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A B S T R A C T   

Although the mechanism for activation of latent TGFβ1 and TGFβ3 is understood to involve the binding of the 
TGFβ propeptide (LAP) to both an integrin and an insoluble substrate, the activation of latent TGFβ2 has been 
unclear because the TGFβ2 LAP does not have the classical integrin binding sequence found in the other two 
TGFβ isoform LAPs. To assess the potential requirement for covalent linkage with a matrix or cell surface protein 
for the activation of latent TGFβ2, we generated mice in which the TGFβ2 Cys residue predicted to be involved in 
binding was mutated to Ser (Tgfb2C24S). We reasoned that, if covalent interaction with a second molecule is 
required for latent TGFβ2 activation, mutant mice should display a Tgfb2 null (Tgfb2− /− )-like phenotype. 
Tgfb2C24S mice closely phenocopy Tgfb2− /− mice with death in utero between E18 and P1 and with congenital 
heart and kidney defects similar to those described for Tgfb2− /− mice. The mutant latent TGFβ2 is secreted at 
levels similar to WT, yet TGFβ signaling monitored as nuclear pSmad2 is suppressed. We conclude that, like 
latent TGFβ1, latent TGFβ2 activation requires binding to an immobilized matrix or plasma membrane molecule.   

Introduction 

The multifunctional cytokine transforming growth factor beta 
(TGFβ) includes three mammalian isoforms: TGFβ1, -β2, and -β3 [1,2]. 
These isoforms are synthesized as dimers and are cleaved by furin. They 
are secreted as part of inactive latent complexes consisting of the 25-kDa 
disulfide-bonded mature TGFβ homodimer and the cleaved N-terminal 
TGFβ propeptide dimer, called latency-associated peptide (LAP), which 
together form the small latent complex (SLC) [3,4]. Within the SLC, LAP 
envelops the mature TGFβ preventing binding with its receptor, thereby 
conferring latency. Most SLC is secreted in a form in which the LAP is 
disulfide bonded to either a latent TGFβ binding protein (LTBP) or 
transmembrane glycoprotein-A repetitions predominant (GARP) mole-
cule [3,5–8]. This tripartite complex is called the large latent complex 
(LLC). To bind to its receptor, the mature cytokine must be released or 
uncovered from the complex by a process called activation. Several 
conditions or molecules, including proteases, thrombospondin-1, reac-
tive oxygen species, integrins, or shear force, facilitate latent TGFβ 

activation in vitro [3,9,10]. Among these processes, activation by 
integrins has been characterized most extensively [3,11,12]. Both 
TGFβ1 and TGFβ3 LAP contain the integrin binding sequence Arg–Gly-
–Asp (RGD), allowing the integrins of the αV class including αVβ1, αVβ3, 
αVβ5, αVβ6, and αVβ8 to activate by a proposed traction mechanism that 
distorts the latent complex permitting ligand binding to its receptor 
[11–16]. This mechanism presumes that the SLC is tethered to either an 
LTBP molecule crosslinked to the matrix or to a transmembrane GARP 
molecule. The integrin αVβ8 is unique among the integrin activators as it 
can bind soluble SLC, which has no LTBP, and activate the latent TGFβ 
[17,18]. 

Mice expressing TGFβ1 LAP with a mutation of Arg–Gly–Asp to Arg- 
Gly-Glu have a phenotype congruent with TGFβ1 knockout mice, indi-
cating that integrin-mediated activation is crucial for latent TGFβ1 
activation in vivo [19]. Likewise, mice with a Cys to Ser mutation in the 
TGFβ1 LAP residues that bind to LTBP or GARP display a Tgfb1 null-like 
phenotype, implying that LLC formation is also essential for latent 
TGFβ1 activation [20]. These results are consistent with a model in 
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which the LLC bound to the extracellular matrix or GARP allows the 
integrin to exert force on the immobilized LLC, thereby distorting the 
complex and thus permitting the mature cytokine to bind to its receptor 
[15,16,21]. 

TGFβ2 LAP does not contain an Arg–Gly–Asp sequence and thus the 
mechanism of latent TGFβ2 activation has been unclear [12,13]. 
Recently, Le et al. reported that the integrin αVβ6 can activate latent 
TGFβ2 produced by cells grown in culture if the cells also expressed 
GARP [22]. However, it was not clear if this mechanism is used in vivo. 
We reasoned that if a force-dependent reaction was required for the 
activation for latent TGFβ2, similar to that described for latent TGFβ1, a 
Cys to Ser mutation of the TGFβ2 LAP Cys residues analogous to those in 
TGFβ1 LAP that bind to LTBP should yield mice with a Tgfb2 null 
phenotype. Here we show that Tgfb2C24S mice have a phenotype similar 
to that of Tgfb2− /− animals with impaired kidney and heart develop-
ment, as well as neonatal lethality. Cells from the mutant animals secrete 
TGFβ2 SLC at levels comparable to that of WT cells, but TGFβ signaling is 
reduced. These results imply that activation of latent TGFβ2 requires the 
formation of an LLC and probably the application of force similar to that 
required for activation of TGFβ1 and TGFβ3 LLCs. 

