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Tubulointerstitial fibrosis underlies all forms of end-stage kidney disease. TGF-β mediates both the development and the
progression of kidney fibrosis through binding and activation of the serine/threonine kinase type II TGF-β receptor
(TβRII), which in turn promotes a TβRI-mediated SMAD-dependent fibrotic signaling cascade. Autophosphorylation of
serine residues within TβRII is considered the principal regulatory mechanism of TβRII-induced signaling; however, there
are 5 tyrosine residues within the cytoplasmic tail that could potentially mediate TβRII-dependent SMAD activation. Here,
we determined that phosphorylation of tyrosines within the TβRII tail was essential for SMAD-dependent fibrotic signaling
within cells of the kidney collecting duct. Conversely, the T cell protein tyrosine phosphatase (TCPTP) dephosphorylated
TβRII tail tyrosine residues, resulting in inhibition of TβR-dependent fibrotic signaling. The collagen-binding receptor
integrin α1β1 was required for recruitment of TCPTP to the TβRII tail, as mice lacking this integrin exhibited impaired
TCPTP-mediated tyrosine dephosphorylation of TβRII that led to severe fibrosis in a unilateral ureteral obstruction model
of renal fibrosis. Together, these findings uncover a crosstalk between integrin α1β1 and TβRII that is essential for TβRII-
mediated SMAD activation and fibrotic signaling pathways.
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Introduction
Fibrosis is characterized by the uncontrolled deposition of extra-
cellular matrix components after tissue injury and is the hallmark 
of many chronic diseases. Fibrosis is irreversible and disrupts the 
normal tissue architecture, eventually leading to organ dysfunc-
tion and failure. Although fibrosis is promoted by a range of dif-
ferent factors, including genetic predisposition, cytokines, matrix 
receptors, and oxidative stress (1), an accepted treatment is still 
not available. Thus, there is great interest in deciphering the mo-
lecular mechanisms controlling matrix homeostasis in normal and 
pathological states in order to devise effective therapies.

Growth factors and cytokines are important regulators of ma-
trix homeostasis (1, 2). The cytokine TGF-β is one of the most po-
tent stimulators of fibrosis following chronic injury. TGF-β exerts 
its functions by binding of the constitutively active type II TGF-β 
receptor (TβRII), which leads to serine phosphorylation and acti-
vation of TβRI (also known as ALK5). The activated TβRI, in turn, 
promotes serine phosphorylation of SMAD2 and SMAD3, their 
association with SMAD4, translocation to the nucleus, and tran-
scription of profibrotic genes (3, 4). Signaling from TβRII to TβRI 
is primarily modulated by the autophosphorylation of 3 serine 
residues in the TβRII cytoplasmic tail: S213 and S409 promote 
kinase activity and interaction with TβRI, while S416 inhibits the 

receptor (5). The TβRII cytoplasmic domain also contains 5 phos-
phorylatable tyrosines: Y259, Y284, Y336, Y424, and Y470 (6, 7). 
TβRIIY284 was shown to be phosphorylated by Src and implicated 
in TβR-mediated noncanonical p38 MAPK activation (7). Whether 
the remaining tyrosine residues are also involved in signaling and 
control TβRII-mediated SMAD activation and fibrotic signaling is 
currently unknown.

Integrins are also potent regulators of matrix homeostasis  
(1, 2). They are transmembrane receptors for extracellular matrix 
components formed by 2 noncovalently associated α and β sub-
units. In mammalian cells, integrins combine to form 24 different 
heterodimers with different ligand specificity to matrix molecules 
(8). Upon ligand binding, integrins initiate multiple intracellular 
signaling pathways that regulate critical cellular functions such as 
migration, survival, and proliferation (9). Integrins also regulate 
matrix homeostasis by modulating matrix expression and degra-
dation, altering the activation of specific receptor tyrosine kinas-
es, or controlling the activation and levels of growth factors like 
TGF-β (10). In this context, integrins αvβ6 and αvβ8 regulate the 
release of TGF-β from its latency-associated protein and its ability 
to interact with TβRs on nearby cells (11–13). Furthermore, activa-
tion of integrin αvβ3 enhances TGF-β–mediated collagen synthe-
sis (14), whereas integrin α2β1 inhibits TGF-β–mediated functions 
by downregulating TGF-β synthesis (15). Finally, integrin αvβ3 can 
also potentiate TGF-β signaling by controlling the activation state 
of TβRII. This is achieved through a direct interaction of integrin 
β3 and TβRII (16) that enables Src to phosphorylate TβRIIY284. 
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plex contributes to kidney tubular injury is currently unknown. 
Here we showed that integrin α1β1 negatively regulated UUO-
mediated tubulointerstitial fibrosis by a novel mechanism in-
volving TCPTP-mediated downregulation of tyrosine phosphor-
ylation levels of the cytoplasmic tail of TβRII and consequent 
dampening of SMAD-dependent profibrotic signaling.

Results
Increased UUO-mediated collagen I production in integrin α1–null 
mice. Since it is not known whether the collagen-binding receptor 
integrin α1β1 mediates kidney tubulointerstitial fibrosis, we per-
formed UUO in BALB/c WT and integrin α1–null (Itga1–/–; referred 
to herein as α1KO) male mice. This experiment revealed that α1KO 
mice developed more severe injury than WT mice 7 days after 
UUO, which was characterized by worse tubular dilatation and 
matrix deposition as well as increased collagen I levels in the kid-
ney medulla and the whole kidney (Figure 1, A–D).

Altered epithelial cell morphology in α1KO CD cells. Tubular kid-
ney CD cells are the primary cellular target of UUO-mediated in-
jury. Therefore, we generated primary cultures of WT and α1KO 
CD cells (Supplemental Figure 1A; supplemental material avail-
able online with this article; doi:10.1172/JCI71668DS1) and exam-
ined their contribution to the phenotype of α1KO mice. Although 
the epithelial and CD origin of the α1KO CD cells was confirmed 
by aquaporin-2 expression, they underwent EMT — characterized 
by a fibroblast-like phenotype, increased levels of αSMA, and loss 
of the epithelial markers ZO-1 and E-cadherin — when grown on 
plastic (Figure 2, A–D). Loss of E-cadherin expression in the α1KO 
CD cells was accompanied by increased levels of ZEB1 (Figure 
2D), a suppressor of E-cadherin expression whose levels are posi-
tively regulated by TGF-β (27, 28).

This in turn leads to activation of p38 MAPK, induction of epithe-
lial-to-mesenchymal transition (EMT), proliferation, and invasion 
of breast cancer epithelial cells (7, 16). Whether integrins also alter 
TGF-β profibrotic signaling by directly regulating the activity of 
the TβR complex is currently unknown.

Tubulointerstitial fibrosis is the hallmark of all forms of 
end-stage kidney disease. In mice, the unilateral ureteral ob-
struction (UUO) model recapitulates all the key features of the 
typical fibrogenic response, including excess matrix accumula-
tion, influx of inflammatory cells, and increased synthesis of 
profibrotic molecules such as TGF-β (17). This injury model was 
used to define the protective effects of deleting integrin β6 due 
to reduced local activation of TGF-β (18) and the profibrotic ef-
fect of deleting integrin β1 in collecting duct (CD) cells (the pri-
mary cellular target of UUO-mediated injury) due to impaired 
growth factor signaling (19).

The major collagen-binding receptor integrin α1β1 is ex-
pressed in kidney glomerular and CD cells (20, 21). Integrin α1β1 
negatively regulates collagen synthesis by sensing extracellular 
collagen levels and downregulating endogenous collagen syn-
thesis (22). Consistent with these findings, integrin α1–null mice 
develop severe kidney glomerular injury due to increased pro-
duction of reactive oxygen species and synthesis of glomerular 
collagen (21, 23). Integrin α1β1 decreases production of reactive 
oxygen species by downregulating the activation state of the pro-
fibrotic EGF receptor. This is achieved by controlling the level 
and phosphorylation state of caveolin-1, a scaffolding protein 
involved in receptor signaling and localization, as well as the ac-
tivation state of the T cell protein tyrosine phosphatase (TCPTP) 
(24–26). While the contribution of the integrin α1β1/TCPTP axis 
to glomerular injury has been widely investigated, how this com-

Figure 1. Loss of integrin α1β1 leads to exacerbated fibrosis following UUO. (A) H&E and Trichrome staining of kidneys from WT and α1KO mice 7 days 
after UUO, showing more dilated tubules (asterisks), fibrosis (arrows), and collagen deposition (blue staining) in the injured α1KO mice. (B) Paraffin kidney 
sections from control and injured mice were stained with FITC-conjugated DBA (green) and collagen I (CI; red) antibodies to visualize CDs and degree of fi-
brosis, respectively. Increased deposition of collagen was evident in the injured α1KO mice. (C) Kidney lysates (20 μg/lane) from injured WT and α1KO mice 
(n = 3 and 5 shown, respectively) were analyzed by Western blot for levels of collagen I. (D) Collagen I and β-actin bands were quantified by densitometry 
analysis, and collagen I signal was expressed as the collagen I/β-actin ratio. Values are mean ± SEM of the indicated n. Scale bars: 100 μm (A); 40 μm (B).
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pSMAD2/3 levels (Figure 3A). In addition, TGF-β– mediated  
noncanonical signaling was also unaffected in α1KO CD cells 
(Supplemental Figure 3).

