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Outcome of TGFB1 signaling is context dependent and differs be-
tween individuals due to germ-line genetic variation. To explore
innate genetic variants that determine differential outcome of re-
duced TGFB1 signaling, we dissected the modifier locus Tgfbm3,
on mouse chromosome 12. On a NIH/OlaHsd genetic background,
the Tgfbm3b > haplotype suppresses prenatal lethality of Tgfb71~/~
embryos and enhances nuclear accumulation of mothers against
decapentaplegic homolog 2 (Smad2) in embryonic cells. Amino acid
polymorphisms within a disintegrin and metalloprotease 17
(Adam17) can account, at least in part, for this Tgfbm3b effect.
ADAM17 is known to down-regulate Smad2 signaling by shed-
ding the extracellular domain of TGFBRI, and we show that the C57
variant is hypomorphic for down-regulation of Smad2/3-driven
transcription. Genetic variation at Tgfbm3 or pharmacological in-
hibition of ADAM17, modulates postnatal circulating endothelial
progenitor cell (CEPC) numbers via effects on TGFBRI activity. Be-
cause CEPC numbers correlate with angiogenic potential, this sug-
gests that variant Adam17 is an innate modifier of adult
angiogenesis, acting through TGFpR1. To determine whether hu-
man ADAM17 is also polymorphic and interacts with TGFf signal-
ing in human vascular disease, we investigated hereditary
hemorrhagic telangiectasia (HHT), which is caused by mutations in
TGFp/bone morphogenetic protein receptor genes, ENG, encoding
endoglin (HHT1), or ACVRL1 encoding ALK1 (HHT2), and considered
a disease of excessive abnormal angiogenesis. HHT manifests
highly variable incidence and severity of clinical features, rang-
ing from small mucocutaneous telangiectases to life-threaten-
ing visceral and cerebral arteriovenous malformations (AVMs).
We show that ADAM17 SNPs associate with the presence of pul-
monary AVM in HHT1 but not HHT2, indicating genetic variation
in ADAM17 can potentiate a TGFp-regulated vascular disease.

he TGFp signaling pathway is a therapeutic target for

numerous disease applications because elevated levels of
ligands and signaling components have been shown to drive several
pathological states, especially cancer and fibrosis (1). However, this
signaling pathway is essential for formation and maintenance of
the vascular system, as manifested by the vascular phenotypes of
Tgfbl, Tgforl, Tgfbr2, Eng, and Acvrll gene knockout mice (2), and
by congenital vasculopathies caused by mutations in orthologous
human genes (3-5). Therefore, therapeutic downmodulation of
TGFp signaling has the potential to cause undesirable vascular
outcomes (6), making investigation of the molecular mechanisms
underlying such phenotypes clinically important.

Studies in mice have shown that, when the TGFp1 pathway is
disrupted, innate genetic differences between strains result in
variable penetrance and severity of vascular phenotypes (7).
Human Mendelian disorders of TGFp and bone morphogenetic
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protein (BMP) signaling also show variable penetrance and se-
verity that may be attributed, at least in part, to genetic variation
within modifier loci (8, 9). One example is hereditary hemor-
rhagic telangiectasia (HHT), which is caused by loss-of-function
mutations in ENG, ALK1, or SMAD4 that encode components of
the TGFp/BMP signaling pathways (4, 5, 10). HHT patients can
suffer vascular malformations in multiple organ systems. They
initially present with recurrent epistaxis but subsequently de-
velop multiple cutaneous and mucosal telangiectases. Bleeding
from gastrointestinal telangiectases can lead to chronic, de-
bilitating, and treatment-refractory anemia. Some patients de-
velop more severe arteriovenous malformations (AVMs) in the
lung, brain, and/or liver, which can lead to severe complications.
Lung AVMs occur in ~30-50% of patients with HHT, causing
right-to-left shunting due to a compromised pulmonary capillary
filter, and potentially leading to life-threatening stroke (11).
Here, we characterized a TGFp modifier locus on proximal
mouse chromosome 12 (12) and found that, like mouse modi-
fiers of common disease phenotypes (13, 14), Tgfbm3 is geneti-
cally complex with positive and negative elements that potentiate
or suppress lethal prenatal TgfbI~'~ vascular dysgenesis. A C57
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versus NIH haplotype over a subinterval of Tgfbm3, termed
Tgfbm3b, functions to support 7gfbI-independent developmental
angiogenesis and, in adults, potentiates circulating endothelial
progenitor cell (CEPC) numbers, a surrogate marker for angio-
genic capacity (15). We show that Tgfbm3b encodes a hypomor-
phic variant of a disintegrase and metalloprotease 17 (ADAM17)
that, due to ineffectual down-regulation of TGF@RI signaling,
potentiates TGFp-mothers against decapentaplegic homologs
2 and 3 (Smad?2/3) signaling downstream of the ligand. We also
provide evidence that genetic variation within human ADAMI17
associates with the presence of potentially life-threatening pul-
monary AVMs in patients with HHT1 carrying ENG mutations,
giving credence to the notion that genetic variation at ADAMI7
may determine severity of TGFp pathway-regulated disease
in humans.

