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P311 is an 8-kDa intracellular protein that is highly conserved across species and is expressed in the nervous 
system as well as in vascular and visceral smooth muscle cells. P311-null (P311–/–) mice display learning and 
memory defects, but alterations in their vasculature have not been previously described. Here we report that 
P311–/– mice are markedly hypotensive with accompanying defects in vascular tone and VSMC contractility. 
Functional abnormalities in P311–/– mice resulted from decreased total and active levels of TGF-β1, TGF-β2, 
and TGF-β3 that arise as a specific consequence of decreased translation. Vascular hypofunctionality was fully 
rescued in vitro and in vivo by exogenous TGF-β1–TGF-β3. Conversely, P311-transgenic (P311TG) mice had 
elevated levels of TGF-β1–TGF-β3 and subsequent hypertension. Consistent with findings attained in mouse 
models, arteries recovered from hypertensive human patients displayed increased P311 expression. Thus, we 
identified P311 as the first protein known to modulate TGF-β translation and the first pan-regulator of TGF-β 
expression under steady-state conditions. Together, our findings point to P311 as a critical blood pressure 
regulator and establish a potential link between P311 expression and the development of hypertensive disease.

Introduction
P311 is an 8-kDa intracellular protein that is highly conserved 
across species and is normally expressed in the nervous system and 
in vascular and visceral smooth muscle beds. In addition, P311 is 
detected in myofibroblasts (1), at the invading edge of glioblasto-
mas (2), in regenerating nerve and lung (3, 4), and in hypertrophic 
scars (5). P311 has been implicated in myofibroblast differentiation 
as well as nerve and lung regeneration (3, 4). Although it neither 
belongs to any established protein family nor possesses signature 
motifs that suggest function, P311 features a conserved PEST 
(rich in proline [P], glutamic acid [D], aspartic acid [E], and serine 
[S] or threonine [T])-like amino acid sequence at the N terminus 
(6). PEST motifs were originally identified in short-lived proteins 
as targets for ubiquitin-proteasome degradation (7) and subse-
quently found to mediate protein-protein interactions and activa-
tion (8–14). Although deletion of P311 in mice results in no overt 
phenotype (15), P311–/– mice display learning and memory defects, 
consistent with the presence of P311 in the nervous system (15, 16).

TGF-βs are multifunctional growth factors capable of inducing 
a spectrum of cellular events, including proliferation, cell cycle 
arrest, differentiation, programmed cell death, and stimulation 
of matrix deposition (17–19). TGF-βs are synthesized as a large 
homodimeric precursor (pro–TGF-β) that is cleaved into mature 

TGF-β and latent-associated protein (LAP), which remain nonco-
valently associated (20, 21). Before TGF-βs can exert their biologi-
cal effects, they must dissociate from LAP in order to become active 
(20, 21). Active TGF-βs signal through TGF-β receptors I and II 
and the transcriptional coregulators Smad2 and Smad3 (22–24). 
Upon phosphorylation (i.e., activation), Smad2 and Smad3 bind 
to Smad4, translocate to the nucleus, and bind to the CAGA box 
(found in the promoters of multiple TGF-β–responsive genes; refs. 
25, 26) to activate their transcription (22–24). Smad-independent 
pathways had been also identified (22, 23).

Because P311 is also expressed at high levels in VSMCs (1, 6), 
we explored its potential role within the systemic vasculature. 
Here, we found that P311–/– mice were markedly hypotensive, with 
accompanying defects in vascular tone and VSMC contractility. 
Functional abnormalities in P311–/– mice resulted from decreased 
translation of TGF-β, which decreased the level and activity of 
TGF-βs. Conversely, mice overexpressing P311 showed an eleva-
tion in level and activity of TGF-βs as well as systemic hyperten-
sion. Consistent with these findings, arteries from hypertensive 
humans displayed increased P311 expression. In summary, our 
studies identified P311 as the first regulator of TGF-βs transla-
tion with a critical role in blood pressure control.

Results
P311–/– mice have systemic hypotension and decreased vascular muscle 
tone, contractility, and RhoA activity. Western blot analysis and 
immunohistochemistry (IHC) confirmed the presence of P311 
in mouse and human VSMCs and its absence in the endothe-
lium and vasculature of P311–/– mice (Supplemental Figure 1, 
A–D; supplemental material available online with this article; 
doi:10.1172/JCI69884DS1). P311 expression levels were higher in 
arteries than in veins (Supplemental Figure 1D). Morphometry 
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did not show differences between P311–/– and WT mice (Supple-
mental Figure 1, E and F). Telemetric determination revealed diur-
nal systolic and diastolic blood pressures to be 16.5 ± 3 and 14 ± 5 
mmHg lower, respectively, in P311–/– mice than in WT mice, with 
slightly increased nocturnal differences (Figure 1A). Echocardio-
graphic studies performed in conscious mice revealed enlarged 
aortic diameter in P311–/– animals that disappeared under gen-

eral anesthesia (Figure 1B). There were no significant differences 
in other echocardiographic parameters, except for increased car-
diac output (Supplemental Figure 2). Together, these findings 
suggested a decrease in myogenic tone, which was confirmed by 
pressure myography using resistance arteries (∼150 μm in diam-
eter) (Figure 1C and Supplemental Figure 3). Myographic stud-
ies on isolated aortas showed decreased contractility in response 