Results 

Secretion of TGFβ2C24S 

To demonstrate that the Cys residue at position 24 in the TGFβ2 LAP 
was required for disulfide bonding to LTBP, we mutated the Tgfb2 cDNA 
Cys codon at residue 24 to Ser and expressed the pEF6 constructs in HEK 
cells and analyzed the secreted TGFβ2. Immunoblotting of proteins in 
the serum free-conditioned medium (SF-CM) from cells transfected with 
either WT Tgfb2 or Tgfb2C24S expression constructs and probed using an 
antibody against TGFβ2 LAP indicated that both WT and mutant pro-
teins were secreted (Sup. Fig. 1). The two bands at 100 and 75 kDa 
represent the unprocessed TGFβ2-LAP precursor and the TGFβ2 LAP 
dimer, respectively. Coexpression of LTBP3 plus a WT TGFβ2 construct 
resulted in the formation of a high molecular weight band of approxi-
mately 250 kDa. This is presumably TGFβ2 in a covalent complex with 
LTBP3. This band was not observed in the SF-CM from cells co trans-
fected with LTBP3 and Tgfb2C24S constructs indicating that the Cys 
residue at position 24 is the amino acid in the TGFβ2 LAP that binds to 
LTBP3. 

We also tested the potential signaling activity of the secreted mutant 
TGFβ2 by heating SF-CM from HEK cells that were stably transfected 
with either WT Tgfb2 or Tgfb2C24S expression constructs plus an Ltbp3 
expression construct, and measuring the cytokine activity with a cell- 
based assay. The results of the assay indicate that transfected cells 
expressing either WT Tgfb2 or Tgfb2C24S secrete TGFβ in similar amounts 
(Fig. 1). The signaling activity of the heated SF-CM was blocked by the 
addition of a TGFβ2 neutralizing antibody or the pan neutralizing 
antibody 1D11 indicating that TGFβ2 was present. A TGFβ1 neutralizing 
antibody had almost no effect on the activity indicating that most of the 
measured activity in the media was TGFβ2. The combination of anti- 
TGFβ1 and anti-TGFβ2 antibodies also resulted in an almost total inhi-
bition of the signal showing that the majority of the activity was TGFβ2 
with some TGFβ1. The residual activity after treatment of SF-CM with 
both TGFβ1 plus TGFβ2 neutralizing antibodies might be TGFβ3. How-
ever, this was not tested directly as the remaining activity was quite 
small indicating that any existent TGFβ3 activity was minor. The TGFβ1 
antibody did not block the activity of recombinant (Rcb) TGFβ2 and the 
TGFβ2 antibody neutralized Rcb TGFβ2. These results indicate that the 
mutant TGFβ2 SLC is secreted, can be activated, and the active TGFβ2 
can signal in a bioassay. 

Preparation of Tgfb2C24S mice 

We utilized the CRISPR-Cas9 strategy described in Methods to 

introduce a mutation changing Cys 24 to Ser in the endogenous Tgfb2 
(NM_009367) gene. Founder mice were identified as described in 
Methods. Two offspring lines containing the mutation were chosen for 
further study. The DNA sequence of the nucleotides surrounding the 
putative change revealed the expected mutated sequence (Sup. Fig. 2). 
In addition to finding no mutations within the TGFβ2 LAP binding re-
gion, the phenotypes of the two founder lines remained constant over 
more than five years indicating that a second mutation on a chromosome 
other than that containing the TGFβ2 gene was unlikely, as such a mu-
tation would have segregated out over time due to chromosomal ex-
change during breeding. 

An analysis of the genotypes of pups from intercrosses of Tgfb2WT/ 

C24S mice indicated that no homozygous mutant mice survived to P15 
(Table 1). Analysis of two litters immediately after birth revealed two 
dead Tgfb2C24S/C24S pups but no surviving Tgfb2C24S/C24S mice. Analysis 
of embryos from timed pregnant dams revealed that by E18.5 most of 
the Tgfb2C24S/C24S embryos had died (Table 1), but at E14.5 the distri-
bution of genotypes was in the expected Mendelian ratio of 1:2:1 
(Table 1). Interestingly, when Tgfb2− /− mice were examined, there were 
no live births and by E18.5, only four of seventy-one embryos were alive. 
The number of live embryos at E14.5 was not determined. 

