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Abstract TGF-β-related heritable connective tissue disorders are characterized by a similar
pattern of cardiovascular defects, including aortic root dilatation, mitral valve prolapse,
vascular aneurysms, and vascular dissections and exhibit incomplete penetrance and
variable expressivity. Because of the phenotypic overlap of these disorders, panel-based
genetic testing is frequently used to confirm the clinical findings. Unfortunately in many
cases, variants of uncertain significance (VUSs) obscure the genetic diagnosis until more
information becomes available. Here, we describe and characterize the functional impact
of a novel VUS in the TGFBR2 kinase domain (c.1255G>T; p.Val419Leu), in a patient with
the clinical diagnosis of Marfan syndrome spectrum. We assessed the structural and
functional consequence of this VUS using molecular modeling, molecular dynamic
simulations, and in vitro cell-based assays. A high-quality homology-based model of
TGFBR2 was generated and computational mutagenesis followed by refinement and
molecular dynamics simulations were used to assess structural and dynamic changes.
Relative to wild type, the V419L induced conformational and dynamic changes that may
affect ATP binding, increasing the likelihood of adopting an inactive state, and, we
hypothesize, alter canonical signaling. Experimentally, we tested this by measuring the
canonical TGF-β signaling pathway activation at two points; V419L significantly delayed
SMAD2 phosphorylation by western blot and significantly decreased TGF-β-induced gene
transcription by reporter assays consistent with known pathogenic variants in this gene.
Thus, our results establish that the V419L variant leads to aberrant TGF-β signaling and
confirm the diagnosis of Loeys–Dietz syndrome in this patient.

[Supplemental material is available for this article.]

INTRODUCTION

Rare diseases are individually rare but collectively common, affecting approximately 25–30
million individuals in the United States today, and >80% of rare diseases have a genetic eti-
ology (Global Genes 2016). Translation of the recent technological advances in genomic
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testing into clinical practice has enabled an increase in the availability and use of clinical ge-
netic testing to determine the etiology of a patient’s suspected Mendelian disease.
Establishing a genetic diagnosis can ensure appropriate medical management of patients
but can also inform family members who may be at risk of harboring the same variant and
for family planning. Our ability to interpret the genetic variation we uncover with these tech-
nologies, however, is lagging behind our ability to confidently identify them. As a conse-
quence, a majority of the genetic variation uncovered are variants of uncertain significance
(VUSs) and additional efforts are needed to determine whether these VUSs are benign or
pathogenic. Factors contributing to the challenges of VUS interpretation include lack of co-
observation of individual VUS in similarly affected patients, lack of related phenotypic evi-
dence for the harboring gene, and the precisemechanism of diseasemay be unclear without
gold-standard clinical tests to verify the link between a gene’s dysfunction and a clinical
diagnosis.

Several heritable connective tissue disorders are associatedwith dysfunction in the TGF-β
signaling pathway (Fig. 1) and have specific challenges for determining pathogenicity of var-
iants in the associated genes. The known disease-causal genes in the TGF-β pathway and as-
sociateddisorders includeFBN1 (Marfan syndrome),TGFBR1,TGFBR2,SMAD3,TGFB2, and
TGFB3 (Loeys–Dietz syndrome [LDS]), SMAD2 (SMAD2-related arterial aneurysm disorder),
and SKI (Shprintzen–Goldberg syndrome). This set of TGF-β-related connective tissue disor-
ders are autosomal dominantly inherited, have significant phenotypic overlap, andhavebeen
well reviewed recently (Verstraeten et al. 2016). These disorders have multisystem involve-
ment with their most significant morbidity and mortality stemming from cardiovascular com-
plications such as arterial dissections, aneurysms, and valve prolapse.

The severe potential outcomes of the arterial dissections and aneurysms associated with
the TGF-β dysfunction syndromes necessitate determining the genetic etiology to ensure
the proper screening of family members and managing risk of complications (De Backer
et al. 2013). The interpretation of VUSs in the TGF-β-related heritable connective tissue dis-
orders, however, has specific challenges. Most variants described have only been observed
within a single family and are associated with incomplete penetrance, significant phenotypic
variability, and variable expressivity. Thus, discerning variant and disease cosegregation
within a family and identifying additional unrelated patients with the same variant may be
difficult, limiting the evidence available to define variant pathogenicity according to the cur-
rent guidelines for variant interpretation (Richards et al. 2015). Consequently, additional ef-
forts are needed to determine whether a VUS may be contributing to disease.