Figure 1
P311–/– mice have systemic hypotension and decreased vascular muscle tone, contractility, and RhoA activity. (A) Telemetric determination 
of systemic blood pressure in WT and P311–/– mice (n = 8 per group). (B) Echocardiography images of aortic diameter in conscious and 
anesthetized mice (n = 8 per group). Average aortic diameter is also shown. (C) Pressure myographic determination of myogenic tone in 
resistance arteries (n = 4 per group). (D) Myogenic tone of resistance arteries in response to 50 mM KCl at 75 mmHg pressure. (E) Wire 
myographic determination of the contractile response of aortas (n = 4 per group) and resistance arteries (n = 3 per group) to increasing K+ 
concentration. (F) RhoA activity assay showing active RhoA and Western blot showing total and phosphorylated (p-) MYPT1. Experiments 
were performed 3 times with similar results. Relative density of Western blot signal in P311–/– relative to WT mice (analyzed by myImageAnal-
ysis software; Thermo Scientific) is also shown. (G) Collagen gel contraction by mouse aorta–derived VSMCs. (H) Collagen gel contraction 
by VSMCs derived from WT and P311–/– aortas, the latter transfected with empty vector (EV) or P311 vector (60% transfection efficiency). In 
G and H, relative contraction was calculated as percent decrease in collagen gel diameter from the original diameter. Gel contraction data 
were collected from triplicate wells. Data represent mean ± SD. *P < 0.05, **P < 0.01, Student’s t test.
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to K+ depolarization in P311–/– mice (Figure 1E). Consistently, 
P311–/– resistance arteries also showed decreased contractility in 
response to K+ and to vasoconstriction agonists (norepinephrine, 
phenylephrine, epinephrine, and angiotensin II), with no differ-
ence in the vasodilatation response to hydralazine (Figure 1E 
and Supplemental Figure 4, A–E). P311–/– aortas demonstrated 
decreased RhoA activity, as assessed by RhoA-GTP levels, as well 
as the phosphorylated fraction of MYPT1 (Figure 1F). Collagen 
gel contraction assays showed that VSMCs isolated from P311–/– 
aortas were less efficient in contracting collagen gels than those 
derived from WT animals, but their contraction improved after 
P311 transfection (Figure 1, G and H).

P311–/– mice have decreased level and activity of TGF-βs, but not of 
the corresponding mRNAs. Although real-time PCR demonstrated 
upregulated Tgfb1, Tgfb2, and Tgfb3 mRNA levels in aortic tissues 
isolated from P311–/– mice, ELISA showed that total and active 
protein levels of the 3 isoforms were severely decreased in tis-
sue extracts and in plasma samples from P311–/– mice (Figure 2, 
A–C). Immunoblot analyses demonstrated reduced expression of 
pro–TGF-β1, pro–TGF-β2, pro–TGF-β3, and LAP-1 (Figure 2D). 
We found that blocking TGF-β activity resulted in a decrease in 
the contractile response of WT and P311–/– mouse–derived resis-
tance arteries. This decrease was statistically significant only in 
the WT arteries, which had more TGF-β than their P311–/– coun-

Figure 2
P311–/– mice have decreased level and activity of TGF-β1, TGF-β2, and TGF-β3 and their preforms, but not in the corresponding mRNAs. (A) 
Real-time PCR showing Tgfb1, Tgfb2, and Tgfb3 mRNA level in aortas of WT and P311–/– mice. (B) ELISA showing total levels of all 3 TGF-βs in 
aortas. (C) ELISA showing levels of total and active TGF-βs in blood serum. (D) Western blots showing expression of pro–TGF-βs and LAP-1 in 
aortas. Relative densities of Western blot signals in P311–/– aortas relative to WT (n = 15 per group) are also shown. (E) Myographic determination 
of the contractile response of TGF-β receptor inhibitor–treated (LY364947, 100 μM) resistance arteries to increasing K+ concentration (n = 3 per 
group). (F) Western blots showing total and phosphorylated Smad2 and Smad3 in aortas (n = 3 per group). Relative levels of Smad2 and Smad3 
in P311–/– aortas relative to WT are also shown. (G) GFP immunoreactivity (brown staining) in CAGA12/GFP transgenic P311+/+ and P311–/– mouse 
aortas. Scale bar: 100 μm. Data represent mean ± SD. *P < 0.05, **P < 0.01, by 1-way ANOVA.
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terparts (Figure 2E). VSMCs cultures also showed increased Tgfb1, 
Tgfb2, and Tgfb3 mRNA levels, while protein levels were decreased 
(Supplemental Figure 5, A and B). Consistent with these findings, 
phosphorylation of the transcriptional coregulators Smad2 and 
Smad3 was also decreased (Figure 2F). Mice carrying an active 
TGF-β reporter construct, CAGA12/GFP, showed lower activity in 
P311–/– versus P311+/+ animals (Figure 2G). P311–/– VSMCs isolated 
from CAGA12/GFP-transgenic mouse aortas also showed a loss of 
TGF-β activity relative to WT controls (Supplemental Figure 5C).