Consistent with our in vitro findings, we also detected in-
creased nuclear levels of activated SMAD3 in CD cells of UUO-
injured α1KO mice and significantly higher levels of activated 
SMAD2 and SMAD3 in whole kidney lysates isolated from α1KO 
mice 7 days after UUO (Figure 3, E–G).

Blocking TβR signaling rescues the phenotype of α1KO CD cells. 
TGF-β signaling is transduced by the serine/threonine kinase re-
ceptors TβRI and TβRII. Upon activation by TβRII, TβRI triggers 
SMAD2 and SMAD3 activation (3, 4). Inhibition of TβR signal-
ing in α1KO CD cells with the TβRI-specific inhibitor SB431542 
reverted their EMT phenotype to an epithelial-like morphology, 
increased membrane localization of ZO-1, and decreased levels 
of pSMAD2, pSMAD3, αSMA, and collagens I and IV (Figure 4, 
A–C), which indicates that integrin α1β1 negatively regulates 
TβR-mediated fibrotic signaling in CD cells.

A possible mechanism for these effects is that loss of integrin 
α1β1 leads to increased levels of activated TGF-β. Similar levels 
of total and active TGF-β were detected in kidney lysates from 
WT and α1KO mice and in conditioned medium from WT and 
α1KO CD cells (Supplemental Figure 4, A–D), which suggests that  

To rule out the possibility that acquisition of mesenchymal 
characteristics in α1KO CD cells was because the cells were cul-
tured on plastic, freshly isolated WT and α1KO CD cells were 
grown on transwells. Similar to cells grown on plastic, α1KO CD 
cells cultured for 3 days on transwells developed a fibroblast-like 
phenotype, characterized by increased levels of αSMA and loss 
of the epithelial marker ZO-1 (Supplemental Figure 2, A and B). 
Importantly, α1KO cells reconstituted with the human integrin α1 
subunit cDNA (α1KO-Rec cells; Supplemental Figure 1B) showed 
a restored WT CD epithelial cell phenotype (Figure 2, B–D), which 
indicates that the EMT of the α1KO CD cells was caused by loss of 
integrin α1β1 expression, not by cell culture conditions.

Loss of integrin α1β1 leads to increased basal levels of activated 
SMAD2 and SMAD3. The EMT phenotype of α1KO CD cells re-
sembled that of epithelial cells exposed to TGF-β ligand (29). 
To determine whether TGF-β pathways were activated in the 
absence of integrin α1β1, we analyzed the basal levels of acti-
vated SMAD2 and SMAD3 in CD cells grown on plastic or tran-
swells and found significantly more phosphorylated SMAD2  
(pSMAD2) and pSMAD3 as well as synthesis of collagens I and 
IV in α1KO versus WT and α1KO-Rec CD cells (Figure 3, A–D, 
and Supplemental Figure 2, C and D). Altered expression of TβRI  
and TβRII in the α1KO cells was excluded as the cause of ele vated 

Figure 2. α1KO CD cells undergo EMT. (A) Cell lysates (10 μg/lane) from serum-starved WT and α1KO CD cells were analyzed by Western blot for levels of 
aquaporin-2 (AQP2). Mesangial cells (MC) were used as a negative control. (B) Morphology of WT, α1KO, and α1KO-Rec CD cells grown on plastic. α1KO cells 
showed a fibroblast-like phenotype relative to the epithelial morphology observed in WT or α1KO-Rec cells. (C) CD cells were stained with anti–ZO-1 and 
anti-αSMA antibodies to visualize levels and localization of epithelial and myofibroblast markers. (D) Western blot analysis showing loss of epithelial 
markers (E-cadherin), increased myofibroblast markers (αSMA), and increased levels of E-cadherin suppressors (ZEB1) in α1KO compared with WT or α1KO-
Rec CD cells (20 μg/lane cell lysates used for analysis). Scale bars: 20 μm (B); 10 μm (C).
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CD cells (Figure 5A). Together, these findings suggest that the 
increased TGF-β–mediated signaling in α1KO CD cells is TGF-β 
ligand independent and thus cell autonomous.

We next compared the ability of WT and α1KO CD cells to re-
spond to TGF-β1; α1KO CD cells showed increased and more sus-
tained SMAD3 activation in response to TGF-β1 compared with 
that in WT CD cells (Figure 5, B and C). Although both SMAD2 and 
SMAD3 were phosphorylated in α1KO CD cells, in the following  

increased levels of active TGF-β ligands were not responsible for 
the EMT phenotype. Furthermore, the normal α1KO CD cell sur-
face expression of integrins involved in regulating levels and/or 
activation of TGF-β (e.g., integrins α2, αv, β3, and αvβ6; Supple-
mental Figure 4E) further excluded an increased release of ex-
tracellular matrix–bound TGF-β ligand. Moreover, inhibition of 
TGF-β activity with the pan–TGF-β blocking antibody 2G7 only 
slightly reduced the elevated levels of activated SMAD3 in α1KO 

Figure 3. Increased TGF-β downstream signaling in α1KO CD cells and mice. (A and C) Cell lysates (20 μg/lane) from the indicated serum-starved cells 
were analyzed by Western blot for levels of pSMAD2, pSMAD3, TβRI, and TβRII (A) as well as collagens I and IV (C). (B and D) pSMAD2, pSMAD3, SMAD2, 
and SMAD3 (B) as well as collagen I, collagen IV, and β-actin (D) bands were quantified by densitometry analysis, and signals are expressed as a pSMAD/
SMAD or collagen/β-actin ratio. Values are mean ± SEM of 3 independent experiments. *P ≤ 0.05 vs. WT; **P ≤ 0.05 vs. α1KO. (E) Paraffin kidney sections 
were stained with FITC-conjugated DBA (green) and anti-pSMAD3 (red) antibodies to visualize CDs and activated SMAD3, respectively. (F) Kidney lysates 
(20 μg/lane) from injured WT and α1KO mice (n = 3 and 5 shown, respectively) were analyzed by Western blot for levels of activated and total SMAD2 and 
SMAD3. (G) pSMAD2, pSMAD3, SMAD2, and SMAD3 bands were quantified by densitometry analysis; signal is expressed as pSMAD/SMAD ratio. Values 
are mean ± SEM of the indicated n. Scale bars: 40 μm (E, top); 20 μm (E, bottom).
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were detectable in samples derived from α1KO CD cells (Supple-
mental Figure 5A), which suggests that increased tyrosine phos-
phorylation of TβRII indeed leads to increased serine and threo-
nine phosphorylation of TβRI.

The T cell protein tyrosine phosphatase prevents TβRII-mediated 
EMT. We next determined the mechanism by which integrin α1β1 
inhibits tyrosine phosphorylation of TβRII. We and others have 
shown that TCPTP binds to the integrin α1 cytoplasmic tail, is ac-
tivated in an integrin α1β1–dependent manner, and dephosphory-
lates tyrosines both on receptor tyrosine kinases (such as EGF, 
VEGF, and PDGF receptors) and on scaffolding proteins (such as 
caveolin-1) (24, 25, 31–33). Interestingly, analysis of the human 
and mouse TβRII cytoplasmic tails with PhosphoMotif Finder 
confirmed the presence of 5 potential tyrosine phosphorylation 
sites (Y259, Y284, Y336, Y424, and Y470) and identified 3 of them 
(Y284, Y336, and Y470) as substrates for TCPTP dephosphoryla-
tion (Supplemental Figure 6, A–C). In support of a role for TCPTP 
in TGF-β signaling, shRNAi-mediated downregulation of TCPTP 
or treatment with the selective TCPTP inhibitor compound 8 (34) 
induced EMT of WT CD cells, with increased SMAD3 activation, 
loss of ZO-1 at the plasma membrane, and increased expression of 
αSMA and collagens I and IV, which were efficiently prevented by 
treatment with the TβRI inhibitor SB431542 (Figure 6, B–F).

experiments we focused on SMAD3, as this transcription factor posi-
tively correlates to EMT, matrix accumulation, and renal fibrosis (30).