In this study, we used standard variant annotation, paralog analyses, in silico protein
modeling, and heterologous cell-based assays to determine the pathogenicity of a clinically

Figure 1. Canonical TGF-β signaling pathway.
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detected TGFBR2 VUS in a patient with aortic root dilatation suspected of having an under-
lying connective tissue disorder. We show how the use of both in silico and in vitro functional
assessment can determine the pathogenicity of variants in TGFBR2 and facilitate a genetic
diagnosis of Loeys–Dietz syndrome.

RESULTS

Clinical Findings and Genetic Testing
The novel missense V419L variant in the TGFBR2 gene characterized in this study was iden-
tified by genetic testing of a male patient who presented at the age of 42 yr (Fig. 2A, III-1) to
the Mayo Clinic for suspected Marfan syndrome. His previous history included right inguinal
hernia repair at 3 yr of age, multiple orthopedic interventions including right anterior cruciate
ligament (ACL) reconstruction, arthroscopy of the right hip, and subluxations of his hip, right
thumb, and shoulders. He had a history of braces on his teeth and dental overcrowding, a
pneumothorax during a bout of bronchitis at 31 yr old, joint laxity, and a 10-yr history of in-
termittent joint pains that had worsened over the 2 yr prior to presentation.

The family history was significant for a maternal grandfather (Fig. 2A, I-1) who passed
away at the age of 54 yr from an unexplained cardiovascular event. Both the patient’s mother
(II-1) and sister (III-2) were evaluated by echocardiograms and found to have normal aortic
roots. The remainder of the family history was unremarkable.

On physical exam the patient was tall with a height of 197.7 cm (100th percentile; +2.72
SD), had dolichocephaly, malar hypoplasia, mild retrognathia, pes planus with hindfoot
deformity, and positive wrist and thumb sign. Based on the revised Ghent nosology (Loeys
et al. 2010), a score, termed the systemic score, is calculated for patients suspected as having
Marfan syndrome whereby the presence of specific phenotypes in the patient are assigned
weighted values. With his history of pneumothorax, the systemic score of this patient was 9,
andhemet the clinical criteria forMarfan syndrome (systemic score≥7). Echocardiogrameval-
uation identified a dilated sinus of Valsalva of 54 mm with Z-score of 7.22 (positive systemic
score criteria is ≥2) shown in Figure 2B and additional imaging studies revealed vertebral
and cervical internal carotid artery tortuosity. The patient subsequently underwent aortic
valve-sparing root replacementwith reimplantationof coronaryarteries andaortic valve repair
at age 42, and aortobiiliac reconstruction at the age of 43 yr for iliac aneurysms (Fig. 2C).

Gene-panel testing for Marfan syndrome and related disorders was pursued through
GeneDx and identified missense VUSs (Table 1) in TGFBR2 (NM_003242.5: c.1255G>T; p.
V419L), MYH11 (NM_002474.2: c.5585G>A; p.R1862H), and FBN1 (NM_002474.2:

Figure 2. Family history and vascular imaging. (A) Pedigree (arrow indicates proband). (B) Aortic root dilatation
and (C ) aneurysms of the common iliac arteries of the proband visualized using computer tomography
angiography.
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c.2956G>A; p.A986T). Familial testing revealed the patient’s mother was heterozygous for
the TGFBR2 and MYH11 variants, the sister was heterozygous for the MYH11 variant, and
the father was negative for both. Pathogenic variants in TGFBR2 lead to Loeys–Dietz syn-
drome (MIM #610168) that closely matches the phenotypic presentation of this patient.
Pathogenic variants in FBN1 lead to Marfan syndrome (MIM #154700); however, the variant
identified in this patient has been previously reported as a benign polymorphism (Rommel
et al. 2002, 2005; Lerner-Ellis et al. 2014). Pathogenic variants in MYH11 cause familial tho-
racic aortic aneurysm (MIM #132900) that is typically associated with aortic aneurysms but
also strongly associated with patent ductus arteriosus not present in the patient or family
members carrying the variant. Thus, the TGFBR2 VUS is the most likely candidate variant
to be disease causal in our patient and we focused our analyses and experimentation to
determine the clinical significance of this V419L variant.