P311 upregulates translation of TGF-βs. The increase in TGF-β 
mRNAs, combined with the decrease in TGF-β isoform levels, 
suggested that P311 regulates TGF-β translation, degradation, 
or both. Since we previously found that P311 binds to LAP 
(6), we first considered the possibility that P311 is involved 
in TGF-β degradation through the engagement of its PEST 
domain. Ubiquitin immunoprecipitation assays showed no dif-

ferences in ubiquitin-bound TGF-β between aortas from P311–/– 
and WT mice (Supplemental Figure 6). Luciferase untranslated 
region (UTR) expression vectors, including the 5′- and 3′-UTRs 
of TGF-β1, TGF-β2, or TGF-β3 (Figure 3A), demonstrated 
increased translation in P311–/–-derived VSMCs transfected with 
P311 compared with empty vector control (Figure 3B). Further 
analyses demonstrated that the stimulatory effect of P311 on 
luciferase expression was confined to the 5′-UTR of the respec-
tive TGF-β isoforms (Figure 3B). RNA immunoprecipitation 
revealed enrichment of TGF-β 5′-UTR mRNAs in P311–/–-derived 
VSMCs transfected with P311 compared with sham-transfected 
VSMCs and other controls (Figure 3C).

Recombinant TGF-βs restore P311–/– mouse blood pressure as well as 
vascular muscle tone and contractility. In rescue experiments, P311–/–  
and WT mice were treated with a combination of TGF-β1, TGF-
β2, and TGF-β3 (referred to herein as TGF-β1-3), delivered 

Figure 3
P311 upregulates translation of 
TGF-βs through interaction with 
TGF-β UTRs. (A) pGL3 UTR lucif-
erase reporter constructs. (B) Lucif-
erase reporter assay for TGF-β 
5′- and 3′-UTRs in P311–/– mouse 
VSMCs transfected with P311 or 
empty vector. (C) P311-mRNA 
immunoprec ip i ta t ion showing 
enrichment of 5′-UTR Tgfb1, Tgfb2, 
and Tgfb3 mRNAs as well as con-
trols Inhba (TGF-β superfamily 
member), B9d2 (TGF-β neighbor-
ing gene on chromosome 7), Actb, 
and Tuba1a. Data represent mean 
± SD. *P < 0.05, **P < 0.01, 1-way 
ANOVA. Unless otherwise speci-
fied, experiments were performed 
at least 3 times.
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intraperitoneally at a dosage sufficient to correct the decrease in 
plasma levels of active TGF-β observed in P311–/– mice (Figure 4A). 
TGF-β1-3 administration restored blood pressure as well as vascu-
lar tone, contractility, and RhoA activity in P311–/– mice (Figure 4, 
B–E). Over a period of 10 days, TGF-β supplementation induced 
comparable hypertensive responses in P311–/– and WT mice, as 
determined by plethysmography (Figure 4B), despite TGF-β1-3 in 
plasma reaching higher levels in WT mice (Figure 4A). Collagen gel 

contraction assays showed restoration of contractility in P311–/– 
VSMCs after TGF-β1-3 treatment (Figure 4F). When administered 
individually, TGF-β1 and TGF-β3 exerted effects comparable to 
those observed with TGF-β1-3 (albeit less pronounced in magni-
tude), whereas TGF-β2 had no effect (Supplemental Figures 7–9).

P311 overexpression increases the level and activity of pro–TGF-βs and 
TGF-βs and causes hypertension in mice. P311-transgenic (P311TG) 
mice exhibited increased levels in all 3 pro–TGF-βs in aortic  