TβRII is highly phosphorylated on tyrosines in α1KO CD cells. 
Integrin α1β1 inhibits the activation and signaling of the EGF re-
ceptor by preventing tyrosine phosphorylation of its cytoplasmic 
tail (25, 31). Therefore, we decided to investigate whether integrin 
α1β1 can also block TGF-β signaling at the receptor level. As the 
TβRII cytoplasmic tail contains 5 phosphorylatable tyrosines (6, 
7), we analyzed basal levels of TβRII tyrosine phosphorylation in 
serum-starved WT and α1KO CD cells. Cell lysates were immu-
noprecipitated with the anti-phosphotyrosine antibody 4G10 or 
with IgG isotype controls and subsequently immunoblotted with 
anti-phosphotyrosine (anti-pY99) or anti-mouse TβRII antibod-
ies. Phosphorylated TβRII was only detectable in samples derived 
from α1KO CD cells (Figure 6A), which suggests that loss of inte-
grin α1β1 expression increases tyrosine phosphorylation of TβRII.

Next we sought to determine whether tyrosine-phosphorylat-
ed TβRII increased the phosphorylation/activation of TβRI. We an-
alyzed basal levels of TβRI serine and threonine phosphorylation 
in serum-starved WT and α1KO CD cells by immunoprecipitating 
cell lysates with anti-phosphoserine and anti- phosphothreonine 
antibodies followed by immunoblotting with either anti-phospho-
serine or anti-mouse TβRI antibodies. Increased levels of pTβRI 

Figure 4. Inhibition of TβR signaling reverts EMT in α1KO CD cells. (A) Morphology of α1KO CD cells cultured on plastic in 0.2% serum with or 
without the TβRI inhibitor SB431542 (SB) for 4 days. (B) α1KO CD cells were cultured as in A, then stained with anti–ZO-1 antibodies to visualize its 
expression and localization. (C) Serum-starved WT and α1KO CD cells were treated with SB431542 at the indicated concentrations. After 24 hours, 
cell lysates (20 μg/lane) were analyzed by Western blot for levels of collagen I, collagen IV, αSMA, pSMAD2, SMAD2, pSMAD3, and SMAD3. Scale 
bars: 20 μm (A); 10 μm (B).
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shRNAi-mediated depletion of TCPTP in WT CD cells also 
increased serine and threonine phosphorylation of TβRI and ty-
rosine phosphorylation of TβRII (Figure 6G and Supplemental 
Figure 5B), which indicates that TCPTP inhibits TβR signaling 
and EMT of WT CD cells.

We next determined whether TCPTP activation diminishes 
TβR-mediated signaling in α1KO CD cells. Activation of TCPTP 
with the polyamine spermidine (33) in α1KO CD cells reverted 
their fibroblast-like morphology to an epithelial phenotype and 
decreased basal levels of activated SMAD3 and expression of col-
lagen I (Figure 7, A and B). In addition, immunoprecipitation of 
lysates of spermidine-treated α1KO CD cells with the anti-phos-
photyrosine antibody 4G10 failed to immunoprecipitate TβRII 
(Figure 7C), which suggests that spermidine-mediated TCPTP 
activation decreased tyrosine phosphorylation of TβRII.

To confirm the in vitro finding and the relevance of TCPTP ac-
tivation in kidney fibrosis, we treated α1KO mice with spermidine at 
the time of UUO. At 7 days after UUO, we observed a significantly 
attenuated injury response, characterized by decreased tubular dil-
atation and tubulointerstitial fibrosis, decreased expression of col-
lagens I and IV, and diminished SMAD3 activation (Figure 7, D–H).

Polyamines such as spermidine and integrin α1β1 regulate 
macrophage functions and tissue infiltration (35–37). As macro-

phages contribute to UUO-mediated fibrosis, we quantified the 
number of F4/80-positive cells in the papilla of injured α1KO mice 
untreated or treated with spermidine. Since we found comparable 
numbers of macrophages in these 2 groups (Supplemental Figure 
7), we concluded that the beneficial effects of spermidine are likely 
due to reduced TβR-mediated signaling in resident cells, rather 
than altered immunological responses.

Tyrosine phosphatase directly binds and dephosphorylates TβRII. 
Since TCPTP binds the integrin α1 subunit (24, 31) and we ob-
served evidence in support of its role in TβRII tyrosine dephos-
phorylation, we hypothesized that TCPTP, integrin α1β1, and 
TβRII form a ternary protein complex. Immunoprecipitating the 
integrin α1 subunit from lysates of α1KO-Rec CD cells and immu-
noblotting the precipitate with specific antibodies against integrin 
α1, TβRII, and TCPTP confirmed that they indeed formed a com-
plex (Supplemental Figure 8A). In addition, immunofluorescence 
staining performed on frozen sections of human kidneys revealed 
that integrin α1, TβRII, and TCPTP colocalized in CDs (Supple-
mental Figure 8, B–D).

To further confirm that TCPTP can directly bind and de-
phosphorylate TβRII, we performed ELISA using recombinant 
full-length TCPTP and human glutathione S-transferase–TβRII 
cytoplasmic domain (GST-TβRIICD) as well as tyrosine-phosphor-
ylated GST-TβRIICD (GST-pYTβRIICD) (Supplemental Figure 9, 
A–C), and in vitro dephosphorylation assays with GST-pYTβRIICD 
and a constitutively active form of TCPTP (TCPTP-37). Whereas 
GST alone showed no binding to TCPTP, GST-TβRIICD and GST-
pYTβRIICD demonstrated robust binding to immobilized TCPTP 
(Figure 8A). Furthermore, TCPTP-37 efficiently dephosphory-
lated GST-pYTβRIICD in a dose-dependent manner (Figure 8, B 
and C). Importantly, addition of the phosphatase inhibitor sodium 
vanadate to the reaction mixture prevented TCPTP-37–mediated 
GST-pYTβRIICD dephosphorylation (Figure 8B), which suggests 
that TβRII is a TCPTP substrate.

As the cytoplasmic domain of TβRII contains 3 potential TCPTP 
dephosphorylatable tyrosines (Y284, Y336, and Y470; Supplemen-
tal Figure 6 and Supplemental Figure 9A), we investigated wheth-
er these 3 sites can be dephosphorylated by TCPTP in vitro. We 
treated GST-pYTβRIICD recombinant proteins carrying the triple 
Y284/336/470A mutations (GST-pYTβRIIY284/336/470ACD) 
with TCPTP-37. GST-pYTβRIIY284/336/470ACD retained a 
basal tyrosine phosphorylation signal, due to the remaining phos-
phorylatable sites TβRIIY259 and TβRIIY424 in the cytoplasmic 
domain (Figure 8D, Supplemental Figure 6, and Supplemental 

Figure 5. Prolonged SMAD3 activation in α1KO CD cells stimulated with 
TGF-β. (A) Serum-starved WT and α1KO CD cells were treated with the 
indicated concentrations of the blocking anti–TGF-β antibody 2G7. After 
24 hours, cell lysates (20 μg/lane) were analyzed by Western blot for 
levels of pSMAD3 and SMAD3. As controls, 24 hour serum-starved WT 
CD cells with or without 2G7 (40 μg/ml) were treated with TGF-β  
(5 ng/ml) 1 hour prior to harvesting. (B) Serum-starved WT and α1KO 
CD cells were treated with TGF-β (5 ng/ml) for the times indicated. 
Cell lysates (20 μg/lane) were analyzed by Western blot for levels of 
pSMAD3 and SMAD3. (C) pSMAD3 and SMAD3 bands were quantified by 
densitometry analysis, and pSMAD3 signal is expressed as the pSMAD3/
SMAD3 ratio. Values are mean ± SEM of 3 independent experiments.  
*P ≤ 0.05 vs. untreated; **P ≤ 0.05 vs. WT.
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Figure 9A). However, TCPTP-37, at doses that efficiently dephos-
phorylated GST-pYTβRIICD, failed to dephosphorylated GST-
pYTβRIIY284/336/470ACD (Figure 8, D–F), which suggests that 
Y284, Y336, and/or Y470 in the TβRII cytoplasmic domain are the 
target tyrosine residues of TCPTP in vitro.