Structural Bioinformatics Analysis of the TGFBR2 V419L Variant
The novel c.1255G>T variant in TGFBR2 is not observed in the Exome Sequencing (ESP),
Exome Aggregation Consortium (ExAC), or Genome Aggregation Consortium (gnomAD)
databases, and resides in the kinase domain of the protein (Fig. 3A). This valine residue is

Figure 3. Protein domains and ortholog and paralog analyses. (A) V419 is located in the kinase domain and (B)
is highly conserved in orthologs. (C ) Paralog analysis reveals high conservation and disease-associated variants
in nearby residues. V419Ewas reported as likely pathogenic in ClinVar. For a variant reported inmore than one
source, shading prioritization follows HGMD>ClinVar>UMD. Only variants reported as pathogenic or likely
pathogenic in ClinVar were included. HGMD, Human Gene Mutation Database; UMD, Universal Mutation
Database.
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highly conserved in vertebrates (Fig. 3B) as well as in human paralogs (Fig. 3C). Missense
variants have been reported in nearby residues in TGFBR2 associated with disease by the
Human Gene Mutation Database (HGMD) (Stenson et al. 2014), ClinVar (Landrum et al.
2016), and the Universal Mutation Database (Frederic et al. 2008) (http://www.umd.be/
TGFBR2/). We performed paralog analysis by mapping known pathogenic variants onto
the multiple sequence alignment (MSA) (Fig. 3C) and show that pathogenic missense
variants have also been reported in this region across paralogs. Additionally, there is only
a single missense variant, L416V, in 1/120,972 alleles in ExAC (Lek et al. 2016) between res-
idue positions 408 and 439 indicating a low rate of variation in this region. At the whole-gene
level, TGFBR2 has fewer observed variants than expected (z = 2.25) but does not meet the
criteria of the constraint metric from ExAC to be considered intolerant to missense variation
(z-score > 3). However, by interrogating only the region surrounding V419, we found the
presence of disease-causal variants in TGFBR2 and its paralogs and a lack of variation in
the ExAC data (assumed nondisease causal) for TGFBR2, suggesting that this is an important
functional region of the gene/protein that may be intolerant to variation at a sub-gene level.
Thus, variants in this region may be more likely to cause dysfunction and thereby disease,
than elsewhere in the gene.

The in silico prediction tools (SIFT (Sorting Intolerant From Tolerant], PolyPhen
[Polymorphism Phenotyping], and MutationTaster) are concordant in the result that this sub-
stitution has the potential to be deleterious to the protein. However, these tools are known to
have a high false-positive rate for regions of high conservation (Kumar et al. 2012).
Conversely, ΔΔGfold calculation (Schymkowitz et al. 2005; Van Durme et al. 2011) yielded
a value of−0.11 kcal/mol, which is an indication the substitution is unlikely to be destabilizing
to the kinase domain. Consequently, we extended our studies to analyzing the potential ef-
fect of the V419L substitution using molecular modeling and molecular dynamics (MD) sim-
ulations, which have the ability to compare not only the structural changes but also the time-
dependent behavior of the variant in the tridimensional space and in comparison to the
wild-type (WT) protein and other variants of known significance.

Computational Biochemistry Methods Reveal Potential Alterations in the Structure
and Dynamics of the TGFBR2 V419L Variant
Wepursuedmolecular modeling withMD simulations of the kinase domain of TGFBR2 using
well-established molecular mechanic methodology (Fig. 4A). From our MD simulations, we
quantified global changes in the structure using root-mean-square deviation (RMSD) and
compared our patient’s V419L to 30 previously reported pathogenic and likely pathogenic
variants fromClinVar andHGMD (Fig. 4B). V419L exhibited a larger RMSD thanWT andmost
pathogenic variants, indicating the conservative valine to leucine substitution may indeed
have a large effect on the structure and dynamics of the protein. A principal component
(PC) analysis of the MD simulations of TGFBR2 was completed to determine the differences
in the major motions of the WT protein, the V419L VUSs, and the other known pathogenic
variants (Fig. 4C,D). The first principal component (PC1) comprises 13.71% of the overall var-
iance across all simulations and the second PC explains 9.69% (Fig. 4C). The motion encod-
ed in PC1 for each residue is shown pictorially in Figure 4D. PC1 displays a motion wherein
the N-lobe swivels or ratchets with respect to the C-lobe. In the +PC1 (−PC1) direction, the
Gly-rich (Kornev et al. 2006) or P-loop (Foda et al. 2015) and the αC-helix move away from
(toward) the activation loop, whereas components of the C-lobe shift in the opposite direc-
tion. By plotting representatives from our MD simulations in PC1 and PC2 coordinates, we
show that expansion along PC1 is a strong component of the dynamic effects of V419L com-
pared with WT; the space sampled during the WT and V419L MDs are essentially nonover-
lapping (Fig. 4C). PC2 separates many of the reported pathogenic variants but contributes

