B (eBio-
science, 47-5961-82). Data were acquired using an LSR Fortessa (BD
Biosciences) and analyzed using FlowJo software (Tree Star Inc.).

Stimulation and analysis of smooth muscle cells by flow cytometry.
Flow cytometry data were acquired on a FACSVerse flow cytometer
(BD Biosciences), and analyzed with Flow]o software. For quantifica-
tion of bromodeoxyuridine (BrdU) incorporation, cells were starved in
serum-free DMEM for 24 hours prior to exposure to normal culture
media for 24 hours; cultures were pulsed with BrdU in the last 6 hours.
The percentage of BrdU* cells was assayed with reagents and proto-
cols from the APC BrdU Flow Kit (BD Biosciences, 552598). Intra-
cellular staining for SMMHC was performed on cells growing under
normal culture conditions, which were trypsinized, resuspended in
BD Biosciences Perm/Wash Buffer (catalog 554723), and stained with
anti-SMMHC antibody (Abcam, ab125884), followed by anti-rab-
bit secondary antibody conjugated to APC (Jackson ImmunoRe-
search, 711-136-152). The epithelial cell line NMuMG (CRL-1636) was
obtained from ATCC and used as negative control for SMMHC expres-
sion. For assessment of Smad2/3 phosphorylation by flow cytometry,
stimulation was stopped by removing stimulation media, quickly lift-
ing the cells from the plate by flushing with 1 volume of 0.25% Tryp-
sin-EDTA (GIBCO), and directly adding the cell suspension into a flow
cytometry tube containing 1 volume of 8% PFA (Electron Microsco-
py Sciences) in PBS, for a final concentration of 4% PFA. Cells were
fixed in 4% PFA at 37°C for 15 minutes, permeabilized in ice-cold 90%
methanol for 30 minutes, and resuspended in flow cytometry buffer
(PBS, 0.5% BSA) for 30 minutes. Cells were probed with Alexa Fluor
647 anti-Smad2 (pS465/pS467)/Smad3 (pS423/pS425), clone O72-
670, from BD Biosciences for 1 hour prior to analysis.

Echocardiography. Echocardiographic measurements of paraster-
nal long-axis view were performed at the indicated time points using
Visualsonics Vevo 2100 and a 30-MHz probe on conscious mice,
whose hair had been removed with Nair cream. Quantification of
diameters was obtained by averaging 3 independent measurements
of the maximal internal dimension at the sinus of Valsalva for aortic
root measurements and at the proximal ascending aorta for ascending
aorta measurements. A cardiologist blinded to genotype and treatment
arm was responsible for all imaging and measurements. Growth was
defined as the difference between aortic size at baseline (6 or 8 weeks
of age, as noted in the figures) and the endpoint (20 or 24 weeks of age,
as noted in the figures).

LCM. TdTomato-traced tissue was obtained from the aortic root of
control or ThrI"®* mice that also carried the Mef2CS"-Cre; R26R-Td-
Tomato*~ or Wntl-Cre2; R26R-TdTomato*~ alleles. Mice were sacri-
ficed at 3 months of age. Dissected hearts and thoracic aortas were
flushed with PBS and flash-frozen using liquid nitrogen prior to being
embedded and frozen in Tissue-Tek OCT compound. Sections (8 pm)
were cut in a longitudinal axis view to obtain the entire aortic root and
placed onto glass PEN membrane slides (Leica, 11600288) and stored
at -80°C. Immediately prior to LCM, slides were washed in distilled
water for 30 seconds, followed by a gradient series of ethanol washes
(75% ethanol for 10 seconds, 90% ethanol for 20 seconds, and 100%
ethanol for 3 minutes). Slides were air-dried and then kept on ice until
LCM. TdTomato-traced tissue was microdissected from approximately
15 slides per aorta using a Leica LMD 7000 coupled with a xenon flu-
orescence bulb, which allowed for visualization of Td-Tomato-positive
tissue without the need for additional staining. Microdissections were

jci.org  Volume129  Number2  February 2019

The Journal of Clinical Investigation

anatomically limited to tissue within aortic roots, and captured tissue
fragments were binned into microcentrifuge tubes for RNA isolation.