TβRIIY336 and TβRIIY470 control cell morphology and 
SMAD activation. We next defined the relative contribution of 
TβRIIY284, TβRIIY336, and/or TβRIIY470 in TβR-mediated 
activation of SMAD-dependent signaling and EMT. To this end, 

we crossed α1KO mice with floxed TβRII mice (Itga1–/– Tgfbr2fl/fl;  
referred to herein as α1KO TβRIIfl/fl), isolated CD cells, and deleted 
the floxed TβRII alleles using adenoviral Cre (adeno-Cre) infec-
tion. The resulting cells were then transfected with human TβRII 
carrying single or multiple Y-to-A mutations in the TCPTP de-
phosphorylation sites Y284, Y336, or Y470. While α1KO TβRIIfl/fl  
CD cells displayed a fibroblast-like phenotype, adeno-Cre treat-
ment resulted in an epithelial morphology (Figure 9A), similar to 
α1KO CD cells treated with SB431542 or spermidine (Figure 4A 

Figure 6. TCPTP regulates TβRII tyrosine phosphorylation and signaling. (A) Cell lysates (0.5 mg) from serum-starved WT and α1KO CD cells were im-
munoprecipitated with the anti-phosphotyrosine antibody 4G10 (10 μg) or with mouse IgG isotype control antibody (10 μg) and analyzed by Western blot. 
A band corresponding to TβRII (~68 kDa) was visible only in α1KO cells incubated with 4G10. Tyrosine-phosphorylated products (50–100 kDa) were detected 
with anti-pY99 antibodies in both WT and α1KO CD cells. (B) Morphology of WT CD cells stably transfected with shRNAi control (ShC) or TCPTP shRNAi 
(Sh-TCPTP). (C and D) Cell lysates (20 μg/lane) from serum-starved WT CD cells transfected with ShC (1 clone shown) or Sh-TCPTP (3 clones shown) and 
treated with or without SB431542 (SB) were analyzed by Western blot for levels of TCPTP, pSMAD3, SMAD3, and collagen I. (E) WT CD cells were cultured 
on plastic in 0.2% serum with or without the TCPTP inhibitor compound 8 (TCPTP-I) for 4 days and then stained with anti–ZO-1 and anti-αSMA antibodies. 
(F) Serum-starved WT CD cells were treated with TCPTP inhibitor at the concentrations indicated. After 24 hours, cell lysates (20 μg/lane) were analyzed 
for levels of collagen IV, pSMAD3, and SMAD3. (G) Cell lysates (0.5 mg) from serum-starved WT CD cells transfected with control or TCPTP shRNAi (1 clone 
each shown) were immunoprecipitated and analyzed by Western blot as in A. A band corresponding to TβRII was more evident in lysates of CD cells trans-
fected with TCPTP shRNAi. Scale bars: 20 μm (B and E).
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Cell signaling analysis performed on transiently transfected 
CD cells expressing comparable levels of WT and Y-to-A mutated 
TβRII revealed that TβRIIY336 and TβRIIY470 controlled SMAD3 
activation. CD cells carrying the single TβRIIY336A or TβRIIY470A 
mutation displayed significantly reduced levels of pSMAD3 com-
pared with cells expressing WT TβRII or TβRIIY284A (Figure 9C 
and Supplemental Figure 10). Consistent with their epithelial mor-
phology (Figure 9A), only cells expressing the TβRIIY336/470A 
and TβRIIY284/336/470A mutations showed E-cadherin levels 
similar to those of adeno-Cre–treated α1KO TβRIIfl/fl CD cells (Fig-
ure 9D and Supplemental Figure 10), which suggests that both 
Y336 and Y470 are required for regulation of E-cadherin expres-
sion. Finally, cells carrying all 3 Y-to-A mutations showed collagen 
IV levels similar to those of adeno-Cre–treated α1KO TβRIIfl/fl CD 
cells (Figure 9D and Supplemental Figure 10), which indicates that 
TβRII tyrosine phosphorylation–mediated regulation of collagen 
synthesis is both SMAD dependent and independent.

and Figure 7A). As expected, adeno-Cre–treated α1KO TβRIIfl/fl 
CD cells transfected with WT TβRII switched to a fibroblast-like 
phenotype (Figure 9A). Transfection of adeno-Cre–treated α1KO 
TβRIIfl/fl CD cells with single-mutant TβRIIY284A, TβRIIY336A, 
or TβRIIY470A also reverted to a fibroblast-like phenotype, 
while cells expressing TβRIIY284/336/470A retained the epithe-
lial phenotype (Figure 9A). Interestingly, transfection of adeno-
Cre–treated α1KO TβRIIfl/fl CD cells with TβRII carrying 2 Y-to-A 
substitutions revealed that only expression of TβRIIY336/470A 
prohibited the conversion of the epithelial cell morphology to a 
fibroblast-like phenotype (Figure 9A).

Next, we analyzed subcellular localization of WT TβRII or 
TβRII carrying single or multiple Y-to-A substitutions fused to 
EGFP by transiently transfecting expression constructs into 
HEK293 cells. These constructs localized to the plasma mem-
brane (Figure 9B), excluding aberrant localization of mutant 
TβRII as a cause for impaired TβRII/TβRI function.

Figure 7. Spermidine ameliorates TβR-activated signaling in α1KO CD cells and mice. (A) Morphology of α1KO CD cells cultured on plastic in 0.2% serum with or 
without spermidine (SP) for 4 days (B) Serum-starved α1KO CD cells were treated with spermidine for 24 hours at the concentrations indicated. Cell lysates (20 
μg/lane) were analyzed by Western blot for levels of pSMAD3, SMAD3, and collagen I. (C) Cell lysates (0.5 mg) from serum-starved WT and α1KO CD cells, treat-
ed or not for 24 hours with 2.5 μM spermidine, were incubated with 4G10 (10 μg) or mouse IgG isotype control antibody (10 μg). Immunoprecipitation products 
were then analyzed as in Figure 6A. Lanes were run on the same gel but were noncontiguous (black line). (D) H&E and Trichrome staining of kidneys from α1KO 
mice untreated or treated with spermidine (30 μM via gavage) at 7 days post-UUO, showing less injury and collagen deposition (blue staining) in the spermidine-
treated group. (E and G) Kidney lysates (10 μg/lane) from injured α1KO (n = 4) and spermidine-treated α1KO (n = 3) mice were analyzed by Western blot for levels 
of collagen I, collagen IV, pSMAD3, and SMAD3. (F and H) Collagen I, collagen IV, β-actin, pSMAD3, and SMAD3 bands were quantified by densitometry analysis; 
signal is expressed as the collagen I/β-actin or pSMAD/SMAD ratio. Values are mean ± SEM of the indicated n. Scale bars: 20 μm (A); 100 μm (D).
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cells transfected with either WT TβRII or TβRIIY284/336/470A 
and immunoblotted the gel-separated precipitates with anti-human 
TβRII or anti-pY99 antibodies, respectively. Adeno-Cre–treated 
α1KO TβRIIfl/fl CD cells served as negative control. Although CD 
cells expressing WT TβRII and TβRIIY284/336/470A contained 
comparable levels of TβRII, only cells expressing WT TβRII showed 
substantial TβRII tyrosine phosphorylation (Figure 9F). Similarly, 
reciprocal immunoprecipitation with the anti-phosphotyrosine  
antibody 4G10 followed by anti-TβRII immunoblotting revealed 
that only CD cells transfected with WT TβRII showed tyrosine 
phosphorylation (Figure 9G). Together, these data confirmed that 
Y284, Y336, and/or Y470 can be phosphorylated in vivo.

Discussion
TGF-β is widely recognized as one of the key mediators of renal 
fibrosis, which eventually leads to chronic kidney disease. Its role 
in this pathological process has primarily been investigated in the 
context of increased or activated signaling. However, pathways 

We next determined the ability of the TβRII mutants to acti-
vate SMAD3 in response to TGF-β1. For TGF-β1–mediated signal-
ing, we focused on CD cells expressing WT, TβRIIY284A (which 
should promote SMAD3 phosphorylation via Y336 and Y470), and 
TβRIIY284/336/470A (which should not promote SMAD3 activa-
tion due to loss of Y336 and Y470). Mock-treated and adeno-Cre–
infected α1KO TβRIIfl/fl CD cells were used as positive and negative 
controls, respectively. Western blotting revealed comparable expres-
sion levels of WT and Y-to-A mutated TβRII. As expected, TGF-β1 
promoted SMAD3 activation only in mock-treated α1KO TβRIIfl/fl CD 
cells, or adeno-Cre–treated α1KO TβRIIfl/fl CD cells transfected with 
either WT or TβRIIY284A (Figure 9E). In contrast, TGF-β1 failed 
to stimulate SMAD3 phosphorylation in TβRIIY284/336/470A ex-
pressing cells (Figure 9E), which suggests that Y336 and Y470 regu-
late TGF-β1–mediated activation of canonical signaling.