Figure 4
Administration of recombinant TGF-βs restores blood pressure as well as vascular muscle tone, contractility, and RhoA activity to P311–/– mice.  
(A) ELISA showing total and active TGF-βs in blood serum of WT and P311–/– mice (n = 4 per group), treated or not with rTGF-β1-3.  
(B) Plethysmographic blood pressure determination (n = 5 per group), with and without rTGF-β1-3 treatment. (C) Echocardiographic aortic diam-
eter in conscious mice (n = 5 per group) at basal levels and after treatment with rTGF-β1-3 or vehicle. (D) Contractile response of mouse aortas  
(n = 5 per group) to increasing K+ concentration, with and without rTGF-β1-3 treatment. (E) RhoA activity assay showing total and active RhoA 
in mouse aortas (n = 3 per group), with and without rTGF-β1-3 treatment. Relative density of total and active RhoA is also shown. (F) Colla-
gen gel contraction by mouse aorta–derived VSMCs, with and without rTGF-β1-3 treatment. Relative contraction is also shown, calculated as 
percent decrease in collagen gel diameter from the original diameter. Gel contraction data were collected from triplicate wells. Data represent  
mean ± SD. *P < 0.05, **P < 0.01, 1-way ANOVA.
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tissues, resulting in increased plasma levels of total and active 
TGF-β1, TGF-β2, and TGF-β3 (Figure 5, A and B). Increased 
TGF-β activity was also confirmed in CAGA12/GFP reporter mice 
(Figure 5C). Consistent with the increased TGF-β expression levels 
and activity, P311TG mice developed systolic and diastolic hyper-
tension, as determined by plethysmography (Figure 5D).

P311 is overexpressed in human hypertensive arteries. P311 levels 
were assessed in arterial tissue recovered from normotensive and 
hypertensive patients. Real-time PCR showed increased P311 
mRNA levels in aortic tissues from hypertensive males relative to 
sex-matched normotensive controls (Figure 6A). In addition, IHC 
analyses demonstrated higher P311 protein levels in both arteries 
and arterioles from hypertensive males compared with normoten-
sive controls (Figure 6B). Consistent with these findings, TGF-β 
levels were increased in arteries from hypertensive patients com-
pared with normotensive controls, and so were the nuclear levels 
of Smad2 and Smad3 (Figure 6, C and D), indicative of increased 
TGF-β activity.

Discussion
P311 is a highly conserved, 8-kDa intracellular protein abun-
dantly expressed in the nervous system and in VSMCs and visceral 
smooth muscle cells with roles in myofibroblast transformation, 
cell migration, and tissue regeneration. Deletion of P311 in mice 
results in no overt phenotype (15). However, consistent with a 
functional role for P311 in the brain, these P311–/– mice display 

learning and memory defects (15, 16). Since P311 is also expressed 
at high levels in VSMCs, we explored its potential role within the 
systemic vasculature.

Western blot analysis and IHC confirmed the presence of P311 in 
mouse and human vascular muscle and its absence in the vascula-
ture of P311–/– mice. Furthermore, IHC indicated that P311 expres-
sion was higher in arteries than in veins. Gross examination and 
morphometry demonstrated normal blood vessel organization 
and histological architecture in P311–/– mice; however, echocardio-
graphic studies performed in conscious mice revealed an enlarged 
aortic diameter that disappeared under general anesthesia, a find-
ing that suggests, among other things, a decrease in myogenic 
tone. Consistent with such a possibility, P311–/– animals displayed 
significant systemic hypotension. These changes were intrinsic to 
the vascular smooth muscle, rather than a result of P311 lacking 
in the nervous system, since aortas and resistance arteries isolated 
from P311–/– mice demonstrated hypocontractility in response to 
various vasoconstriction agonists. RhoA activity, a critical determi-
nant of blood pressure and vascular muscle contractility (27), was 
also reduced in P311–/– aortas. Consistent with the fact that active 
RhoA promotes vascular muscle contraction by inhibiting myosin 
light chain phosphatase (MLCP; via ROCK-mediated phosphory-
lation of its regulatory subunit, MYPT1) (28), the phosphorylated 
fraction of MYPT1 was decreased in P311–/– mice. Finally, VSMCs 
isolated from P311–/– aortas were less efficient in contracting col-
lagen gels than those derived from WT animals, while contraction 
improved after P311 transfection, confirming that the functional 
abnormality rested on the vascular muscle itself and that P311 
directly regulated VSMC contractility.

We and others have reported that P311 modulates TGF-β expres-
sion when transfected into NIH-3T3 fibroblasts (1, 5, 6). Thus, we 
next determined the expression of TGF-β1, TGF-β2, and TGF-β3 
in P311–/– and WT aortas. Interestingly, while Tgfb1, Tgfb2, and 
Tgfb3 mRNA levels were upregulated in aortic tissues isolated 
from P311–/– mice, total and active protein levels of the 3 isoforms 
were severely decreased in VSMCs as well as in plasma samples 
of these mice. The reduced TGF-β activity occurred at the level 
of pro–TGF-β1, pro–TGF-β2, and pro–TGF-β3 expression, with 
accompanying decreases in the corresponding levels of LAP, which 
noncovalently associates with mature TGF-β. Consistent with 
these findings, downstream targets of TGF-β signaling, (i.e., the 
phosphorylated transcriptional coregulators Smad2 and Smad3) 
were also decreased. Furthermore, P311–/– mice carrying an active 
TGF-β reporter construct, CAGA12/GFP, confirmed lower activity 
than their WT counterparts in whole aortas and in VSMC cul-
tures. These results differed from our previous observations with 
NIH-3T3 cells, in which P311 transfection abrogated TGF-β1 and 
TGF-β2 expression without affecting TGF-β3 expression (6). The 