Tissue analysis of Tgfb2C24S mice 

Congenital Heart Defects – Tgfb2− /− mice have multiple abnor-
malities in heart development including ventricular and atrial septal 
defects (VSD and ASD), double-outlet right ventricle, double-inlet left 

Fig. 1. TGFβ isoforms produced by HEK cells transfected with WT Tgfb and 
Tgfb2C24S/C24S expression vectors. SF-CM from either WT HEK cells or cells 
expressing Tgfb2C24S/C24S or Tgfb2Wt/Wt plus Ltbp3 were heated to activate latent 
TGFβ and treated with a pan TGFβ neutralizing antibody (1D11), a TGF2 spe-
cific neutralizing anti body, or recombinant TGFβ1 or 2 plus antibodies as 
indicated in the figure. The medium was subsequently assayed for TGFβ ac-
tivity. The results indicate that essentially all of the activity was TGFβ2 (n = 3 
biological replicates and n = 2 technical replicates). 

Table 1 
Genotypes of Tgfb2WT/C24S Intercrosses.  

Age Genotype  

Wild Type Tgfb2+/C24S Tgfb2C24S/C24S 

P15 157/460 (34.1 %) 303/460 (65.9 %) 0/460 (0 %) 
E18.5 13/32 (40.6.%) 18/32 (56.3 %) 1/32 (3.1 %) 
E14.5 30/112 (26.7 %) 52/112 (46.4 %) 30/112 (26.7 %)  
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ventricle, and truncus arteriosus [23]. When we compared 5 μm H&E- 
stained transverse sections of E14.5 wt, Tgfb2C24S/C24S and Tgfb2− /−

embryo hearts, we observed a number of abnormalities common to both 
Tgfb2C24S/C24S and Tgfb2− /− null embryos. VSDs were frequent (23/23 
embryos) in both Tgfb2C24S/C24S and Tgfb2− /− embryos (Fig. 2A). In 
addition, examination of the ventricular walls revealed that mutant 
embryos of both genotypes exhibited both a thinner compact myocar-
dium and more disorganized and reduced trabecular myocardial layer 
compared to WT (Fig. 2B). Tgfb2C24S/C24S embryos also had frequent 
ASDs (5/6 embryos) by E14.5 (Fig. 3). We observed additional 
congenital heart defects in Tgfb2C24S/C24S embryos including truncus 
arteriosus (1/12 embryos) and double-outlet right (6/23 embryos) or 
double-inlet left (7/23 embryos) ventricles, but these two abnormalities 
were not as frequent as VSD and ASD. 

Kidney – At E14.5 in H&E stained sections (3 μm), we detected an 
enlarged renal pelvis in E14.5 Tgfb2C24S/C24S embryos compared to WT 
embryos (Fig. 4). An enlarged renal pelvis defect was reported at E18.5 
Tgfb2− /− embryos [24]. We did not observe this in our Tgfb2− /− embryos 
at E14.5, but the defect was evident by E16.5 (Fig. 4). The numbers of 
animals with enlarged renal pelvis were 0/8 for WT mice at E14.5, 8/10 
for Tgfb2C24S/C24S mice at E14.5, 0/7 for Tgfb2− /− mice at E14.5, and 4/ 
7 for Tgfb2− /− mice at E16.5. 

The more severe phenotype of Tgfb2C24S/C24S compared to Tgfb2− / 

− embryos may be a reflection of differences in the backgrounds of mice 
used in our studies as well as the animals used in the original studies 
with Tgfb2− /− mice [25]. 

Secretion of TGFβ2C24S 

The similarities of Tgfb2− /− and Tgfb2C24S/C24S embryo phenotypes 
could represent an impairment of TGFβ2C24S secretion that would mimic 
the Tgfb2− /− phenotype. Although the experimental results illustrated in 
Fig. 1 and Sup. Fig. 1 indicate that TGFβ2C24S was secreted efficiently by 
HEK cells, we wished to establish if this was also true for cultured 
Tgfb2C24S/C24S mouse embryonic fibroblasts (MEF). Immunoblotting 
analysis of TGFβ2 secreted by WT and Tgfb2C24S/C24S MEFs indicated 
that similar amounts of both mature ligands, as measured by the cor-
responding LAP, were secreted from both cell types (Fig. 5A and B). 
However, there was little reactivity at the position of the LLC in the SF- 
CM from the mutant cells. The small amount of staining might represent 
LLC from the serum used in the MEF cultures. When the bands from the 