Functional validation of TGFBR2 V419L
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little to the difference betweenWT and V419L. Thus, PC analysis predicts that V419L leads to
a dynamic shift in TGFBR2.

We also observe that duringMD simulations, the correlation betweenmotion along PC1,
alteration of key reference distances, and movement of the αC-helix are visually evident.
V419 comes into close proximity to the side chain of R254 that resides in the ATP binding

Figure 4. TGFBR2 structure and dynamics. (A) V419 is within the activation loop in close proximity to R254 in
the ATP binding domain. Locations of pathogenic and likely pathogenic variants reported in ClinVar are
marked by spheres. (B) Probability density of root-mean-square deviation (RMSD) from simulations demon-
strated that V419L affects conformation. (C ) Principal component analysis (PCA) reveals that V419L exhibits
significant dynamic departures from wild type (WT) and many other pathogenic variants. Snapshots from
each simulation are shown as points in the first two PCs. (D) The motion indicated by the first PC is shown,
projected onto the initial WT structure. The direction and relative magnitude of each residue’s motion is indi-
cated—a twisting of the N- and C-lobes with respect to one another. V419L samples conformations that are
further activated in the +PC1 direction than WT and most pathogenic variants. (E) We quantified the changes
in reference distances along PC1. Themedian PC1 coordinates forWT and V419L simulations are indicated by
dashed vertical lines and the full range of sampling by shaded regions. The angle of the ATP binding site is
measured using N332–C396–R254. (F ) We show the structure with the N-lobe colored blue, C-lobe orange,
and αC-helix pink. Two conformations along PC1 are shown: a 2 Å RMSDdeformation in the negative direction
(left) and a 2 Å deformation in the positive direction (right). (G) Zooming in on the top of the hydrophobic spine
reveals that PC1 also leads to misalignment of these residues. Thus, V419L may lead to enhanced sampling of
an inactive state.
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domain on the end of the P-loop. For L419, the distance between the activation loop and the
P-loop was increased (Fig. 4E,F). Thus, we quantified the change in proximity between the P-
loop and the activation loop using a distance monitor and demonstrated that across the
range of PC1 sampled by pathogenic variants, a difference of up to 4 Åwas observed, where-
as for V419L these two structural features were an average of 2 Å further separated than in
WT (Fig. 4E). This difference is correlated with a closing of the ATP binding cavity by an av-
erage of 2 Å and a change in the relative angle of the cavity opening by 15°. The PC1motion
also influences the distances between certain residues involved in the switched electrostatic
network previously identified in other kinase structures (Ozkirimli et al. 2008). Further, the
PC1motion leads to alteration in the alignment of the hydrophobic spine and the orientation
of the αC-helix with respect to the activation loop (Fig. 4G). Both of these structural features
have been previously and experimentally identified as hallmarks of the inactive state of other
kinases (Kornev et al. 2006; Ozkirimli et al. 2008; Joseph et al. 2010). In our simulations,
V419L leads to a propensity for TGFBR2 to sample conformations that exhibit features
that bear resemblance to the canonical inactive conformation. Therefore, combining these
results supports the prediction that V419L impairs the activity of TGFBR2, leading us to hy-
pothesize the TGFBR2 signaling pathway will be disrupted and to perform biochemical as-
says to test the validity of this hypothesis.