Results

Tgfbm3b Is a Suppressor of Tgfb1~'~ Prenatal Lethality. Tgfb] ™/~
mice are not viable. They either die prenatally from vascular
dysgenesis 9.5-10.5 days postcoitum (16), or postnatally from
lethal multifocal inflammation (17). Previously we mapped var-
iant genomic loci that determine variable penetrance of Tgfbl '~
prenatal lethality (7, 9, 12, 18). We showed that a C57 Tgfbm3<>”
haplotype on proximal chromosome 12 accentuates prenatal le-
thality of NIH.TgfbI~'~ embryos, albeit that the Tgfbm3""* al-
lele, acting alone, is insufficient to suppress C57.7gfbI ™~ embryo
lethality (12). To further dissect Tgfbm3, we used marker-assis-
ted backcross to generate TgfbI™~ congenic sublines carrying
different extents of C57 over the Tgfbm3 locus, which were de-
fined by mapping using SSR and SNP markers (Fig. 1 4 and B
and Table S1). As seen within other genetic modifier loci (13, 14,
19), we found that Tgfbm3“7 is complex and possesses two
modifying elements, a proximal enhancer (Tgfbm3a“> 2 centro-
mere to Lpinl gene) and a distal suppressor (Tgfbm3b<>7; Nisr2
to Grhll) of Tgfbl™'~ prenatal lethality (Fig. 1C).

Genetic Variation at Tgfbm3b Modulates Nuclear Localization of
SMAD2. We focused on analysis of Tgfbm3b, because the ability to
suppress Tgfbl ™'~ embryo-lethality suggests that this locus acts

Lpin1
A Ntsr2 C
Greb1*
E2f6*
+Rock2 Ddef2 o
\Pqlc3 Itgb1bp1 50
 Pdia6 Cpsf3 —
Chromosome 12 ‘-“;5”,61'152‘: lah1 40
Vo Adam17*
“E’” " Ywhaq _ Taftb @ 30 .
yHpeall—i  ~"Grhn..~
I Sl I o . B2 —
- — 2
- -8 . -8
10Mb 20Mb 30Mb 10
B 0