gel in Fig. 5A were scanned, the only bands that showed a statistical 
difference between WT and mutant were the bands representing the 
LLC, as would be expected from the nature of the mutation (Sup. Fig. 3). 
To establish that the secreted latent TGFβ2C24S could signal if activated, 
we measured total TGFβ activity of heat-treated samples of SF-CM in the 
presence and absence of an antibody that neutralizes all isoforms of 
TGFβ as well as an antibody specific for TGFβ2 (Fig. 5C). WT and mutant 
samples had similar total TGFβ activities (Fig. 5C). The values registered 
after incubation with either a pan neutralizing antibody (1D11) or an 
anti TGFβ2 specific antibody showed similar levels of suppressed TGFβ 
activity in the SF-CM of WT compared to mutant samples. The residual 
activity in the conditioned medium after incubation with the anti-TGFβ2 
specific antibody probably represents TGFβ1 or 3. This was not inves-
tigated. Therefore, both WT and Tgfb2C24S/C24S cultured MEF secreted 
approximately equivalent amounts of TGFβ2. 

Although the results from the experiments in the preceding section 
indicated that the Cys to Ser mutation had no effect on TGFβ2 secretion 
by MEFs, we also examined TGFβ2C24S secretion in vivo using immu-
nohistochemistry. We probed formalin fixed non-permeabilized tissue 
sections from E16.5 kidneys for extracellular TGFβ2 LAP using a TGFβ2 
LAP-specific antibody. The results indicate significant amounts of 
extracellular immuno-reactive material in the sections from both WT 
and Tgfb2C24S/C24S embryos but no staining in sections from Tgfb2− /−

kidneys (Fig. 6). This result implies that the Tgfb2C24S/C24S phenotypes 
are not the result of insufficient secretion of the mutant cytokine. Taken 
together, the comparable levels of TGFβ2 secreted from HEK cells 
(Fig. 1) and MEFs (Fig. 5B), as well as the IHC data indicate that 
secretion of the mutant TGFβ2 is normal and insufficient secretion 
cannot explain the Tgfb2C24S/C24S phenotypes. 

TGFβ signaling in Tgfb2C24S/C24S mice 

The phenotypes of Tgfb2C24S/C24S mice imply defective TGFβ2 
signaling, since there appeared to be no significant deficit in TGFβ2 
secretion. To support this contention, we examined embryonic kidney 
sections from WT, Tgfb2C24S/C24S and Tgfb2− /− embryos for impaired 
TGFβ signaling by staining for the surrogate TGFβ signaling marker 
pSmad2. The results indicate significantly reduced levels of pSmad2 in 
Tgfb2C24S/C24S and Tgfb2− /− samples compared to the WT (Fig. 7). To 
quantify the results from Fig. 7, we scanned the samples and determined 
the amount of nuclear pSmad2 (Sup. Fig. 4). This result is consistent 

Fig. 2. H&E stained E16.5 mouse embryonic heart cross-sections of WT, Tgfb2C24S/C24S, and Tgfb2− /− embryos. (A) Tgfb2C24S/C24S and Tgfb2− /− hearts with ven-
tricular septal defects (VSD; *). (B) Thinner ventricular walls (_); disorganized and reduced trabeculation () in Tgfb2C24S/C24S and Tgfb2− /− embryos compared to WT. 
LA, left atrium; RA; right atrium; LV, left ventricle; RV, right ventricle; IVS, inter ventricular septum. 
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with a deficit in latent TGFβ2 activation in the mutant mice as there is a 
minimal amount of signaling even though the results from Fig. 6 indicate 
that significant amounts of the growth factor are secreted. 

Discussion 

The goal of these experiments was to discern if the mechanism for 
effective latent TGFβ2 activation required covalent bonding to an 
anchoring molecule via a Cys residue in the TGFβ2 LAP. Latent TGFβ1 
and TGFβ3 are thought to be activated primarily via a force dependent 
mechanism in which an integrin binds to an RGD sequence in LAP and 
exerts force thereby distorting the complex, which is tethered to the 
matrix or cell membrane [26]. This change in conformation of the 
complex permits the mature TGFβ to bind to its receptor. However, the 