Cell-Based Functional Assays Demonstrate That the TGFBR2 V419L Variant
Displays Aberrant Signaling Activity
To test the hypothesis that the V419L variant disrupts the TGF-β signaling pathway, we pur-
sued in vitro cell-based studies measuring the downstream transcriptional activation using a
luciferase reporter assay and the phosphorylation of SMAD2 (pSMAD2), which results from
the activation of both cell-surface receptors in the canonical TGF-β signaling pathway. We
cotransfected a luciferase reporter construct containing a TGF-β responsive element driving
luciferase expression (p3TP-Lux) (Truty et al. 2009) with either WT or V419L TGFBR2 con-
structs in HCT116 cells that are deficient in endogenous TGFBR2 but contain TGFBR1
(Lee et al. 2013). Transfected cells with and without TGF-β stimulation were measured
with a luminometer for luciferase expression. Using this reporter assay, we show that the
V419L variant-containing receptor has significantly reduced unstimulated and TGF-β-stimu-
lated gene transcription associated with canonical TGF-β signaling (Fig. 5A). Using western
blot analyses to determine the ratio of pSMAD2 to the total amount of this protein, we show
expression of the V419L-containing TGFBR2 is impaired in its ability to induce SMAD2 phos-
phorylation compared with WT upon stimulation with TGF-β1 (Fig. 5B). These data are con-
sistent with similarly evaluated disease-associated variants (Mizuguchi et al. 2004; Loeys
et al. 2005; Horbelt et al. 2010) and confirm the hypothesis generated by bioinformatics,
modeling, andMD simulations that the V419L substitution impairs the function of the protein
and disrupts the TGF-β signaling pathway.

DISCUSSION

We identified a patient with aortic root dilatation and bilateral iliac aneurysms carrying VUSs
in three genes including TGFBR2, MYH11, and FBN1 by clinical gene-panel testing. The
TGFBR2 variant was the most likely candidate for causing disease because of the vascular
phenotype of the patient overlapping with LDS that is associated with heterozygous patho-
genic variants in this gene, and, consequently, we carried out further studies to understand
the impact of this variant on the protein and downstream signaling pathway.

The FBN1 variant was thought to be noncontributory because of previous reports of the
variant being benign and its presence in unaffected controls.MYH11 is associatedwith aortic
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aneurysms, and there is not enough evidence to exclude the possibility that it may be con-
tributing to disease, but this family has no history of patent ductus arteriosus that is strongly
associated with pathogenic variants in this gene making this variant a less likely candidate.
VUSs in these genes cannot be interpreted as benign simply because an unaffected individ-
ual is determined to be a carrier of the variant because of the variable expressivity and re-
duced penetrance associated with the disease caused by these genes.

To determine the pathogenicity of the TGFBR2 V419L variant in our patient, we used a
combination of variant annotation, in silico tools, and in vitro assays. V419 is located in the
kinase domain where 91 of 99 missense variants reported in HGMD and 43 of the 44 likely
pathogenic or pathogenic missense variants reported in ClinVar are located despite the fact
that the kinase domain contains only 53% of the residues. We pursued ortholog and paralog
comparisons and showed that the V419 residue is highly conserved across species and para-
logs, indicating this residue might be important for protein function. By mapping previously
reported pathogenic or likely pathogenic variants onto the paralog analysis, we were also
able to show variation within this region of the TGFBR2 protein and its paralogs are often
disease causal. V419L was not predicted to have a significant effect on the stability of the
domain and, being a conservative hydrophobic alteration, is unlikely to directly impair bio-
chemical properties of the activation loop. Atomic resolution protein modeling andMD sim-
ulation, however, suggest that V419L does have a large effect on function through alteration
of structural features associated with experimentally verified inactive kinase conformations.
Thus, even subtle changes in the amino acid sequence at certain positions in a protein may
lead to dynamic shifts of the functional motions.