Parental NIH
Line 4

NIH Line4 Line6

Line 6

+——— Tgfbm3a —> +— Tgfbm3b —>

Fig. 1. Tgfbm3 is a complex locus harboring an enhancer (Tgfbm3a) and
suppressor (Tgfbm3b) of Tgfb1~'~ prenatal lethality. (A) Cartoon of Tgfbm3
on proximal mouse chromosome 12, indicating positions of genes within
“islands” of gene-rich unique DNA (black blocks) interspersed by extensive
regions (megabases) of repetitive DNA (white blocks). The human TGFBM3
syntenic region (2p23-25) lacks repetitive DNA and is thus far shorter (Fig.
S3). Asterisks mark genes with amino acid polymorphisms between NIH and
C57. (B) C57 regions within NIH.C57-Tgfbm3 congenic lines 4 and 6, aligned
to A. Black blocks indicate C57; white blocks indicate NIH genomic DNA. The
C57—NIH transition in line 4 occurs between rs49671069 and rs3724468,
located just distal to Lpin1, and that of line 6 occurs between rs29180890
and rs31626421, located just distal to Taf1b. (C) Congenic test cross data
generated by intraline NIH.Tgfb1*~ intercrosses of NIH, NIH.C57-Tgfbm3a
(line 4), and NIH.C57-Tgfbm3a-Tgfbm3b (line 6). Survival to birth (STB) rates
were estimated from the ratio of Tgfb1~'~ neonates to Tgfb1** neonates on
the day of birth. *P = 0.07; **P < 0.01.
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downstream of TGFp1 to compensate for reduced ligand levels,
whereas potentiation of a lethal phenotype might be achieved
through a variety of mechanisms, not necessarily related to
TGFp signaling. Indeed, classical forward genetic screens for
suppressors of gene knockout phenotypes have been used ex-
tensively in lower organisms to identify novel components of
specific signaling pathways (20). To investigate the effect of
variant 7gfbm3b on downstream canonical TGFp signaling,
we examined the nucleocytoplasmic distribution of endogenous
Smad2 in wild-type primagf mouse embryo fibroblasts (MEFs)
derived from NIH.Tgfbm3<” congenic lines 4 and 6, which dif-
fer over an ~1.6-Mb interval of unique gene-rich DNA within
Tgfbm3b (Fig. 1 A and B). Wild-type NIH and line 4 MEFs,
homozygous for the Tgfbm3b™* allele, showed predominantly
cytoplasmic localization of Smad2, which relocated to the nu-
cleus upon TGFp treatment (Fig. 2 A-D, and G). In contrast,
wild-type line 6 MEFs, which bear the C57 Tgfbm3b<>’ allele,
exhibited nuclear Smad?2 staining before addition of TGFp. The
differential in nuclear Smad?2 staining between line 4 and line 6
mice was further accentuated after TGFp treatment (Fig. 2 E-
G). The C57 allele of Tgfbm3b appeared to act in a recessive
manner, because wild-type MEFs generated by intercrossing
NIH.C57-Tgfbm3 line 4 with line 6 mice (NTH.Tgfbm3b< "N,
showed the same Smad?2 distribution as those from line 4 MEFs
(NIH.Tgfbm3bN"NIH) that bear only the NIH allele. Tgfbm3b”
therefore appears to be a recessive Tgfbl modifier that acts
downstream of TGFp1 to modulate Smad?2 levels.

Tgfbm3b Is a Modifier of Circulating Endothelial Progenitor Cell
Numbers. Because Tgfb! and Tgfbm3b interact to regulate vas-
cular development in utero (Fig. 1C), we postulated that these
loci may interact to regulate postnatal angiogenesis. In the adult,
angiogenesis is uncommon except during wound healing and in
disease states, such as cancer and retinopathy (21). Postnatal
angiogenesis occurs predominantly by sprouting from existing
blood vessels, but can be supported by endothelial progenitor
cells (EPCs) that home to the angiogenic site after release from
the bone marrow (22) or that appear by vasculogenesis local to
the site of injury (23). Several studies have shown a strong as-
sociation between CEPCs, active angiogenesis, and vascular
outcomes in mice and humans (24-26). Importantly, angiogenic
capacity and CEPC numbers correlate, and both are determined
by innate genetic variation (15). However, as yet no variant ge-
netic loci that modulate CEPC levels have been characterized.
Because Tgfbl has been shown to be necessary for a robust
CEPC response to injury and associated reparative angiogenesis
(26), we postulated that variants of Tgfbm3b may interact with
Tgfbl to regulate CEPC levels during postnatal angiogenesis.
FACS analysis was used to monitor adult CEPC numbers in
NIH and congenic NIH.C57-Tgfbm3 lines 4 and 6 following
s.c. implantation of a highly angiogenic syngeneic carcinoma
cell line. All three mouse lines showed elevation in CEPC
(CD457, CD117*, CD13") and circulating endothelial cell (CEC)
(CD45~, CD117, CD13™) numbers, 1-2 d following adminis-
tration of this angiogenic stimulus (Fig. 3 4 and B). NIH and line
4 mice, both homozygous NIH for the major Tgfbm3b™ allele,
showed similar profiles of CEPC and CEC induction, with only
a weak and transient increase in CEPC numbers. In contrast,
line 6 mice, homozygous for the Tgfbm3b<"” allele, which sup-
presses Tgfbl1 ™'~ embryo lethality, elicited a much greater CEPC
response than NIH or line 4 mice (Fig. 3 4 and B). Significantly,
differences in CEPC numbers between mice that harbor the two
alternative Tgfbm3b genetic variants were not paralleled by dif-
ferentials in total circulating CD45* cells, or specifically in
CD45* CD11b* F4.80% Grl~ monocytes or CD45% CD11b*
Gr1" myeloid-derived suppressor cells (Fig. S1), implying that
the effects observed were specific to EPCs. Importantly, loss of
a single Tgfbl1 allele severely reduced the accentuated CEPC and
CEC responses to the angiogenic stimulus seen in line 6 mice
(NTH.Tgfbm3ab<”"“7) (Fig. 3 C and D), demonstrating that
TGFp1 is required for the activity of Tgfbm3b<>” in this assay and
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Fig.2. Early passage NIH MEFs homozygous for Tgfbm3b*” show higher basal