RNA extraction. For assessment of RNA induction by qPCR in cul-
tured cells, stimulation was stopped by removing stimulation media,
and followed by direct lysis in TRIzol (Life Technologies). RNA was
then extracted using chloroform and 70% ethanol, followed by on-col-
umn DNAse digestion on RNeasy Mini columns (Qiagen) to remove
any genomic DNA contamination. RNA extraction for samples
obtained with LCM was performed using a PicoPure RNA Isolation Kit
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions, also including an on-column DNAse digestion.

RT-qPCR and quantification of transcript expression. Transcript
levels for the gene of interest were determined using a High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific) followed
by qPCR using prevalidated TagMan probes and TagMan Universal
PCR Master Mix reagents. A pre-amplification step using TaqgMan
PreAmp Master Mix was included for cDNA derived from samples
obtained by LCM. Reactions were run and analyzed using a Quant-
Studio 7 Flex Real-Time PCR System (Thermo Fisher Scientific). The
following prevalidated TagMan probes were used to detect specific
transcripts: Mm00446968_m1 (Hprt), MmO01178820_m1 (Tgfbl),
MmO00436955_m1 (Tgfb2), Mm00436960_m1 (Tgfb3), Mm01166161_
ml (Agtrla), MmO00443013 ml1 (Myhll), Mm00435860 m1 (Ser-
pinel), MmO01192932_g1 (Ctgf), MmO00434339_ml (Inhba), and
MmO00487530_m1 (Smad2). A custom probe was designed by Applied
Biosystems and validated to detect TdTomato transcripts (AIVIS2M).
Expression of the transcript of interest was normalized to that of the
housekeeping gene Hprt using the 2°4°T method.

Statistics. Data are presented as scatter dot-plots with boxes, with
each dot identifying a biological replicate; the box denotes the mean,
and error bars identify the 95% confidence interval. At least 3 inde-
pendent biological replicates (each derived from independent indi-
viduals) for each genotype and lineage-of-origin were used for each
experiment shown; each experiment involving primary cell cultures
was replicated at least twice. Experiments involving monitoring of
aortic size in live animals and LCM were performed once. No formal
randomization method was applied; all group allocations were made
based on genotype with an effort to maintain a similar number of male
and female individuals in each group. No other stratification criteria
were applied. All echocardiograms were performed and interpreted
by individuals blinded to genotype and treatment arm. The statistical
test employed for each figure panel is described in the figure legend.
Unless otherwise indicated, the nonparametric Kruskal-Wallis test
was used for comparisons between groups. The 2-stage linear step-
up procedure of Benjamini, Krieger, and Yekutieli was used to correct
for multiple comparison by controlling the false discovery rate (FDR),
with a family-wise significance and confidence level of Q = 0.05. If
parametric 1-way ANOVA was used, this was done only after the Sha-
piro-Wilk normality test validated assumption of normal distribution,
and the Brown-Forsythe test that of equal variance; the Holm-Sidak
test was used for post hoc multiple comparisons tests. Data sets sub-
jected to the same family-wise statistical test (i.e., Kruskal-Wallis or
1-way ANOVA) but separate group-wise post hoc comparisons (i.e.,
Benjamini, Krieger, and Yekutieli FDR test or Holm-Sidak test) are
separated by vertical lines if presented within one data display. A P
value < 0.05 was considered significant. All statistical analyses were
performed with GraphPad Prism 7 software.
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Study approval. This study was performed in accordance with the
recommendations in the NIH Guide for the Care and Use of Laboratory
Animals (National Academies Press, 2011). All of the animals were han-
dled according to approved institutional animal care and use committee
(IACUC) protocols of the Johns Hopkins University School of Medicine.
The protocol was approved by the Committee on the Ethics of Animal
Experiments of the Johns Hopkins University School of Medicine.
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