From the modeling and MD studies, we hypothesized the V419L variant will impact the
function of the TGFBR2 protein despite the conservative amino acid substitution from valine
to lysine (similar in size and biochemical properties). Previous studies have shown that dis-
ease-causing variants in TGFBR2 lead to loss of function and impairment of the canonical
TGF-β signaling pathway in heterologous systems (Mizuguchi et al. 2004; Loeys et al.
2005; Horbelt et al. 2010). The TGF-β receptor complex is a tetramer of two TGFBR1 and
two TGFBR2 proteins that binds the TGF-β cytokine dimer leading to TGFBR1 phosphoryla-
tion and activation by the constitutively active TGFBR2. The activated TGFBR1 phosphory-
lates SMAD2, which dissociates from the receptor, interacts with SMAD4, translocates to the

Figure 5. TGFBR2 V419L has decreased canonical TGF-β signaling in vitro. Heterologous expression of
TGFBR2 V419L in TGFBR2-deficient HCT116 cells leads to (A) decreased TGF-β-associated gene transcription
using a luciferase reporter, p3TP-Lux, and (B) decreased phosphorylated SMAD2 following TGF-β1 treatment
compared with wild type. The bar graph represents the quantification of the western blot density. Each
TGFBR2 WT and TGFBR2 mutant was normalized to its respective unstimulated (0 h) control.
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nucleus, andmodulates gene transcription in the canonical TGF-β signaling pathway (Fig. 1).
Wedemonstrated that the V419L variant causes functional impairment of the TGFBR2 recep-
tor by measuring the function of the canonical TGF-β pathway. The patient’s variant exhib-
ited reduced TGF-β-associated transcriptional activation and reduced phosphorylation of
SMAD2 after stimulation with TGF-β. The luciferase reporter construct, p3TP-Lux, used in
this study has also been used previously to determine loss-of-function pathogenicity of other
affected patient missense variants (Mizuguchi et al. 2004; Horbelt et al. 2010). Consistent
with those findings, we showed that the V419L variant leads to decreased TGF-β-stimulated
phosphorylation of SMAD2 that is a target of the activated TGFBR1/2 complex that associ-
ates with SMAD3 and SMAD4 to induce transcription in the nucleus. Decreased levels of
pSMAD2 post–TGF-β stimulation has previously been shown to result from pathogenic var-
iants in TGFBR2 evaluated in a heterologous cell-based expression system (Horbelt et al.
2010). This confirms the hypothesis that the valine to leucine substitution at position 419
causes a loss of function to TGFBR2 and disrupts the downstream signaling cascade.

Interestingly, in patient tissue samples, TGF-β-related heritable connective tissue disor-
ders are associated with an increase in TGF-β signaling. TGF-β up-regulation is expected for
variants causing loss of function in FBN1 and SKI. Deficiency of FBN1 leads to a reduced abil-
ity to properly sequester TGF-β ligand in the extracellular matrix and the predicted increase
in TGF-β signaling caused by the overabundance of the free ligand (Neptune et al. 2003;
Franken et al. 2013) has been shown to be a key part of the disease mechanism (Ng et al.
2004; Habashi et al. 2006; Cohn et al. 2007). Decreases in function of the TGF-β-signaling
repressor, SKI, also lead to an expected increase in TGF-β signaling because of its reduced
ability to prevent the pSMAD2/3-SMAD4 from translocating to the nucleus to activate tran-
scription (Doyle et al. 2012). The remaining genes known to cause disease by dysregulating
TGF-β signaling, including TGFBR1, TGFBR2, SMAD3, TGFB2, TGFB3, and SMAD2, are
thought to be pathogenic by a loss of function of the encoded protein, but the evaluation
of patient tissue identified a paradoxical up-regulation of the TGF-β signaling pathway
(Loeys et al. 2005; van de Laar et al. 2011; Boileau et al. 2012; Doyle et al. 2012; Lindsay
et al. 2012; Bertoli-Avella et al. 2015; Micha et al. 2015). The mechanism of this unexpected
up-regulation warrants further investigation but is thought to be related to dysregulation of
an inhibitory feedback mechanism and increased signaling through a noncanonical pathway
(Lindsay and Dietz 2011). We expect the patient we describe in this study to have TGF-β up-
regulation consistent with these previous findings, but tissue was unavailable for evaluation.

In this study, we have combined extensive annotation with in silico, and in vitro tech-
niques to functionally characterize a candidate VUS. The V419L variant in TGFBR2was shown
to impact the protein function by inducing changes to protein structure and dynamics, lead-
ing to decreased TGF-β signaling. These findings are consistent with previously identified
pathogenic variants in TGFBR2. The ACMG 2015 guidelines (Richards et al. 2015) were
used to assess the pathogenicity of the V419L variant and determined it should be classified
as likely pathogenic (Table 2) providing a genetic diagnosis of LDS for our patient. This diag-
nosis enables proper long-term management of our patient, including blood pressure con-
trol, vascular imaging surveillance, and surgical interventions, based on published
guidelines (MacCarrick et al. 2014). It further allows for the testing and counseling of at
risk family members.