and inducible nuclear Smad2 levels than those with Tgfbm3b™*". (A-F) Smad2
staining of MEFs derived from wild-type mice of a parental NIH background (A
and B), or on the line 4 (C and D) or line 6 (E and F) congenic backgrounds,
before (A, Cand E) and 1 h after (B, D, and F) stimulation with TGF 0.5 ng/mL.
(G) Quantification of nuclear Smad2 intensity. *P < 0.05. Each experiment was
independently reproduced three times with three technical replicates within
each experiment.

giving support to a model of genetic interaction between 7gfbl
and Tgfbm3b in regulating CEPC levels. We surmise that genetic
variation within 7gfbm3b regulates CEPC numbers in response
to an angiogenic stimulus. We believe that this is the first report
of an endogenous polymorphic genetic modifier of CEPC
number in vivo.

Innate Genetic Variation of Adam17 Within Tgfbm3b Modifies TGFp
Signaling. Whole genome SNP analysis showed that lines 4 and 6
were both >95% homozygous NIH, including the Tgfbml and
Tgfbm2 loci (Table S1). It is therefore unlikely but not impossible
that differences in TGFp biology observed between congenic
lines 4 and 6 were influenced by genetic variation at unlinked
loci. Definitive proof that Tgfbm3b directly influences TGFp
signaling therefore required analysis of the variant genes within
that locus. We sequenced the coding regions of candidates lo-
cated within Tgfbm3b (Fig. 14). Three genes, Grebl, E2f6, and
Adam17, each showed amino acid polymorphisms between C57
and NIH mice (Table S2). E2f6 possesses a single p.Leul0GIn
polymorphism, but comparative functional analysis of the two
protein variants showed no significant influence on TGFp sig-
naling in vitro.

Adam17 possesses two nonsynonymous coding SNPs. This
gene encodes a disintegrin and metalloprotease 17 (ADAM17),
also termed tumor necrosis factor o converting enzyme (TACE),
a transmembrane metalloprotease involved in cell surface shed-
ding and activation of a number of growth factors, including
TNFa, EGF-R ligands, Notch1, and Notch4 (27). A p.Asp113Asn
variant in the C57 allele introduces a charge change at an evo-
lutionarily conserved residue within the ADAM17 Pro domain.
This domain is involved in ADAM17 polypeptide processing,
subcellular trafficking, and activation (Fig. 4 A and B). The
ADAM17 p.Aspl13Asn variant has only been observed in one
other Mus musculus domesticus strain, NZW/LacJ, and two wild-
derived Mus subspecies, Mus musculus molossinus and Mus
musculus musculus (Fig. 4B). The C57 ADAM17 p.Ileu613Val
variant (Fig. 44) is located in the cysteine-rich domain. This is
a relatively common variant in laboratory mouse strains and is
not evolutionarily conserved (Fig. 4B).

ADAM17 has been shown to cleave the TGFp type I receptor,
effectively reducing Smad2 signaling (28). We therefore tested
the comparative activity of ectopically expressed ADAM17 var-
iants to modulate TGFp responsiveness in NIH 3T3 fibroblasts
using a CAGA,-luciferase assay that reports on Smad2/3 tran-
scriptional activity. As predicted, ectopic expression of the major
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(NIH) ADAM17 isoform reduced TGFp-dependent Smad2/3
transcriptional output (Fig. 4C), presumably by shedding TPRI
(28). Ectopic C57 ADAM17 protein levels were similar to those
of the NIH variant (Fig. S2), but showed a 50% attenuation in
the ability to reduce TGFp-induced CAGA j,-luciferase activity
(Fig. 4C), suggesting that this isoform is hypomorphic with
respect to TPRI sheddase activity. Interestingly, ADAM17
polypeptides harboring single C57 amino acid variants showed
intermediate levels of CAGA,-luciferase activity between that
of the C57 and NIH alleles (Fig. 4C), suggesting that both amino
acid variants contribute to the overall decrease in TPRI sheddase
activity. We conclude that the C57 genome encodes a recessive
Adam17 variant that is hypomorphic for down-regulation of
TPRI, resulting in a hyperactivated state of TBRI-Smad2/3 sig-
naling that, in the presence of TGFp2, TGFp3, or maternal
TGFp1, may contribute to the rescue of line 6 TgfbI ™'~ embryos
from lethal vascular dysgenesis (Fig. 5).