Figure 5
Transgenic P311 overexpression in mice increases level and activity of 
pro–TGF-βs and TGF-βs and causes hypertension. (A) Western blots 
showing pro–TGF-βs in WT and P311TG mouse aortas. Relative density 
of TGF-βs in aortas is also shown (n = 6 per group). (B) ELISA showing 
levels of total and active TGF-βs in blood serum. (C) GFP immunoreac-
tivity (brown staining) in CAGA12/GFP-transgenic P311+/+ and P311TG 
mouse aortas. Original magnification, ×10. (D) Plethysmographic blood 
pressure determination (n = 8 per group). Experiments in which the 
number of animals is not specified were conducted 3 times. Data rep-
resent mean ± SD. *P < 0.05, **P < 0.01, 1-way ANOVA.
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observation that NIH-3T3 cells and VSMCs responded differently 
to P311 suggests that its effect is cell specific, a possibility further 
supported by a prior observation that P311 overexpression stimu-
lates TGF-β1 transcription in dermal fibroblast cultures (5). Our 
in vivo findings, however, were inconsistent with a role for P311 in 
TGF-β transcription by VSMCs.

Remarkably, TGF-β1-3 administration alone restored blood 
pressure, contractility, and RhoA activity in P311–/– mice. In a 
similar fashion, contractility was also restored in P311–/– VSMCs 
after treatment with the TGF-β1-3 cocktail. When administered 
individually, TGF-β1 and TGF-β3 exerted effects comparable to 
those observed with TGF-β1-3 (albeit less pronounced), whereas 

TGF-β2 had no effect. While prior studies demonstrated a role for 
TGF-β1 in blood pressure regulation (29–31), this represents the 
first instance in which the potential effect of TGF-β2 and TGF-β3 
in blood pressure levels was assessed and the first demonstration 
that TGF-β3 increased them.

To determine whether P311 can directly regulate TGF-β activ-
ity and vascular tone in vivo, we generated transgenic mice over-
expressing P311. As predicted, P311 transgenic mice exhibited an 
increase in all 3 pro–TGF-β levels in aortic tissues, with increased 
TGF-β activity — as indicated by the CAGA12/GFP reporter mice — 
resulting in increased plasma levels of total and active TGF-β1, 
TGF-β2, and TGF-β3, as recorded for human hypertension and 

Figure 6
Human hypertensive arteries overexpress P311. (A) Real-time PCR showing mRNA levels of P311 in aortas from normotensive (NT) and hyper-
tensive (HT) patients (n = 5 per group). (B) P311 immunoreactivity (brown staining) in hernia sac arteries from 18 normotensive and 21 hyperten-
sive patients. Scale bar: 50 μm. Quantified P311 signal intensity is also shown. (C) TGF-β immunoreactivity (brown staining) in hernia sac arteries 
from 18 normotensive and 21 hypertensive patients. Quantified TGF-β signal intensity is also shown. Original magnification, ×25. (D) Smad2/3 
immunoreactivity (brown staining) in hernia sac arteries from normotensive and hypertensive patients. Original magnification, ×100. The number 
of positive Smad2/3 nuclei is also shown. Data represent mean ± SD. **P < 0.01, 1-way ANOVA.
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Methods
Mice. Generation of P311–/– mice (C57BL/6 mice with deletion of the entire 
P311 coding region on both alleles) was described previously (15). For in 
vivo determination of TGF-β activity, transgenic mice were generated by 
crossing CAGA12/GFP animals (carrying a TGF-β–responsive promoter 
element CAGA12 upstream of GFP; provided by H.C. Dietz, Johns Hop-
kins University School of Medicine, Baltimore, Maryland, USA) with WT 
(P311+/+) or P311–/– animals. TGF-β activation in reporter mouse tissues 
was histologically visualized by IHC with an Ab against GFP (Abcam). For 
P311 overexpression, transgenic mice were created by using pBROAD3 
vector (InvivoGen) under the control of ROSA26 promoter. The P311TG 
line was selected by real-time PCR of P311 and used for further breed-
ing. 4-month-old males were used in this study, and age-matched WT 
C57BL/6 mice (Charles River Laboratories) were used as controls. Animals 
were housed at the University of Chicago animal facility (20°C∼25°C and 
12-hour light cycle) and supplied with rodent diet no. 2918 (18% protein, 
6% fat and moderate phytoestrogen; Harlan Laboratories).