METHODS

Genetic Testing
To determine the genetic etiology of disease in the patient, clinical gene-panel testing was
pursued through GeneDx. Methods for the Thoracic Aortic Aneurysm and Dissection
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(TAAD)/Marfan syndrome/Related Disorders Sequencing and Deletion/Duplication Panel
clinical test are available at https://www.genedx.com/wp-content/uploads/crm_docs/Info_
sheet_Marfan_TAAD.pdf.

Paralog Analysis
The paralog annotation method was used to provide insight into the potential association of
the V419L variant with previously described deleterious changes in TGFBR2 and paralogous
proteins. This method uses MSA of paralogs for gene ENSG00000163513 (transcript:
ENST00000295754; GRCh37.p13) as defined by Ensembl (Cunningham et al. 2015). The
MSA was constructed using Clustal Omega (Sievers et al. 2011; McWilliam et al. 2013)
with default parameters. Published variants in paralogs were obtained from ClinVar
(Landrum et al. 2014, 2016), HGMD Professional version 2016.3 (Stenson et al. 2014), and
the Universal Mutation Database (Frederic et al. 2008) (http://www.umd.be/TGFBR2/).

Molecular Modeling
Because no experimental structure of TGFBR2 exists, we queried to the PDB (Berman et al.
2000) using T-Coffee (Di Tommaso et al. 2011) and generated a homology-based model
against the best available template using MODELLER (Sali and Blundell 1993) version
9.15. The template of adenine-bound ACVR2B, 2QLU (Han et al. 2007) exhibited 46% se-
quence identity for the modeled region. We generated 20 models and selected the model
with the lowest DOPE (discrete optimized protein energy) score (Shen and Sali 2006) for fur-
ther analyses. Model quality was assessed using PROCHECK (Laskowski et al. 1996),
QMEAN (Benkert et al. 2009) and VADAR version 1.8 (Willard et al. 2003). Pathogenic and
likely pathogenic missense variants were extracted from ClinVar (Landrum et al. 2014) and
mapped to our TGFBR2 model. In silico mutagenesis was performed using Discovery
Studio (Dassault Systèmes BIOVIA, Discovery Studio Modeling Environment, Release
2017, San Diego: Dassault Systèmes, 2017). Changes in folding energy upon mutation
(ΔΔGfold) were computed using FoldX version 4 (Schymkowitz et al. 2005; Van Durme
et al. 2011).

Table 2. TGFBR2 V419L is likely pathogenic by 2015 ACMG guidelines

Category Description Evidence

PS3 Well-established in vitro or in vivo functional
studies supportive of a damaging effect on
the gene or gene product

Cells expressing the variant have decreased
TGF-β-related transcription and decreased
SMAD2 phosphorylation compared with
wild type.

PM2 Absent from controls (or at extremely low
frequency if recessive) in ESP, 1000G, or
ExAC

The variant is absent in the publicly available
databases.

PP2 Missense variant in a gene that has a low rate
of benign missense variation and in which
missense variants are a common
mechanism of disease

Missense variants in TGFBR2 have been
shown to cause disease.

PP3 Multiple lines of computational evidence
support a deleterious effect on the gene or
gene product (conservation, evolutionary,
splicing impact, etc.)

In silico prediction algorithms as well as in
silico protein modeling support a
deleterious effect of this variant.