ADAM17 Inhibition Potentiates CEPC Levels by Enhancing TGFf§
Signaling. We postulated that genetic variation of Adaml7 is
also responsible for the modulatory effects of Tgfbrm3b on CEPC
levels. Based on the observation that Tgfbm3b<>7, harboring the
hypomorphic Adam17 allele, potentiated CEPC levels in response
to the angiogenic stimulus, we hypothesized that pharmacological
ADAM]17 inhibition would accentuate release of CEPCs from
the bone marrow. Indeed, systemic treatment of mice with an
ADAM17-specific small molecule inhibitor, TMI-005 (29), en-
hanced CEPC and CEC numbers 16- to 30-fold (Fig. 6 A-C).
This TMI-005-induced increase in CEPC response was observed
even in mice carrying the hypomorphic Adami177 allele (line 6,
Fig. 6 B and C), consistent with the fact that the hypomorphic
C57 variant retains significant residual ADAM17 activity. Based
on our genetic interaction analysis, we hypothesized that the
effect of hypomorphic ADAM17 on CEPC and CEC responses
in vivo was mediated by reduced shedding and consequent in-
creased activation of the TGFf type I receptor. In concordance
with this hypothesis, the large induction in CEPC numbers
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Fig. 3. Tgfbm3b is a TGFp1-dependent modifier of adult CEPC response to
angiogenesis. Three mouse strains: (i) NIH, (ii) congenic NIH.Tgfbm3a line 4,
and (iii) NIH.Tgfbm3ab line 6, were implanted with syngeneic CarB cells (2 x
10°) expressing high VEGF and SDF1 levels, to provide an angiogenic stimulus.
Blood was harvested at the indicated time points post-CarB implantation, and
assayed by FACS analysis for (A) CD45-, CD13*, CD117~ CECs, and (B) (CD45,
CD13%, and CD117") CEPCs. Similar experiments were performed using NIH.
Tgfbm3ab line 6 congenic mice that were either wild type or haploinsufficient
for Tgfb1 (C and D). Each time point represents data from four mice per
genotype, and each experiment was independently reproduced three times.
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Fig. 4. Adam17 polymorphic variants differentially regulate canonical
TGFB-SMAD signaling output. (A) Position of C57 amino acid substitutions within
the ADAM17 protein. (B) Evolutionary conservation of ADAM17 amino acid
residues 113 and 594/613 from chick to human. (C) TGFp1/Smad2/3-mediated
transcriptional responses of NIH 3T3 fibroblasts transfected with expression
vectors encoding NIH.Adam17, Adam174P1134s" Adam17"eu613Val o C57.
Adam17 Asp113Asnlleusi3val ca||s were transfected with the indicated Adam17
expression constructs together with a Smad2/3-responsive pCAGA-luciferase
construct. Note that exogenous ADAM17 expression was in vast excess to
that of endogenous NIH 3T3 ADAM17 (Fig. S2). Activation of luciferase was
assayed 24 h after addition, or not, of 1 ng/mL TGFp. *P < 0.05, **P < 0.01.
Each experiment was independently reproduced three times with three
technical replicates within each experiment.

observed in the presence of TMI-005 was completely ablated
by Ly2109761 (Fig. 6C), a small molecule inhibitor of TPRI kinase
(30). We therefore conclude that the stimulatory effect of ADAM17
inhibition on CEPC levels is mediated by enhanced TPRI signaling.