Finally, we sought to determine whether Y284, Y336, and/or 
Y470 are phosphorylated in α1KO CD cells. We immunoprecipitat-
ed TβRII in cell lysates from adeno-Cre–treated α1KO TβRIIfl/fl CD 

Figure 8. TCPTP directly binds and dephosphorylates the cytoplasmic tail of TβRII. (A) Immobilized TCPTP (5 μg/ml) was incubated with GST, 
GST-TβRIICD, or GST-pYTβRIICD at the indicated concentrations. Bound proteins were detected with anti-GST antibodies. Shown is 1 experiment 
performed in triplicate, representative of 2 independent experiments performed with similar results. Values are mean ± SD. *P ≤ 0.05 vs. GST-
pYTβRIICD; **P ≤ 0.05 vs. GST. (B) GST-pYTβRIICD (~50 ng) was incubated with TCPTP-37 at the indicated concentrations, with or without the tyro-
sine phosphatase inhibitor sodium vanadate. After 10 minutes at 30°C, samples were analyzed by Western blot for levels of phosphorylated (anti-
pY99) and total (anti-TβRII) GST-pYTβRIICD. (C) pY99 and TβRII bands were quantified by densitometry. Values represent pY99/TβRII ratio relative to 
samples incubated without TCPTP (assigned as 1). (D and E) GST-pYTβRIICD or GST-pYTβIIY284/336/470ACD (~50 ng) was incubated with TCPTP-37 
at the indicated concentrations. After 10 minutes at 30°C, samples were analyzed by Western blot for levels of phosphorylated (anti-pY99) and total 
(anti-TβRII) GST-conjugated recombinant proteins. (F) pY99 and TβRII bands were quantified by densitometry. Values (mean ± SEM of 3 experiments) 
represent pY99/TβRII ratio relative to samples incubated without TCPTP (assigned as 1). *P ≤ 0.05 vs. 0 ng/ml.
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TβR signaling in α1KO CD cells reduced profibrotic signaling, it 
remains to be evaluated whether in vivo deletion and/or inhibition 
of TβRII in CDs of α1KO mice ameliorates or exacerbates UUO-
mediated fibrosis due to compensation by the remaining tubules 
or nonepithelial components.

TβRI and TβRII are serine/threonine kinases that phosphory-
late SMAD2 and SMAD3 to trigger fibrosis. The majority of studies 
thus far focused on serine phosphatases acting on either the TβR 
complex and/or SMADs as potential attenuators of TGF-β signal-
ing (43). The catalytic subunit of PP1 (PP1c), for example, dephos-
phorylates TβRI and ameliorates TGF-β–mediated EMT (44, 45); 
PP2A dephosphorylates SMAD3 primarily under hypoxic condi-
tions (46), MTMR4 dephosphorylates SMAD3 in early endosomes 
and thereby prevents SMAD3 nuclear translocation (47), and 
PPM1A can dephosphorylate both SMAD2 and SMAD3 (48). We 
provided compelling evidence that tyrosine phosphatases play an 
equally important role as negative regulators of TGF-β–mediated 
signaling by directly controlling the levels of tyrosine phosphory-
lation of the TβRII cytoplasmic domain.

The TβRII cytoplasmic tail is primarily phosphorylated on 
serines. Autophosphorylation of S213 and S409 is necessary for 
kinase activity and interaction with TβRI, whereas autophos-
phorylation of S416 inhibits the receptor activity of TβRII (5). It 
has also been shown that TβRII is phosphorylated on different 
tyrosine residues. One report suggested that TβRII undergoes 
autophosphorylation on tyrosines Y259, Y336, and Y424, while 
another showed that activated Src is able to phosphorylate Y284 
(6, 7). Mutations of Y259, Y336, and Y424 inhibit the receptor  
kinase activity of TβRII (6), while mutation of Y284 prevents TβR-
mediated activation of the noncanonical p38 MAPK signaling 
pathway (7). We demonstrated here that Y336 and Y470 were key 
mediators of TβRII-mediated EMT, SMAD activation, and E-cad-
herin and collagen synthesis. While we identified these tyrosines 
as critical regulators of TβRII-mediated SMAD activation and  
fibrotic responses, it remains to be determined exactly how Y336 
and Y470 become phosphorylated, although autophosphoryla-
tion and Src are possible candidates (6, 7).

Another key finding of our present study is that the levels of 
tyrosine phosphorylation of the TβRII cytoplasmic tail were nega-
tively regulated by TCPTP. Of the 5 phosphorylatable tyrosines in 
the TβRII cytoplasmic tail, we identified 3 of them (Y284, Y336, 
and Y470) as potential TCPTP dephosphorylation substrates. 
TCPTP, a tyrosine phosphatase initially discovered in T cells, is 
ubiquitously expressed and localizes to the nucleus and endoplas-
mic reticulum (49). The nuclear form translocates to the cytoplasm 
in response to growth factor receptor activation, cellular stress, 
and oxidative stress (50). Normally, TCPTP remains in an autoin-
hibitory state by an association between the C-terminal segment 
and the phosphatase domain. TCPTP can directly bind the cyto-
plasmic tail of the integrin α1 subunit, which enables TCPTP re-
cruitment to the plasma membrane and activation via an integrin 
α1–mediated unbinding of the C-terminal segment from the cata-
lytic domain (31). We and others have shown that integrin α1β1–
mediated TCPTP activation induces the dephosphorylation of 
TCPTP substrates, including receptors for EGF, VEGF, and PDGF, 
resulting in downregulation of their signaling strength (25, 31–33). 
We report here that the integrin α1β1/TCPTP axis also plays a key 

and mechanisms that inhibit or negatively modulate TGF-β signal-
ing are equally important, particularly in the context of limiting fi-
brotic responses and scarring after injury. In the present study, we 
report the novel finding that TβRII-mediated profibrotic signaling 
in a kidney model of tubulointerstitial fibrosis can be downregu-
lated by decreasing TβRII tyrosine phosphorylation in an integrin 
α1β1–dependent manner (Figure 10). Our data suggest that target-
ing TβRII tyrosine phosphorylation may represent an innovative 
strategy by which to attenuate renal fibrosis.

Here, we showed that loss of integrin α1β1 led to increased 
TGF-β–mediated signaling and fibrosis upon UUO. This, together 
with the observations of increased SMAD2 and SMAD3 activation 
in mice and cells lacking integrin α1β1, suggests that activation of 
TGF-β–mediated canonical signaling is a major driver of tubular 
kidney fibrosis in mice null for integrin α1. Our observations were 
consistent with findings by others demonstrating upregulated lev-
els of TGF-β, its receptors, and pSMAD2 and pSMAD3 in many 
types of chronic kidney disease (17, 38). SMAD2 can promote 
fibrosis by promoting αSMA and collagen expression (39, 40). 
SMAD3 induces fibrosis by upregulating the profibrotic miR-21 
and collagen synthesis (40, 41). Thus, strategies for decreasing 
TβR-mediated activation of SMAD2 and SMAD3 might effectively 
dampen TGF-β–induced fibrotic signaling.