TGFβ2 LAP does not have the canonical Arg–Gly–Asp sequence recog-
nized by integrins known to activate latent TGFβ1 and TGFβ3 [3,11,12]. 
This failure to activate latent TGFβ2 with various integrins in vitro has 
raised the question of whether latent TGFβ2 utilizes an activation pro-
cess different from that of latent TGFβ1 and TGFβ3. Earlier experiments 
with TGFβ1 indicated that formation of an LLC was crucial for conver-
sion of latent to active TGFβ1, as mutation of the TGFβ LAP Cys residue 
that binds to an LTBP or a GARP yielded animals that phenocopy Tgfb1− / 

− mice [10,19,20,27]. Here we show that mice with a Cys to Ser mu-
tation at residue 24 in TGFβ2 LAP present with a phenotype that closely 
resembles that of Tgfb2− /− mice with early lethality, as well as kidney 
and heart developmental defects. The mutant protein is secreted from 
cells in vitro and in vivo, but there is little to no TGFβ signaling, as 
monitored by kidney pSMAD2 levels. These data indicate that latent 

Fig. 3. H&E stained E14.5 mouse heart cross-sections from WT, Tgfb2C24S/C24S and Tgfb2− /− embryos. Tgfb2C24S/C24S and Tgfb2− /− embryos have atrial septal defects 
as indicated by the *. LA, left atrium; RA; right atrium; LV, left ventricle; RV, right ventricle; IVS, interventricular septum; (*) atrial septal defect. 

Fig. 4. H&E-stained mouse embryonic kidney cross-sections of WT (E14.5), Tgfb2C24S/C24S (E14.5), and Tgfb2− /− (E16.5) embryos. Tgfb2C24S/C24S and Tgfb2− /−

embryos have enlarged renal pelvis. PG: primitive glomeruli; RP: renal pelvis. 

Fig. 5. Immunoblotting and activity of secreted latent TGFβ2 complexes from WT and Tgfb2C24S/C24S E14.5 MEF SF-CM. A. Immunoblotting under non-reducing 
conditions, B. Immunoblotting under reducing conditions. C. Measurement of TGFβ activity in WT and TGFβ2 MEF SF-CM. Total TGFβ activity was measured in 
SF-CM that was heated and incubated with an antibody (1D11) that neutralizes all TGFβ isoforms or with an antibody that neutralizes only TGFβ2, and assayed (n = 3 
biological replicates and n = 3 technical replicates). Results are represented as RLU. 
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TGFβ2 activation is similar to that of latent TGFβ1 and requires the 
formation of an LLC for efficient activation. 

We are confident that the phenotypes we observed are the result of 
the Cys to Ser mutation for several reasons. First, DNA sequencing of the 
region indicated that the proper mutation was present. Second, it is 
unlikely that a mutation at another site impeded TGFβ2 secretion or 
activation because the mice have retained the phenotype for over 5 
years. Secondary mutations on another chromosome or even reasonably 
close to the targeted site would have been lost by chromosome segre-
gation or crossing over if this were the case. Third, latent TGFβ2 is 
secreted by cells at normal levels indicating the phenotype is not the 
result of an impairment in protein secretion. Fourth, the secreted mutant 
latent TGFβ2 can be activated by heating, binds to its receptor, and 
signals. Therefore, there appears to be no effect of the mutation on the 
mature cytokine. However, the unambiguous demonstration of the lack 
of a secondary mutation causing an effect would require solving the 
three-dimensional structure of the mutant protein and additional in-
formation on the activation mechanism. 

Although the Tgfb2C24S/C24S mice resemble Tgfb2− /− mice, they are 
not identical. This probably reflects the fact that different mouse strains 
were used; we used C57Bl6J mice, whereas the Tgfb2− /− mice were on a 

129/Sv x Black Swiss background maintained by brother/sister mating. 
In the original publication characterizing Tgfb2− /− mice, the animals 
were in a 129/Sv/Black Swiss F1 background [25]. Tgfb2− /− mice on the 
129/Sv/Black Swiss F1 background survived to birth, whereas Tgfb2− /−

mice as we maintained them did not survive to birth. Indeed, Tgfb1− /−

animals on a pure C57Bl6J background are known to have a stronger 
penetrance of the phonotypes than outbred animals [25]. 

Our data are consistent with an activation mechanism for latent 
TGFβ2 similar to that of TGFβ1 and TGFβ3 involving the binding of LAP to 
a matrix or cell membrane component and distortion of the latent com-
plex by the application of force via integrin binding to a site on LAP. The 
effect of the force is dependent upon the attachment of the LLC either to 
the extracellular matrix or to a transmembrane protein (GARP). In this 
model, failure of the SLC to be anchored would prevent the transmission 
of force within the latent complex resulting in a lack of active TGFβ 
generation. At the present time we have no way of distinguishing if an 
LTBP or GARP is involved in latent TGFβ2 activation in the tissues we 
examined. We also only tested the binding of the TGFβ2 SLC to LTBP3 and 
did not measure binding to LTBP1 or LTBP4. LTBP4 was reported to bind 
only TGFβ1 [12]. However, published biochemical evidence is consistent 
with LTBP1 and 3 binding to the TGFβ2 SLC in an identical manner [12]. 