Genetic Variation Within Human ADAM17 Associates with Pulmonary
Vascular Lesions in HHT. Because Adam17 interacts with Tgfbl to
modulate prenatal vascular development and adult CEPC levels
in mice, we postulated that genetic variation in ADAMI17 may
modify TGFf-regulated vascular disorders in humans. HHT is
such a disorder, caused by haploinsufficiency of ENG, ACVRLI,
or SMAD4, and considered to be a disease of excess angiogenesis
and/or altered endothelial cell fate, resulting from perturbations
in the TGFp/BMP signaling pathways (31-33). Although HHT is
rare, affecting 1 in 5-10,000 people worldwide, studies of this
disease are valuable to our overall understanding of human
vascular biology. We hypothesized that genetic variation within
human ADAM17 may influence clinical severity of HHT, one
feature of which is development of pulmonary AVMs. We
therefore investigated genetic association between SNPs with-
in ADAM17 and the presence of pulmonary AVM in HHT
mutation carriers.

We genotyped six common independent ADAM17 tagSNPs
(r2 < 0.7) in a cohort of 401 Dutch and Dutch Antillean HHT
mutation carriers, together with 235 unaffected first degree rel-
atives. Gamete competition analysis (34), a modified version of
the transmission distortion test, revealed that three of the six
ADAM17 SNPs showed significant association between the mi-
nor allele and presence of pulmonary AVM in HHT mutation
carriers (P < 0.05, Table S3: 1510495565, rs12474540, and
rs17524594). When Dutch patients were stratified by HHT sub-
type, significant association with pulmonary AVM was observed
for HHT1 (mutant ENG), but not for HHT?2 (mutant ACVRLI).
Importantly, of 175 additional tagSNPs that spanned the human
2p25 genomic interval syntenic to 7gfbm3b (750 kb proximal
and 1 Mb distal from ADAM17; Fig. S3) only one other SNP
(rs2304401) showed significant genetic association to lung AVM
in the Dutch cohort. In humans, a positive genetic association
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requires confirmation in an independent population. We there-
fore genotyped rs10495565 and rs12474540 (ADAM17), as well as
752304401 in an additional French cohort of patients with HHT
(n =222). Both ADAM17 SNPs showed a strong trend toward
genetic association between minor alleles with pulmonary AVM
in HHT1 (n = 75, Table S4; P = 0.067) but not HHT2 mutation
carriers (n = 147), with the statistical power being limited by the
small size of this French HHT cohort. rs2304401 showed no genetic
association. In conclusion, despite the statistical power constraints
of working with small populations with a rare genetic disorder, the
data strongly suggest that differential interactions between
ADAM17 variants and the TGFp signaling pathway can influence
severity of vascular pathology in humans.

Discussion

In the current study, we report the presence of a polymorphic
genetic locus in mice that regulates both TgfbI-dependent pre-
natal and postnatal vascular biology. We show that the C57 allele
of Tgfbm3b, a component of the larger Tgfbm3 locus on mouse
chromosome 12, is a suppressor of Tgfbl~'~ prenatal lethality
and modulates CEPC levels in adults, a surrogate for angiogenic
capacity. Although these genetic data might be confounded by
the presence of a low level of genetic heterogeneity elsewhere in
the genome (9), we provide molecular and pharmacological ev-
idence that genetic variation of the Adam17 gene within Tgfbm3b
is at least in part responsible for this modifier effect.