We previously showed that in vivo deletion of TβRII in CDs 
of the kidney leads to an exacerbated UUO-mediated fibrotic 
response (42). Absence of TβRII in CD cells caused cytoskeletal 
changes and alterations in Rho GTPases that resulted in increased 
TGF-β activation and paracrine activation of profibrotic signaling. 
In our current study, we showed that upregulated basal activation 
of TβRII in CDs and CD cells also contributed to fibrotic responses 
by increasing epithelial SMAD3 activation, EMT, and collagen 
synthesis. Thus, upregulation of TβR signaling in nonepithelial 
(42) and epithelial (present study) cells makes a contribution to 
kidney fibrosis. Although we provided evidence that blocking 

Figure 9. Y336 and Y470 in the cytoplasmic tail of TβRII regulate EMT. 
(A) α1KO TβRIIfl/fl CD cells were left untreated (–Cre) or treated with 
adeno-Cre (Cre) to downregulate TβRII. Cells were then transfected 
with empty vector (Cre/Vo), WT TβRII (Cre/TβRII), or TβRII constructs 
mutated in 1 or more of the 3 tyrosines (as indicated), and their mor-
phology was evaluated. (B) HEK293 cells were transiently transfected 
with empty pEGFP-N2 vector (EGFP), WT TβRII (TβRII/EGFP), or TβRII 
constructs mutated in 1 (TβRIIY284A/EGFP and TβRIIY470A/EGFP) or 
multiple (TβRIIY336/470A/EGFP and TβRIIY284/336/470A/EGFP) tyro-
sines. After 72 hours, the membrane localization (asterisks) of the vari-
ous TβRII constructs was evaluated by analyzing the cells under an epi-
fluorescence microscope. (C and D) Cell lysates (20 μg/lane) from the 
serum-starved CD cell populations indicated were analyzed by Western 
blot for levels of TβRII, pSMAD3, SMAD3, collagen IV, and E-cadherin. 
Lanes were run on the same gel but were noncontiguous (black lines). 
(E) The indicated CD cell populations were serum starved for 24 hours, 
then treated or not with TGF-β1 for 30 minutes. Cell lysates (20 μg/
lane) were analyzed by Western blot for levels of TβRII, pSMAD3, and 
SMAD3. (F and G) Cell lysates (0.5 mg) from the serum-starved CD 
cell populations indicated were immunoprecipitated with anti-human 
TβRII antibodies (2 μg) (F) or with 4G10 (10 μg) or mouse IgG isotype 
control antibody (10 μg) (G), then analyzed by Western blot. A band 
corresponding to TβRII was more tyrosine phosphorylated (F) and more 
evident (G) in lysates of CD cells expressing WT than Y284/336/470A 
TβRII. Scale bars: 20 μm (A); 5 μm (B).
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TβRIIfl/fl mice backcrossed onto the C57BL/6 background for 10 gen-
erations were derived as described previously (42). These mice were 
crossed with BALB/c α1KO mice in order to obtain F1 integrin α1–
heterozygous TβRIIfl/+ mice on the mixed C57/BALB/c background. 
These mice were crossed among themselves in order to obtain α1KO 
TβRIIfl/fl mice. Mice were housed in an AALAC-accredited animal 
facility following NIH guidelines.

Generation of cell populations. CD cells were generated from BALB/c 
WT and α1KO mice as well as from α1KO TβRIIfl/fl mice on the mixed 
C57/BALB/c background. Briefly, papillae were dissected from kidneys, 
placed in 1 mg/ml collagenase II (Gibco) with 5 mM CaCl2, minced with 
a razor blade, and incubated for 1 hour at 37°C. Cells were centrifuged 
for 3 minutes at 800 g and washed twice with PBS before plating. Cells 
were cultured in DMEM/F12 supplemented with 10% FBS and immor-
talized with sv40 large T antigen. TβRII was deleted from α1KO TβRIIfl/fl  
CD cells by adeno-Cre infection. Unless otherwise specified, cells used 
for experiments were cultured on uncoated tissue culture plates in 
either complete or serum-free medium.

Cell transfection. α1KO-Rec CD cells were obtained by transfecting 
α1KO CD cells (derived from BALB/c mice) with the full-length human 
integrin α1 subunit cDNA subcloned in pcDNA3.1 vector (Invitrogen) 
(55). After selection with zeocin (200 μg/ml), integrin α1–expressing 
cells were selected by fluorescence-activated cell sorting using anti-
bodies recognizing the extracellular I domain of human integrin α1 
subunit (TS2/7) (Abcam).

To generate cell populations expressing WT or Y-to-A mutants of 
human TβRII, α1KO TβRIIfl/fl CD cells (derived from the C57/BALB/c 
mixed background) were treated with adeno-Cre in order to delete endog-
enous TβRII. Subsequently, adeno-Cre–treated cells were transfected with 
pcDNA3.1 vector carrying full-length WT human TβRII, as well as single, 
double, or triple Y-to-A (Y284A, Y336A, Y470A) mutants of human TβRII 
using Lipofectamine 2000 (Invitrogen). The Y-to-A mutations were intro-
duced in full-length TβRII using QuickChange II XL Site-Directed Muta-
genesis Kit (Agilent Technologies). After zeocin selection (200 μg/ml),  

role in negatively regulating the TβRII tyrosine phosphorylation, 
as loss of integrin α1β1 expression or TCPTP function led to tyro-
sine hyperphosphorylation of TβRII, activation of TβRI, phosphor-
ylation of SMAD2/3, and expression of fibrotic genes, culminating 
in irreversible tissue damage. Thus, we identified TβRII as a novel 
in vivo target of TCPTP and suggest that strategies for enhancing 
TCPTP activation might be beneficial in fibrotic disease.

Due to the ability of TCPTP to dephosphorylate growth factor 
receptors implicated in several diseases, including cancer, TCPTP 
activation became an attractive strategy to prevent receptor tyro-
sine kinase–mediated signaling. High-throughput small-molecule 
assays identified the polyamine spermidine as a TCPTP activator 
(33). Like the integrin α1 tail, spermidine triggers unbinding of the 
C-terminal segment of TCPTP, which in turn attenuates tyrosine 
receptor kinase phosphorylation (33). We also found that treatment 
of CD cells or mice lacking integrin α1β1 with spermidine decreased 
TβRII tyrosine dephosphorylation, TβR-mediated SMAD activation, 
and profibrotic signaling. Although our findings suggest that activa-
tion of TCPTP might be beneficial in TGF-β–driven fibrotic diseases, 
spermidine is not a selective TCPTP activator. It has previously been 
shown that long-term polyamine intake can have both beneficial and 
deleterious effects: it can decrease mortality and incidence of colon 
cancer in aged mice (51) and protect against cardiovascular mortal-
ity in humans (52), but can also cause a decline in human renal func-
tion (53). Nevertheless, our findings support the need to generate 
more selective and safer TCPTP activators for the prevention and 
treatment of TGF-β–mediated kidney disease.

Methods
Mice. α1KO mice (Itga1–/–; global integrin α1–null) were generated as 
previously described (54). Inbred BALB/c α1KO mice were generated 
by backcrossing the α1KO mice onto the WT BALB/c background. 
After 10 generations, integrin α1–heterozygous siblings were crossed 
among themselves in order to obtain BALB/c WT and α1KO mice. 

Figure 10. Integrin α1β1 controls TβRII-mediated cell morphology and collagen production. (A) In CD cells, activation of integrin α1β1 leads to recruitment 
and activation of TCPTP. This results in reduced tyrosine phosphorylation of TβRII, reduced activation of TβRI, and reduced SMAD2/3 phosphorylation. 
Ultimately, recruitment of TCPTP by integrin α1β1 negatively regulates TβRI/TβRII-mediated collagen production and EMT. (B) In the absence of integrin 
α1β1, loss of TCPTP activation promotes collagen production and EMT by increasing tyrosine phosphorylation of TβRII, activation of TβRI, and SMAD2/
SMAD3 phosphorylation.
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GTTC and 3′-ATATCTCGAGCTACTACTATTTGGTAGTGTTTAG-
GGAG. PCR conditions were as follows: 1 cycle of 95°C for 45 seconds; 
30 cycles of 95°C for 45 seconds, 63°C for 45 seconds, and 72°C for 2 
minutes; and 1 cycle of 72°C for 10 seconds.

To generate TβRII WT or mutant constructs in pEGFP-N2, the fol-
lowing common primers carrying HindIII and BamHI restriction sites 
were generated: 5′-ATATAAGCTTGCCACCATGGGTCGGGGGCT-
GC and 3′-ATATGGATCCCTTTGGTAGTGTTTAGGGAG. PCR con-
ditions were as follows: 1 cycle of 95°C for 45 seconds; 30 cycles of 
95°C for 45 seconds, 52°C for 45 seconds, and 72°C for 2.5 minutes; 
and 1 cycle of 72°C for 10 seconds.

Immunoprecipitation. α1KO-Rec CD cells expressing the human 
integrin α1 subunit were lysed in lysis buffer (1% CHAPS, 50 mM 
Tris, pH 7.5, containing 150 mm NaCl, 2 mM MgCl2, 5 mM iodo-
acetamide, and protease inhibitors; Roche Applied Science), spun at 
16,000 g for 20 minutes, and preincubated with BSA-blocked pro-
tein G beads for 1 hour at 4°C. Equal amounts of cell lysates (0.5 mg) 
were subsequently incubated overnight at 4°C with either monoclo-
nal antibody TS2/7 (20 μg) or mouse IgG1 isotype control antibody 
(20 μg; Millipore). The antibody-antigen complexes were captured 
with BSA-blocked protein G–agarose beads for 1 hour at 4°C, washed 
with wash buffer (50 mM Tris, pH 7.5, containing 150 mM NaCl, and 
0.1% Tween 20), eluted in sample buffer, resolved by SDS-PAGE in 
10% gels under reducing conditions, and analyzed by Western blot 
with antibodies against the human integrin α1 subunit TβRII (TS2/7; 
Santa Cruz) and TCPTP (R&D Systems).