Fig. 6. TGFβ2 LAP secretion in E16.5 mouse embryonic kidney cross-sections. (A) H&E-stained cross-sections of WT, Tgfb2C24S/C24S and Tgfb2− /− kidneys. (B) 
Immunofluorescence of TGFβ2 LAP in WT, Tgfb2C24S/C24S and Tgfb2− /− kidneys. Fluorescence from TGFβ2 LAP is located around DAPI positive cells in the WT and 
Tgfb2C24S/C24S samples but is absent from the Tgfb2− /− samples. Inset indicates higher (3×) magnification of the indicated regions. 
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It is interesting to note that the amount of bound extracellular LAP is 
roughly equivelent in WT and mutant kidney tissue even though the 
mutant SLC has no LTBP, which is thought to bind to the matrix (Fig. 6). 
We do not know the reason for this, but the binding properties of LAP or 
SLC to matrix proteins have not been studied. 

Earlier failures to observe latent TGFβ2 activation by integrins may 
have reflected the absence or insufficient levels of LAP binding anchors, 
as αvβ6 was recently reported to support the activation of latent TGFβ2 
when co expressed with GARP or LTBP [22]. Our results are consistent 
with this integrin-based mechanism for latent TGFβ2 activation by 
demonstrating a requirement for tethering of LAP. TGFβ2 LAP does have 
Ile-Asp-Gly sequence in a position similar to that of the Arg-Glu-Asp in 
TGFβ1 and TGFβ3 LAPs and this sequence is recognized by the integrin 
α9β1 [28]. However, α9β1 deficient mice do not recapitulate the 
phenotype of TGFβ2 null mice nor did we find that α9β1 was capable of 
activating latent TGFβ2 in vitro [29,30]. However, our experiments 
were not performed with co-expression of a LAP anchoring protein. It 
would be interesting to test if enhanced availability of GARP or LTBP 
promoted latent TGFβ2 activation by α9β1. 

It is known that the integrin αVβ8 can activate TGFβ1 SLC [17]. 
Therefore, we were concerned that activation of the SLC of the mutant 
TGFβ2 by αVβ8 might compensate for the loss of the LLC. However, there 
was no evidence of activation of latent TGFβ2 in our experiments. In 
addition, αVβ8 was reported not to activate latent TGFβ2 in vitro [22]. 

Although we believe that the activation mechanism perturbed in 
Tgfb2C24S/C24S mice is one involving force, we cannot rule out that a 
normally utilized proteolytic activation process is not blocked by the 
amino acid change introduced in the TGFβ2 LAP by the substitution of 
Ser for Cys. Nor can we be certain that different activation mechanisms 
are not employed at different stages of development or growth. We also 

cannot rigorously rule out an effect on pro TGFβ processing in tissues. 
However, at this time there are no data suggesting either different in 
vivo and in vitro processing or secretion properties regarding mutant vs. 
WT TGFβ1 or 2 when binding to an LTBP is prevented. Resolution of 
these points awaits the availability of additional information regarding 
activation as well as mice with conditional TGFβ2 mutations. 

The fact that an effective in vitro system for latent TGFβ2 activation 
has not been described has severely impeded progress in understanding 
the control of TGFβ2 activity in a number of biologically important 
phenomena, including the development of the heart [31]. Our results 
support the contention that binding to an integrin or integrin-like 
molecule to LAP is part of the activation mechanism for latent TGFβ2 
in vivo. With the availability of faster and less costly ways to make 
mouse germline mutations, it would be worthwhile to determine if the 
TGFβ2 Ile-Asp-Gly sequence is critical in vivo by making a point muta-
tion as was done for TGFβ1 [14]. This is a long-term goal. 