It is notable that the C57 mouse strain has a low angiogene-
sis potential and low CEPC levels (15), as well as manifesting
complete penetrance of prenatal lethality of TgfbI ™'~ embryos from
vascular dysgenesis (7, 9). It is therefore counterintuitive
that the C57 allele of Tgfbm3b would be proangiogenic, as
manifested by enhanced adult CEPC numbers and suppression
of Tgfb1™'~ prenatal lethality in line 6 compared with line 4 mice.
This may be explained if, in pure C57 mice, the proangiogenic
activity of Tgfbm3b“>” is masked by stronger angiogenesis sup-
pressor genes located elsewhere in the C57 genome, such as
within Tgfbm3a. This paradox highlights the complexity of ge-
netic interactions between endogenous variants observed in
polygenic traits, such as angiogenesis, as has previously been
documented in cancer susceptibility loci (35-37). In the current
study, the confounding effects of unlinked modifier genes are
largely, although not entirely, eliminated by utilization of the NIH
congenic lines that differ only across Tgfbm3.
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Fig. 5. Model depicting effect of ADAM17 variant on the canonical TGFp
signaling pathway. TGFp ligand induces heteroligomerization of TpRIl and
TBRI, activation of TBRI by TBRII, and phosphorylation of Smad2 by TBRI ki-
nase. P-Smad2 oligomerizes with Smad4 to shuttle to the nucleus and in-
stigate a Smad-mediated transcriptional response. The model proposes
differential shedding and consequent inactivation of TBRI by the NIH versus
C57 variants of ADAM17. The C57 ADAM17 isoform has relatively weak in-
hibitory activity against TpRI, consequently elevating nuclear P-Smad2/3 and
Smad2/3-mediated transcription in cells harboring this variant.
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Fig. 6. TPRI kinase activity mediates the effect of hypomorphic ADAM17 on
CEPC numbers in vivo. Mice were treated, or not, with 50 mg/kg of a pharma-
cological ADAM17 inhibitor, TMI-005, and/or 100mg/kg of an orally available
TBRI kinase inhibitor, Ly2109761, before and during induction of angiogenesis,
as described in the legend to Fig. 3. Mice were dosed twice a day with drug or
vehicle, from one day before CarB implantation. Blood samples were collected
before tumor implantation (0 h) and 24 h post implantation. CEPC and CEC
numbers were assayed as described in Fig. 3. (A) CEC and (B) CEPC numbers,
in response to inhibition of ADAM17 by TMI-005. Elevated induction of (C)
CEPCs in congenic mice was neutralized by treatment with the TpRI kinase
inhibitor, Ly2109761. Each time point reports the mean of four mice per
experiment, and each experiment was replicated three times. *P < 0.05, **P <
0.01, ***P < 0.001.

It seems counterintuitive that MEFS from pure NIH mice,
which have a relatively high Tgfb1™~ embryo survival rate, have
lower nuclear Smad2 levels compared with line 6 MEFs (NIH.
Tgfbm3b<"7). Moreover, adult NTH mice did not demonstrate an
accentuated CEPC response to the angiogenic stimulus, despite
a high Tgfb1™'~ embryo survival rate. These facts might be rec-
onciled if NIH alleles w1thm the prox1mal Tgfbm3a haplotype
support prenatal Tgfbl~'~ development in a Smad2-independent
fashion that does not influence CEPC levels in the adult. In the
current study we restricted our analysis to Tgfbm3b because this
locus not only modulated adult CEPC levels, but also suppressed
TefbI~'~ embryo lethality, suggesting a direct influence of Tgfbm3b
on the TGFp signaling pathway.

We present evidence that functional polymorphism within
ADAM17 is a major contributor to the modifier effects of
Tgfbm3b. ADAM17 is a sheddase that cleaves many substrates
and, by so doing, is involved in processing and activating TNFa,
Notch, EGFR, and amphiregulin, as well as suppressing TPRI
signaling (27, 28). We found that the C57 Adam17 allele har-
bors two amino acid polymorphisms, p.Aspll3—Asn and
p.lleu613—Val, which together result in a protein that is hypo-
morphic in down-modulating TGFp signaling, culminating in
higher levels of nuclear Smad2 signaling downstream of TBRI
and enhanced Smad2/3-dependent transcriptional reporter ac-
tivity. This effect “may compensate somewhat for lack of TGFp1
ligand in Tgfbl™'~ embryos, allowing more of them to undergo
normal embryonic development, possibly supported by TGFp2,
TGFp3, or maternal TGFp1.

Intriguingly, we found that inheritance of the hypomorphic
C57 Adam17 variant or pharmacological inhibition of ADAM17
results in higher CEPC numbers in mice. Many studies have
found that CEPC numbers correlate with productive angiogen-
esis and vascular stabilization. CEPC numbers have been
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positively associated with a reduced risk of vascular disease, as
well as a better outcome after a cardiovascular incident (38). In
stroke victims, CEPC numbers are lower compared with control
subjects, whereas higher CEPC numbers correlate with a more
favorable outcome (24, 25). An inverse correlation between
CEPC number and aneurysm size has been reported in patients
with idiopathic thoracic ascending aortic aneurysm (TAAA)
(39), an intriguing observation because TAAD (TAAA with
dissections) is a major health concern in patients who have
mutations in TGFp signaling pathway genes (40-42). The fact
that genetic reduction of TGFf1 or pharmacological inhibition
of TPRI signaling neutralized the effects of ADAM17 hypo-
activity on CEPC numbers, not only further illustrates the im-
portance of interaction between ADAM17 activity and TGFp
signaling in vivo, but suggests that many of the effects of ADAM17
on angiogenesis are mediated via TGFpRI.