To detect murine tyrosine-phosphorylated TβRII, equal amounts 
of cell lysates (0.5 mg) were precleaned as described above and sub-
sequently incubated overnight at 4°C with either the anti-phospho-
tyrosine antibody 4G10 (10 μg; Millipore) or IgG2b isotype control 
antibody (10 μg; Millipore). The antibody-antigen complexes, cap-
tured and resolved by SDS-PAGE as described above, were detected 
by Western blot using anti-pY99 and/or anti-TβRII antibodies.

To detect human phosphorylated TβRII, equal amounts of 
cell lysates (0.5 mg) from CD cells expressing human WT TβRII or 
TβRIIY284/336/470A were precleaned as described above and sub-
sequently incubated overnight at 4°C with anti-human TβRII anti-
body (2 μg; R&D Systems; ref. 56). The antibody-antigen complexes, 
captured and resolved by SDS-PAGE as described above, were detect-
ed by Western blot using anti-pY99 and anti-TβRII antibodies.

To detect mouse pTβRI, CD cells were lysates as described above. 
Equal amounts of cell lysates (0.5 mg) were precleaned as described 
above and subsequently passed through columns conjugated to phos-
phoserine and phosphothreonine antibodies according to the manu-
facturer’s instructions (QIAGEN). The antibody-antigen complexes, 
captured and resolved by SDS-PAGE as described above, were detect-
ed by Western blot using anti-phosphoserine (Millipore) or anti-TβRI 
antibodies (Abcam).

In vitro TβRII tyrosine dephosphorylation assay. GST-pYTβRIICD 
recombinant proteins (~50 ng) were incubated with commercially 
available constitutively active TCPTP (TCPTP-37; 0–50 ng/ml; R&D 
Systems) in 100 mM Tris, pH 7.5, containing 20 mM DTT, 2 mM 
EDTA, 1 mM EGTA, 5 mg/ml BSA, 0.1% Brij 35, and protease inhibi-
tors with or without the tyrosine phosphatase inhibitor sodium vana-
date (1 mM). After 10 minutes at 30°C, the samples were separated in 
SDS-PAGE, transferred to nitrocellulose, and probed with anti-pY99 
or anti-TβRII antibodies.

levels of TβRII were analyzed by Western blot. In some experiments, 
transient transfections were performed, and TβRII levels were analyzed 
72–96 hours after transfection. Primers and PCR conditions used for the 
generation of the TβRII constructs are summarized below.

To downregulate TCPTP expression, WT CD cells were trans-
fected with pLKO.1-puro vector carrying TCPTP-targeted shRNAi 
(TRCN000029889; Sigma-Aldrich) or nontargeted shRNAi con-
trol (SHC002; Sigma-Aldrich) using Infecting Transfection Reagent  
(QIAGEN). After selection with puromycin (1 μg/ml), single clones were 
isolated and analyzed by Western blot for TCPTP levels.

To generate TβRII constructs fused to EGFP, WT or Y-to-A mutated 
TβRII DNA constructs were subcloned into pEGFP-N2 plasmid (Clon-
tech) using the primers and PCR conditions summarized below. Human 
HEK293 cells (CRL-1573; ATCC) were subsequently transfected with 
these constructs or empty vector using Lipofectamine 2000 (Invitro-
gen). After 72 hours, cells were fixed with 4% paraformaldehyde in PBS, 
and the localization of the TβRII-EGFP constructs was analyzed by 
placing the cells under an epifluorescence microscope (Nikon).

Recombinant proteins. The full-length recombinant TCPTP 
(TCPTP-45) carrying an N-terminal His6 tag was prepared as previ-
ously described (24). To generate GST–human TβRII constructs car-
rying the sequence of the C-terminal 374 amino acids (R193–K567) of 
TβRII (GST-TβRIICD; Supplemental Figure 9A), the primers and condi-
tions described below were used. The PCR product was subcloned into 
pGEX6p, and the plasmid was then transformed in BL21 (Novagen) 
competent E. coli. GST-TβRIICD constructs were purified from isopro-
pyl β-d-thiogalactoside–induced bacterial lysates using glutathione-aga-
rose (Sigma-Aldrich), as described previously (24). Purified protein was 
analyzed by SDS-PAGE and Western blot using antibodies against the 
cytoplasmic domain of TβRII (Santa Cruz) (Supplemental Figure 9B). To 
generate phosphorylated WT and Y-to-A mutated TβRIICD constructs, 
the pGEX6p encoding GST-TβRIICD or GST-TβRIIY284/336/470ACD 
constructs were transformed in TKB1 competent E. coli (Stratagene), as 
described previously (24). This strain is a derivative of the BL21 strain, 
with the exception that it harbors a plasmid encoding a tyrosine kinase 
gene inducible by the addition of indoleacrylic acid (10 μg/ml). Tyro-
sine-phosphorylated GST-pYTβRIICD constructs were analyzed by 
SDS-PAGE and Western blot using anti-TβRII and anti-pY99 antibodies 
(Santa Cruz) (Supplemental Figure 9C).

Generation of human TβRII full-length or mutant constructs. For gen-
eration of TβRII constructs subcloned in pCDNA3.1zeo, the following 
primers carrying HindIII and EcoRI restriction sites were generated:  
TβRII, 5′-ATATAAGCTTGCCACCATGATGGGTCGGGGGCTGCTC 
and 3′-ATA TGAATTCCTACTACTATTTGGTAGTGTTTACCCAC; 
TβRII/Y284A, 5′-AAGATCTTTCCCTATGAGGAGGCCGCCTCTT-
GGAAGACAGAGAAG and 3′-CTTCTCTGTCTTCCAAGAGGCG-
GCCTCCTCATAGGGAAAGATCTT; TβRII/Y336A, 5′-GG CAAC
CTACAGGAGGCCCTGACGCGGCATGT and 3′-ACATGCCGC-
GTCAGGGCCTCCTGTAGGTTGCC; TβRII/Y470A, 5′-GTAAT-
GCAGTGGGAGAAGTAAAAGATGCTGAGCCTCCATTTGG and 
3′-CCAAATGGAGGCTCAGCATCTTTTACTTCTCCCACTGCAT-
TAC. PCR conditions were as follows: 1 cycle of 95°C for 45 seconds; 
30 cycles of 95°C for 45 seconds, 63°C for 45 seconds, and 72°C for 2 
minutes; and 1 cycle of 72°C for 10 seconds.

To generate TβRII cytoplasmic domain in pGEX6p, the follow-
ing primers carrying EcoRI and XhoI restriction sites were generated: 
TβRIICD(R193–K567), 5′-ATATGAATTCCGGCAGCAGAAGCTGA-
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antibodies, followed by the appropriate RITC- or FITC-conjugated 
secondary antibodies (Calbiochem). Slides were mounted with anti-
fade mounting medium (VECTASTAIN; Vector Labs) and analyzed in 
a blind fashion under an epifluorescence microscope (Nikon).

Measurement of total and active TGF-β. Proteins were extracted 
from medullary and inner cortical regions of kidneys 7 days after UUO 
in a detergent-free lysis buffer (50 mM Tris, pH 7.4, containing 150 mM  
NaCl and protease and phosphatase inhibitors). 72-hour serum-free 
conditioned medium was collected from WT and α1KO CD cells. 
Latent TGF-β in tissue and medium was activated by acidification, 
allowing for quantification of total TGF-β using the Quantikine TGF-β1 
ELISA kit (R&D Systems). Equivalent amounts of protein were used, 
and values were reported as either pg/mg or pg/μg protein. Bioactive 
TGF-β was determined by incubating the tissue lysates or conditioned 
medium with mink lung epithelial cells containing a TGF-β–respon-
sive element in the PAI/L, as described previously (57).

Alteration of TGF-β signaling. Serum-starved WT and α1KO CD 
cells were treated with the anti–TGF-β antibody 2G7 (0–40 μg/ml; gift 
from R. Mernaugh, Vanderbilt University, Nashville, Tennessee, USA) 
in serum-free medium. After 24 hours, cells were lysed as described 
above, and levels of pSMAD3 and total SMAD3 were analyzed by 
Western blot. To confirm the ability of 2G7 to block TGF-β–dependent 
SMAD3 activation, WT CD cells, incubated with or without 2G7, were 
treated with TGF-β (5 ng/ml; R&D Systems) 1 hour prior to harvesting.