Blood vessel collection from mice and from human tissues. Aortas and 
first-branch mesenteric arteries were dissected from the mice, and 
the attached fat and soft tissues were trimmed under a microdissect-
ing microscope. The dissected blood vessels were immediately used for 
experiments or frozen at –80°C until use. For real-time PCR, samples 
of abdominal aorta, right below the diaphragm, from 5 normotensive 
male patients and 5 hypertensive male patients (age 60 ± 3 years) were 
collected from autopsies within 4 hours postmortem. For IHC, paraf-
fin blocks from surgically removed, uncomplicated hernia sacs from 
18 normotensive male patients and 21 hypertensive male patients (age 
60 ± 3 years) were selected from the Department of Pathology archival 
material. In all cases, the history of hypertension was 5 ± 2 years, blood 
pressure values at the time of diagnoses were 100 ± 5 over 150 ± 5, and 
all had a record of poor treatment compliance. None of the patients had 
past or present history of additional illnesses.

Blood pressure determination by telemetry and plethysmography. TA11PA-C10 
telemetry devices (Data Sciences International) were implanted subcuta-
neously along the flanks of 8 P311–/– mice and 8 WT controls for chronic 
acquisition of blood pressure parameters and heart rate. The devices’ cath-
eters were placed with the tip at least 2 mm into the aortic arch. Data from 
WT and P311–/– mice were collected for a 1-week period and analyzed using 
Dataquest A.R.T. software (supplied by Data Sciences International).

Plethysmographic blood pressure was recorded using an 8-channel 
CODA noninvasive blood pressure acquisition system (Kent Scientific) 
following the manufacturer’s protocol. Mice were placed in a clear acrylic 
restrainer with a built-in nose cone for at least 30 minutes prior to obtain-
ing pressure measurements. Systolic, diastolic, and mean blood pressure as 
well as heart rate were recorded. Blood pressures were monitored on days 0, 
3, 6, and 10 of TGF-β treatment studies.

Echocardiography. Transthoracic echocardiography was performed in 
awake and anesthetized mice using a Doppler system (Acuson c256) 
equipped with a 15-MHz linear transducer (15L-8) (43). The heart was first 
imaged in the 2D mode in the parasternal long-axis view, for measurement 
of wall thickness and chamber dimensions as well as aortic dimension. LV 
cross-sectional area at end-diastole and -systole were measured on a 2D 
short-axis view of the papillary muscles. The following parameters were 
also obtained: (a) LV chamber dimensions; (b) LV wall thickness; (c) LV 
mass (LVM); (d) LV ejection fraction (LVEF); (e) shortening fraction; (f) 
cardiac output; and (g) aortic dimensions.

Administration of recombinant TGF-βs. Mice were intraperitoneally 
injected with recombinant (r) human TGF-β1, rTGF-β2, rTGF-β3, or 
rTGF-β1-3 (R&D Systems). Injections were given to mice once daily 
for 10 days at a dose of 250 ng (rTGF-β1, rTGF-β2, and rTGF-β3) or 

TGF-β1 (32–34). Furthermore, the P311 transgenic mice devel-
oped hypertension, which indicates not only that P311 is needed 
to prevent hypotension, but that its increase is sufficient to cause 
high blood pressure.

The increase in TGF-β mRNAs in P311–/– mice, combined with 
the decrease in TGF-β isoforms observed, suggests that P311 regu-
lates TGF-β at the posttranscriptional level, acting at translation, 
degradation, or both. Ubiquitin immunoprecipitation assays ruled 
out differences in degradation. However, when luciferase expres-
sion vectors were constructed that included the 5′ and 3′-UTRs of 
TGF-β1, TGF-β2 or TGF-β3, the luciferase protein was expressed 
at lower levels in P311–/– versus WT cells, which indicates that P311 
regulates translation of TGF-βs. Further analyses demonstrated 
that the stimulatory effect of P311 on luciferase expression was 
confined to the 5′-UTR of the respective TGF-β isoforms. In 
addition, RNA immunoprecipitation revealed enrichment of the 
TGF-β 5′-UTR mRNAs in VSMCs isolated from P311-transfected 
P311–/– mice compared with sham-transfected controls, consistent 
with a role for P311 in translation of TGF-βs. Since P311 has no 
RNA-binding motifs, the P311-mRNA interaction is likely to be 
indirect through one or more yet-uncharacterized proteins. Hence, 
P311 controls TGF-β levels and/or activity by acting as the first 
known regulator of its translational activity.

As P311 had not been previously linked to blood vessel 
homeostasis, we finally considered the possibility that the pro-
tein plays a role in human hypertension. We assessed P311 levels 
in arterial tissue recovered from normotensive and hypertensive 
patients. Indeed, increased P311 mRNA levels were detected in 
aortic tissues from hypertensive males relative to sex-matched 
normotensive controls. In addition, IHC analyses confirmed 
higher P311 protein levels in both arteries and arterioles from 
hypertensive versus normotensive tissue. Although our studies 
showed that increased P311 level per se led to hypertension, it 
is possible that the high P311 expression detected in arteries of 
hypertensive patients is, in part, the result of increased mechan-
ical stress, since in previous studies we found that mechani-
cal tension induces P311 in embryonic mesenchymal cells (1). 
Taken together, these data support the conclusion that P311 
plays a heretofore unrealized role in modulating hypertensive 
responses in humans.