It is likely that these amino acid substitutions in C57 ADAM17
alter microdomains that differentially affect substrate specif-
icities. In fact, the p.lleu613Val variant is located within the
cysteine-rich substrate recognition domain (43); thus, variation
in Adaml7 p.Asnll13-Val613 may preferentially affect TPRI
signaling over that of other substrates, such as TNFa. If the C57
ADAM17 variant reduced activation of EGFR, TGFa or TNFa
processing, wild-type C57 mice might be expected to present with
dramatic phenotypes, such as perinatal lethality (44) or in-
flammatory skin and bowel disease (45), observed in mice or
humans lacking functional ADAMI17, or with wavey fur and
open eyelids, as observed in a more severe murine ADAMI17
hypomorph (46), which is clearly not the case.

Notch is another ADAM17 substrate, and is a vascular qui-
escence factor with a known involvement in TGFp and ALK1
signaling (32, 33). It is thus possible that reduction in Notch
activation, due to reduced ADAM17 activity, may also contrib-
ute to hyperelevation of CEPC numbers and increased angio-
genesis observed in the NIH.C57-Adam17 and TMI-005-treated
mice (32). Nevertheless, the fact that specific pharmacological
inhibition of TBRI completely suppressed the TMI-005-induced
CEPC response, argues in favor of a major role of TGFp sig-
naling in mediating the effects of hypomorphic ADAM17 on
CEPC number. We conclude that TGFB1-TBRI-Smad2/3 sig-
naling plays an important proangiogenic role not only during
embryogenesis, but in release of adult bone-marrow—derived
CEPCs to the blood, and that these processes are modulated by
interaction between TPRI and genetic variants of Adaml7.

Finally, in the current study, we provide evidence that genetic
variation in human ADAM]I17 may influence clinical outcome of
a TGFp-regulated disease, HHT. We show genetic association
between ADAM17 SNPs and the presence of pulmonary AVMs
in patients with HHT, suggesting a contribution to the risk of
lung AVM. The human study is limited by the small cohort size
necessitated by working with a rare disease, and the SNPs that
drive association between ADAM17 and PAVM in HHT remain
to be identified. However, the fact that three of six independent
SNPs (r2 < 0.7) showed significant genetic association in the
Dutch population as well as marginal association in French
HHT is compelling. Human variation in ADAM17 at the specific
amino acid residues orthologous to those of the C57 variant (113
and 613) has not been reported to date. However, clusters of
“potentially detrimental” amino acid variants lie close to the
orthologous polypeptide positions of the C57 mouse variants,
between residues 97-120 (Pro domain) and 505-610 (cysteine-
rich domain) (Polyphen and SIFT analysis in dbSNP). These
protein variants may contribute to differences in TGFf signaling
within the human population. Intriguingly, in both the Dutch and
French populations, genetic association was only observed within
HHT1 but not in HHT2. This may be of biological significance,
because ACVRL I, mutated in HHT2, encodes a serine threonine
kinase signaling receptor that is primarily activated by BMP9
rather than TGFp, whereas ENG/endoglin, mutated in HHT1, is
involved in presentation of various ligands to their respective
type II receptors, including TGFp1 and -3, activins, and BMPs.
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In conclusion, here we show that genetic variants of mouse
Adam17 can profoundly influence the outcome of vascular pheno-
types in vivo, both pre- and postnatally. This explains one compo-
nent of the genetic complexity that determines individualized
responses to reduced TGFp1 signaling. It is likely that human ge-
netic variation in ADAM17, by differential effects on TBRI, will also
determine risks and outcomes of more common human diseases, as
well as clinical responses to TGFp pathway-targeted therapies (1).

Materials and Methods

The parental mouse strains under study were NIH/OlaHsd and C57BL/6NTac,
each carrying a Tgfb17™'" allele (17). NIH.C57-Tgfbm3 congenic mouse lines
were generated by repeated backcross (more than seven generations) of
NIH.C57.F1 mice to NIH/OlaHsd, with selection for the Tgfb1"™'" allele on
chromosome (Chr) 7 and for C57 SSR markers at Tgfbm3. Congenic lines
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