To determine the ability of WT and α1KO CD cells to respond to 
TGF-β1, serum-starved CD cells were treated with TGF-β1 (5 ng/ml) 
for 0–6 hours. Cells were then lysed as described above, and levels of 
pSMAD3 and total SMAD3 were analyzed by Western blot.

Densitometry analysis of Western blots. To quantify levels of collagen 
or pSMAD in CD cells or tissues, immunoreactive bands were quanti-
fied by densitometry analysis, and collagen and pSMAD signals were 
expressed as collagen/β-actin and pSMAD/SMAD ratios, respectively 
(values represent AU). To quantify the degree of TCPTP-mediated 
dephosphorylation of GST-pYTβRII recombinant proteins, pY99 and 
TβRII immunoreactive bands were quantified as described above, and 
pY99 signal was expressed as the pY99/TβRII ratio (values represent 
fold change relative to samples incubated in the absence of TCPTP).

Western blots. Proteins from obstructed kidney tissue were extract-
ed using lysis buffer (50 mM Tris HCl, pH 7.4, containing 150 mM  
NaCl, 1 mM EDTA, 2% SDS, 1% TritonX-100, phosphatase inhibi-
tors, and protease inhibitor cocktail) and homogenized by sonication. 
Lysates were clarified by centrifugation, and equal amounts of total 
protein were separated onto SDS-PAGE and subsequently transferred 
to nitrocellulose membranes. Membranes were blocked in 5% milk 
and then incubated with various primary antibodies followed by the 
appropriate HRP-conjugated secondary antibodies. Immunoreactive 
bands were identified using enhanced chemiluminescence according 
to the manufacturer’s instructions and quantified by densitometry.

CD cells were cultured in serum-free medium with or without 
SB431542 (0–10 μM), spermidine (0–2.5 μM), or the TCPTP inhibi-
tor compound 8 (0–10 nM). After 24 hours, proteins were extracted 
using RIPA buffer (50 mM Tris, pH 7.2, containing 150 mM NaCl, 0.1% 
SDS, 0.5% sodium deoxycholate, 1% NP40, proteinase inhibitor cock-
tails, and 4 mM sodium vanadate) Equal amounts of cell lysates were 
analyzed as described above. Primary antibodies included collagen I 
(MD Biosciences), collagen IV (BioDesign), pSMAD2 (Cell Signaling), 
pSMAD3 (Cell Signaling), total SMAD2 (Cell Signaling), total SMAD3 

Solid-phase ligand binding assays. To determine GST-TβRIICD bind-
ing to TCPTP, plates were coated at 4°C with purified His–TCPTP-45 at 
5 μg/ml in 50 mM sodium bicarbonate buffer, pH 9.5. After 24 hours, 
plates were treated with 5 mM iodoacetamide for 30 minutes at room 
temperature, then blocked with 0.5% BSA in 50 mM Tris, pH 7.5, con-
taining 150 mM NaCl. GST, GST-TβRII, or GST-pYTβRII, at various 
concentrations in 50 mM Tris, pH 7.5, containing 150 mM NaCl, 0.1% 
BSA, and 0.1% Tween 20, were added to the wells and incubated over-
night at 4°C. After extensive washing (50 mM Tris, pH 7.5, containing 
150 mM NaCl and 0.1% Tween), bound proteins were detected with 
anti-GST antibody (Cell Signaling), followed by appropriate HRP-
conjugated secondary antibody. HRP substrate (Bio-Rad) was added to 
the wells, and absorbance was monitored at 650 nm. BSA-coated wells 
were used as controls for nonspecific binding.

Flow cytometry. To determine integrin expression levels, CD cells 
were incubated with anti-mouse integrin α1, α2, α5, αv, β1, β3 (BD Biosci-
ences), or αvβ6 (Chemicon) antibodies or with anti-human integrin α1 
(TS2/7; Abcam) for 1 hour at room temperature, washed, incubated with 
appropriate phycoerythrin-conjugated secondary antibodies, and ana-
lyzed with FACScan (BD Biosciences). Data collected in flow cytometry 
experiments were analyzed using Cell Quest software (BD Biosciences).

UUO kidney model. Only 6- to 8-week-old male WT and α1KO 
BALB/C mice were used for analysis. Mice were randomly divided 
into control (sham) or experimental (UUO) groups. Surgery was per-
formed by exposing the right kidney through a flank incision and then 
immediately closing the incision (sham) or ligating the ureter just dis-
tal to the renal pelvis (UUO). In some experiments, α1KO mice were 
randomly divided into groups receiving spermidine (150 mM in water, 
10 μl/g body weight, daily) or water control via gavage starting at the 
time of UUO. All mice were sacrificed 7 days after surgery.

Kidney immunohistochemistry and immunofluorescence. Mouse kid-
ney paraffin sections were incubated with FITC-conjugated dolichos 
biflorus agglutinin (DBA; Vector Laboratories), anti–collagen I (MD 
Biosciences), or anti-pSMAD3 (Rockland Immunochemical Inc.) anti-
bodies followed by the appropriate RITC-conjugated secondary anti-
bodies (Calbiochem). Some slides were incubated with anti-F4/80 
antibodies (1:100; eBioscience), followed by the appropriate HRP-con-
jugated secondary antibody and Sigma Fast DAB chromogenic tablets 
(Sigma-Aldrich). H&E and Trichrome staining were performed accord-
ing to the kit’s instructions (Sigma-Aldrich). Slides were analyzed in a 
blind fashion under a an epifluorescence or light microscope (Nikon).

Human kidney frozen sections (5 μm) were incubated with RITC-
conjugated DBA (Vector Laboratories) together with mouse anti–
human integrin α1 (TS2/7; Abcam), rabbit anti-TβRII (Santa Cruz), or 
mouse anti-TCPTP (Millipore) antibodies followed by the appropriate 
FITC-conjugated secondary antibodies (Calbiochem). Some slides 
were incubated with anti–human integrin α1 together with anti-TβRII, 
or anti-TβRII together with anti-TCPTP, to visualize colocalization of 
these proteins within kidneys. Slides were analyzed under an epifluo-
rescence microscope (Nikon).

Immunofluorescence. To visualize ZO-1 and αSMA, CD cells were 
plated in 1% fetal calf serum on chamber slides in the presence or 
absence of SB431542 (10 μM; Tocris Bioscience) or the TCPTP inhibi-
tor compound 8 (10 nM) (34). After 3–4 days, cells were fixed in 4% 
formaldehyde for 10 minutes and permeabilized with 0.1% Triton 
X-100 in PBS for 5 minutes. After blocking with 3% BSA in PBS, cells 
were incubated with anti–ZO-1 (Invitrogen) or anti-αSMA (Invitrogen) 



The Journal of Clinical Investigation   R e s e a R c h  a R t i c l e

3 3 0 9jci.org   Volume 124   Number 8   August 2014

a Veterans Affairs Career Development Award (to L. Gewin); NIH 
grants DK095761 (to A. Pozzi), DK075594 (to R. Zent), DK069221 
(to R. Zent), DK083187 (to R. Zent), DK65123 (to R. Zent and A. 
Pozzi), and DK099467 (to R.M. Vanacore); and an American Heart 
Association Established Investigator Award (to R. Zent). This mate-
rial is the result of work supported with resources at the VA Tennes-
see Valley Healthcare System.

Address correspondence to: Xiwu Chen or Ambra Pozzi, Division 
of Nephrology and Hypertension, Medical Center North, B3115, 
Vanderbilt University, Nashville, Tennessee 37232, USA. Phone: 
615.322.4635; E-mail: xiwu.chen@vanderbilt.edu (X. Chen). Phone: 
615.322.4637; E-mail: ambra.pozzi@vanderbilt.edu (A. Pozzi).

(Cell Signaling), β-actin (Santa Cruz), αSMA (Sigma-Aldrich), E-cad-
herin (BD Bioscience), aquaporin-2 (Alpha-Diagnostics), ZEB1 (Santa 
Cruz), TβRI (Abcam), and TβRII (Santa Cruz).

Statistics. Unpaired, 2-tailed Student’s t test was used for analysis 
of 2 independent groups. 1-way ANOVA followed by Tukey HSD test 
for post-ANOVA pairwise comparisons was used for analysis of mul-
tiple groups. A P value of 0.05 or less was considered significant.

Study approval. All animal experiments were performed in accor-
dance with the guidelines of the Vanderbilt University IACUC.
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