TGF-β is known to act as a critical effector of blood pressure 
regulation (29–31). To date, however, the pathophysiologic con-
trol of TGF-β–dependent vascular tone has largely been con-
fined to angiotensin II, whose action is in great part mediated by 
TGF-β (35–38) and TGF-β1 polymorphisms (39–42). Herein, we 
identified P311 as a previously unrecognized major regulator of 
the TGF-β–vascular tone axis. In the absence of P311, total and 
active levels of TGF-β1, TGF-β2, and TGF-β3 decreased in vascu-
lar muscle and plasma, in tandem with decreased RhoA activity 
and increased MLCP activity, resulting in low vascular contractil-
ity, tone, and hypotension. These abnormalities were intrinsic to 
the vascular muscle, as opposed to resulting from lack of P311 
in the nervous system. In contrast, mice overexpressing P311 fea-
tured increased production of TGF-βs in the vascular musculature 
and increased circulating levels of TGF-β1, TGF-β2, and TGF-β3 
as well as TGF-β activity in vivo, while displaying a hypertensive 
phenotype. These data, combined with the observed linkage 
of increased mRNA and protein levels of P311 in hypertensive 
humans, served to identify P311 as a new and potentially impor-
tant effector of blood pressure regulation.
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kit), TGF-β2 pAb (BAF302; R&D Systems), and TGF-β3 pAb (BAF243; 
R&D Systems) — were added to complete the sandwich, followed by the 
chromogenic substrate 3,3′,5,5′-tetramethyl benzidine (TMB), stop solu-
tion (1 N HCl), and recording of absorbance at 450 nm.

IHC. IHC was performed at the University of Chicago Pathology Core 
Facility. The immunoperoxidase procedure was applied to formalin-fixed, 
paraffin-embedded aortas from WT and P311–/– mice and formalin-fixed, 
paraffin-embedded human tissues. 5-μm tissue sections were incubated 
with anti-mouse P311 Ab (1:50 dilution; ref. 44), anti-human P311 Ab 
(1:50 dilution; ref. 45), anti–TGF-β1-3 Ab (1:20 dilution; MAB1835; R&D 
Systems) or anti-Smad2/3 Ab (1:50 dilution; sc-6033; Santa Cruz) after 
antigen unmasking by boiling in fresh citrate buffer, and reactions were 
developed with Vectastain ABC kit (Vector Laboratories). Intensity quanti-
fications were performed in human artery muscular layer at 6 equidistant 
points. IHC figures were converted to 8-bit images, and densitometry was 
conducted using Image J (version 1.41x; NIH).

VSMC culture. Isolated aortas were denuded of adventitial layer by micro-
dissection and of endothelial cells by passing through a sterile pipette 
tip and kept in Fungizone solution (Invitrogen) for 2∼3 min. The aortas 
were then cut into small pieces and incubated in 100 μl of collagenase II 
enzyme solution (1.5 mg/ml) at 37°C for 5 hours. The VSMCs were then 
released from the digested tissues by pipetting up and down through a tip. 
The released cells were washed three times in PBS, resuspended in culture 
medium DMEM with 10% FBS and seeded onto plates. VSMCs were used 
at passage 1.

RNA isolation and real-time PCR. RNA isolation and cDNA synthesis 
were done with aortic tissues and cultured aortic VSMCs using TRIzol 
(Invitrogen) and iScript cDNA synthesis kit (Bio-Rad). Real-time PCR for 
mouse cDNA was conducted using iQ SYBR Green Supermix (Bio-Rad) 
and the following primers: Tgfb1 sense, 5′-TGAGTGGCTGTCTTTT-
GACG-3′; Tgfb1 antisense, 5′-TTCTCTGTGGAGCTGAAGCA-3′; Tgfb2 
sense, 5′-GTGACATGGACAGTGGATGC-3′; Tgfb2 antisense, 5′-GCG-
GACGATTCTGAAGTAGG-3′; Tgfb3 sense, 5′-TGGAGTCATGGCTGTA-
ACT-3′; Tgfb3 antisense, 5′-CACTCACACTGGCAAGTAGT-3′; Gapdh sense, 
5′-ATCACCATCTTCCAGGAGCGA-3′; Gapdh antisense, 5′-GCCAGT-
GAGCTTCCCGTTCA-3′. For detection of P311 mRNA from human aor-
tas, the following primers were used: sense, 5′-TCCAAACAAGGACATG-
GAGGG-3′; antisense, 5′-AGGTAACTGATTCTTGGGGAG-3′.