Methods 

Mice 

Tgfb2C24S/+ mice were generated using CRISPR-Cas9 gene editing 
technology. CRISPR-Cas9 strategy was used to convert cysteine into serine 
at codon 24 of the endogenous Tgfb2 (NM_009367) gene using C57BL/6J 
mice (Jax laboratory). The guide RNA (ATCCATGTCGAGGGTGCTGC) was 
used to target exon 1 of the Tgfb2 gene to create double DNA strand breaks 
to facilitate homologous recombination using the template oligo 
(GCACCTTTTTGCTCCTGCATCTGGTCCCGGTGGCGCTCAGTCTGTC-
TACCTCTAGCACCCTCGACATGGATCAGTTTATGCGCAAGAGGATCG). 
Guide RNAs were synthesized and purified using a MEGAshortscript™ T7 

Fig. 7. Psmad2 immunofluorescence in wt,Tgfb2C24S/C24S, and Tgfb2− /− E16.5 mouse embryonic kidney cross-sections. pSmad2 reactivity is present in the WT 
sample, but is absent in both mutant samples, indicating a lack of TGFβ signaling. 
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Transcription Kit (Invitrogen) and a MegaClear Kit (Ambion). Purified 
guide RNAs along with Cas9 mRNA (TriLink, Cat#L7206) and the C24S 
template oligo were injected into C57BL/6J fertilized eggs. Embryos were 
transferred into recipient pseudo pregnant C57BL/6J females and 35 
founder pups were born. Five founders with the C24S conversion were 
identified via PCR and Sanger sequencing by using the following primers 
(forward: 5′-CTACCTGACCGCTCTGAGAAT-3′; reverse: 5′-TCCCTGGTAC 
TGTTGTAGATGG-3′). Founders with the correct DNA sequence were 
chosen for breeding and each was crossed with C57BL/6J mice. Tgfb2+/−

mice were the generous gift of Dr. Thomas Doetschman (University of 
Arizona, Tucson, USA) [24]. When received, Tgfb2+/− mice were on a 
C57BlJ6 x outbred Black Swiss background. These mice were maintained 
by brother/sister mating. All the experiments conducted in this study were 
performed using a protocol approved by the Institutional Animal Care and 
Use Committee (IACUC) at the New York University Langone Medical 
Center. 

Genotyping 

Mouse tails (~2 mm) were lysed in 75 μl, 25 mM NaOH/0.2 mM 
EDTA by incubation in a thermocycler at 98 ◦C for 1 h, followed by 
reduction of the temperature to 4 ◦C at which time, 75 μl of 40 mM Tris 
HCl (pH 5.5) was added and the samples were mixed by pipetting. For 
genotyping of Tgfb2+/C24S mice, the WT allele was analyzed using the 
primers: Tgfb2-GT-Fw: CTACCTGACCGCTCTGAGAAT and Tgfb2-GT- 
Re: TCCCTGGTACTGTTGTAGATGG. To identify the mutant allele, 
Tgfb2-mut-Fw: CGCTCAGTCTGTCTACCTCT and Tgfb2-GT-Re: 
TCCCTGGTACTGTTGTAGATGG primers were used. PCR conditions 
were: 94 ◦C for 2 min, 94 ◦C for 15 sec, 60 ◦C for 30 sec, 72 ◦C for 45 sec, 
steps 2–4 were repeated 34 times. Samples were stored at 4 ◦C. A typical 
gel used for genotyping is shown in Sup. Fig. 5. 

Cell transfection 

HEK293 cells (ATCC #CRL01573), expressing TGFβ2, TGFβ2C24S, 
LTBP3, LTBP3 and TGFβ2 or LTBP3 and TGFβ2C24S constructs, were 
generated by transiently transfection using Lipofectamine 2000. The 
following plasmids were used alone or in combination: LTBP3 – pEF6 
hLTBP3myc2, containing a blasticidin resistance gene (gift of T. Naka-
mura); TGFβ2 – pEF6 hTGFβ2 (gift of R. Derynck); TGFβ2C24S- pEF6 
hTGFβ2C24S generated using the Gibson assembly cloning kit 
(NEB#E5510S). Control cells were generated by transfection with 
empty vector – pEF6/myc2. After 16 h, the medium was changed to 
serum-free DMEM (GIBCO #11995-065). SF-CM was collected after 12 h 
incubation. SF-CM were either used directly for the measurement of 
TGFβ activity or concentrated 10-fold using centrifugal filter units 
(Amicon Ultra-4 #UFC800324) for analysis of protein levels. 