ACMG, American College of Medical Genetics and Genomics; ESP, Exome Sequencing Project; 1000G, 1000 Genomes;
ExAC, Exome Aggregation Consortium.
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MD Simulations
The CHARMM c36b2 all-atom force field (Cornell et al. 1995) was used for TGFBR2 MD sim-
ulations. The environment was modeled using a distance-dependent implicit solvent model,
Generalized Bourne with Simple Switching (Feig et al. 2004; Chocholousova and Feig 2006)
as implemented in Discovery Studio, with a dielectric constant of 80 and a pH of 7.4. Each
model was energy minimized for 5000 steps of the steepest descent followed by adaptive
conjugate gradient, enforcing a maximum RMSD for each procedure of 1.0 and 0.2, respec-
tively, using the SHAKE (Ryckaert et al. 1977) procedure. The minimized TGFBR2 kinase
models were heated to 300°K over 300 psec using a 2-fsec time step and equilibrated for
2 nsec. A further 10 nsec of simulation was generated, with conformations saved every 20
psec. Trajectories were aligned to the initial WT conformation prior to analysis. RMSD and
root mean-square fluctuation values were calculated at the residue level using Cα atoms.
PC analysis was performed in Cartesian space using Cα atoms. Analyses were carried out
in the R programming language (R Core Team 2014), leveraging the Bio3d (Grant et al.
2006) package version 2.2.4. Molecular visualizations were generated using PyMOL (The
PyMOL Molecular Graphics System, Version 1.5.0.3, Schrödinger, LLC.).

Reporter Assays
Luciferase-based reporter assays were performed using theHCT116 human colon carcinoma
cell line, which was maintained in RPMI (Roswell Park Memorial Institute) medium with 10%
fetal bovine serum and antibiotics. Cells were grown at 37°C with 5% CO2 in a humidified
incubator. The TGFBR2 expression plasmid (NM_003242.5) (Truty et al. 2009) was mutated
at valine 419 to leucine (hereafter denoted TGFBR2 V419L) with the Quik Change XL II site
directed mutagenesis kit (Agilent). The activity of the WT TGFBR2 and mutant TGFBR2
V419L receptors was monitored via luciferase reporter assay. HCT116 cells at 5 × 106

cells/ml in serum free media were mixed with 3 µg of reporter construct (p3TP-Lux reporter
plasmid containing TGF-β responsive elements) (Truty et al. 2009) and 9 µg of each WT and
mutant TGFBR2. Cells were transfected by electroporation on a BTXModel 820 square wave
electroporator at 250 V, two pulses for 13msec with a 1-sec interval and plated with serum in
triplicate on a six-well dish. After cells expressed constructs for 24 h, media was changed to
no serum and the receptor was stimulated with TGF-β1 (5 ng/ml; R&D Systems 240-B-002)
for an additional 24 h. Protein lysates were isolated at 48 h postelectroporation and relative
luciferase expression assayed on a Berthold Lumat LB 9507 luminometer using Promega’s
Dual Luciferase Reporter Assay System. Total protein concentration was used to control lu-
ciferase activity and all conditions were normalized to unstimulated cells overexpressing WT
TGFBR2. Four independent experiments were completed with t-tests indicating significance
between conditions.

SMAD2 Phosphorylation Assay
HCT116 cells (4 × 106) were electroporated with TGFBR2 constructs as described for the lu-
ciferase assay and plated with serum onto 60-mmdishes. After 24 h, cells were serum starved
for 12–14 h and then stimulated with TGF-β1 (5 ng/ml) to initiate the signaling cascade. Cells
were lysed in RIPA-150 buffer with protease and phosphatase inhibitors (Thermo Fisher
Scientific) after 60 min of stimulation. Equal protein (20 µg) was loaded for each sample
and separated by 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE), transferred to nitrocellulose membrane. Western blots were blocked with 3% bovine
serum albumin (BSA) and probed overnight with primary antibodies to total SMAD2 (1:1000,
Cell Signaling 5339S), pSMAD2 (1:500, Cell Signaling 3101S), and γ-tubulin (confirmed
equal loading, Supplemental Figure 1; 1:1000; Sigma-Aldrich T3559) and developed with
chemiluminescence (Papadakis et al. 2015). ImageJ was used to quantify western blot
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density and each TGFBR2WT and TGFBR2mutant was normalized to its respective unstimu-
lated (0 h) control. Four independent experiments were completed with t-tests indicating
significance between conditions.

ADDITIONAL INFORMATION

Data Deposition and Access
The variants identified in this patient were submitted to ClinVar (http://www.ncbi.nlm.nih.
gov/clinvar/) by the testing institution (GeneDx) under accession numbers SCV0002509
40.9, SCV000233776.7, and SCV000234882.8. Sequence data were unable to be submitted
to publicly available databases because these data were collected by the clinical reference
testing institution without patient consent to do so.
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