Primary fibroblasts 

Pregnant (E14.5) females were sacrificed, and the embryos removed 
from the uterine horns by dissection. Each embryo was separated from 
its placenta and embryonic sac in a tissue culture hood under aseptic 
conditions. Embryos were briefly rinsed in 70 % ethanol followed by 
PBS. A piece of tail/limb was saved for genotyping. Head and limbs were 
removed, and an incision was made at the midline of the abdomen from 
head to tail. All the internal organs were carefully removed. Tissues were 
finely minced using a sterile razor blade in a 100 mm dish in 1 ml 0.05 % 
trypsin, 0.053 mM EDTA (CORNING#25-052-CI) and transferred to a 
1.5 ml tube for incubation for 15 m at 37 ◦C. Every 15 m, cells were 
pipetted up and down to dissociate the tissue. After one h, trypsin was 
inactivated by adding DMEM with 10 % FBS (GIBCO #16140-063). Cells 
were centrifuged at 400g for 5 m. The cell pellet was resuspended in 2 ml 
of DMEM with 10 % FBS. Cells were plated in two 10 cm plates per 
embryo and the following day, fresh DMEM with 10 % FBS (Day 0) was 
added. Cultures consisting primarily of fibroblasts were fully confluent 

by Day 3 [32]. Cells were immediately used for experiments or frozen for 
further use. 

Measurement of total TGFβ 

Measurement of total TGFβ was performed using a luciferase re-
porter cell assay as previously reported [33]. Luciferase activity is re-
ported as relative light units (RLU). To detect TGFβ2 activity, SF-CM was 
activated by heat treatment. Recombinant TGFβ1 (cat#7754-BH/CF; 
lot# DCPU1223042), recombinant TGFβ2 (cat#302-B2; lot# KF 
1918091), anti TGFβ1 (AF-101-SP) and anti TGFβ2 (AB-12-NA) were 
obtained from R&D. Antibody 1D11 was a generous gift from Genyzme 
Corp. 

Western blot analysis for secreted TGFβ2 LAP/LLC/LTBP3 

Confluent cultures of HEK293 cells overexpressing TGFβ2 or 
TGFβ2C24S with or without LTBP3 were washed, cells were overlaid with 
serum free-DMEM, and the SF-CM collected after 24 h followed by 
clarification by centrifugation. Equal volumes of SF-CM from reduced or 
nonreduced samples were separated on 4–20 % mini-PROTAN TGX gels 
(BIO-RAD #4561094). After separation, proteins were transferred to 
methanol charged PVDF membranes. After transfer, membranes were 
blocked with 5 % Blotting-Grade blocker (BIO-RAD #1706404) in PBS/ 
0.05 % Tween 20 and probed for 12–16 h at 4 ◦C with rabbit antibodies 
against LTBP3 or TGFβ2 LAP at a dilution of 1:1000 in blocking buffer 
(LI-COR #927-80001). Immunoreactive bands were visualized using 
ECL select western blotting detection chemiluminescent substrate 
(Amersham #RPN2235). 

Immunohistochemistry and immunostaining 

5 µm sections of fresh formalin-fixed tissues were used. All sections 
were stained with hematoxylin and eosin unless stated otherwise. For 
staining of TGFβ2 LAP, primary antibody (anti-LAP-TGFB2) was diluted 
1:100 in 1XPBS and samples incubated in the diluted antibody for 
overnight at 4C. The next day, samples were washed 3 times in PBS at 5 
m intervals and incubated with secondary antibody, goat anti-Rabbit 
Alexa 555 (Invitrogen #A-21428), at a dilution of 1:200 at room tem-
perature. Immunofluorescence of pSmad2 (Invitrogen #44-244G) was 
performed as described by Sachan et al. [34]. For detection of TGFβ2 
LAP immunofluorescence, antigen retrieval was performed using Dako 
target retrieval solution (Agilent Dako #S1700) for 3 m at 95 ◦C. Sec-
tions were washed twice with 1XPBS at 5 m intervals followed by 20 m 
incubation in Fc receptor blocker (Innovex biosciences #NB309-5S) and 
20 m treatment in Background Buster (Innovex biosciences #NB306-7). 
All samples were washed 3 times at intervals of 5 mins with PBS and 
mounted with ProLong™ Gold Antifade Mountant with DAPI (Invi-
trogen #P36931). Images were acquired using Zeiss LSM760 confocal 
microscope. 

Quantitation of Nuclear pSmad2: Image J (Fiji) software was used 
to perform the quantitation of nuclear pSmad3. Images were opened 
through the Bio-Formats Import selecting the ‘hyperstack’, ‘colorized’ 
and ‘split channel’ options. This allowed the independent analysis of the 
fluorescent channels for nuclear DAPI and nuclear pSmad2. Threshold of 
DAPI was adjusted and watershed was used if nuclei overlapped. All the 
nuclei were selected and saved with the.roi extension. The threshold of 
pSmad2 panel was then adjusted and all nuclei expressing pSmad3 were 
selected. The integrated density and standard deviation are shown in 
Sup. Fig. 5. 
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