P311 transfection and reporter assay. For transient transfections, VSMCs 
at approximately 70% confluence were transfected with the P311 
expression construct pCMV-Myc-P311 (Clontech) using Lipofectamine 
2000 reagent in Opti-MEM (Invitrogen). At 24 hours after transfection, 
cells were trypsinized and used for gel contraction studies (see below). 
For reporter assay, TGF-β1-3 5′- and 3′-UTR regions were cloned into 
pGL3-promoter firefly luciferase vector (Promega) to generate report-
er constructs. P311–/– mouse VSMCs were plated on 6-well plates and 
transfected with the P311 expression vector, the reporter constructs, 
and renilla luciferase internal control vector pRL-SV40. 48 hours after 
cotransfection, the Dual-Luciferase Reporter Assay System (Promega) 
was used to determine the ratio of firefly/renilla luciferase activity, as 
indicated by the manufacturer.

RNA immunoprecipitation. 48 hours after transfection with the P311 
expression construct pCMV-Myc-P311 or empty vector, cells were lysed 
in lysis buffer (25 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5% 
glycerol, pH 7.4) supplied with Halt Protease Inhibitor Cocktail (Ther-
mo Scientific). Cell lysates were subject to immunoprecipitation using 
anti–c-Myc agarose (A7470; Sigma-Aldrich). Agarose beads were washed 
3 times in lysis buffer and resuspended in TRIzol for RNA isolation. 
Coimmunoprecipitated RNAs were detected by real-time PCR using 
primers specific to Tgfb1 (sense, 5′-GCTCCCCTATTTAAGAACACCC-3′; 

100 ng of each (rTGF-β1-3). Before and after rTGF-β treatments, blood 
pressure was monitored, and echocardiography was performed (only 
for combined rTGF-β1-3 treatment). After 10 days of treatment, aortas 
were isolated for myography studies, along with Western blot analysis 
or ELISA (see below).

Wire myography. Thoracic aortas and mesenteric resistance arteries were 
cut into rings approximately 2 mm in length, and contractility was mea-
sured with a DMT 610M multi-myograph system (DMT-USA Inc.). Opti-
mal tension was initially applied, and tissues were allowed to equilibrate 
for 1 hour in 5 ml physiological salt solution (PSS; containing 118.99 mM  
NaCl, 25 mM NaHCO3, 4.69 mM KCl, 1.18 mM KH2PO4, 1.17 mM MgSO4, 
2.5 mM CaCl2, 0.03 mM EDTA, and 5.5 mM glucose) at 37°C, gently 
pumped with a gas mixture of 95% O2 and 5% CO2. For TGF-β receptor 
inhibitor treatment, PSS containing 100 μM LY364947 (Sigma-Aldrich) 
was used. Aortic and arterial contractions were determined after sequen-
tial addition of KCl, vasoconstrictors (norepinephrine, phenylephrine, epi-
nephrine, and angiotensin II; Sigma-Aldrich), or vasodilator (hydralazine; 
Sigma-Aldrich) to PSS buffer.

Pressure myography. Mesenteric resistance arteries (100–150 μm in diam-
eter) were dissected in PSS buffer and mounted on a DMT 110P pressure 
myograph system (DMT-USA Inc.). Myogenic tone was assessed by subject-
ing the arteries to a series of pressure steps (10–125 mmHg), and lumen 
diameters were recorded. Active and passive diameters were determined in 
PSS buffer (containing 2.5 mM CaC12) or Ca2+-free PSS buffer (containing 
2 mM EGTA instead), respectively. Myogenic tone was calculated as per-
cent constriction relative to the passive lumen diameter at each respective 
transmural pressure: ([diameterpassive – diameteractive]/diameterpassive) × 100. 
An intermediate pressure (75 mmHg) was used to determine the response 
of arteries to K+.

RhoA activity assay. GTP-bound (i.e., active) RhoA was isolated from aor-
tas using a commercial kit (Millipore). Aortas from WT and P311–/– mice 
were lysed with Rho-binding lysis buffer (50 mM Tris, pH 7.2, 1% Triton 
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 500 mM NaCl, 10 mM MgCl2 
with 10 μg/ml leupeptin, 10 μg/ml aprotinin, and 1 mM PMSF). Lysates 
were clarified by centrifugation, and active RhoA was precipitated with 
agarose beads conjugated with 20 μg of a GST-tagged fusion protein cor-
responding to residues 7∼89 of mouse rhotekin Rho-binding domain. Pre-
cipitates were subjected to immunoblotting with RhoA Ab supplied in the 
kit. Aorta lysates incubated with 100 μM GTPγS and 1 mM GDP were used 
as positive and negative controls, respectively.

Morphometry. Dissected aorta and mesenteric arteries from WT and 
P311–/– mice were formalin fixed and paraffin embedded. 5-μm aorta sec-
tions were stained with DAPI nuclear dye (5 μg/ml in water) for 10 minutes 
and observed under a Zeiss Axioplan microscope equipped with epifluo-
rescence optics. For each field, 2 images were acquired by a Leica DC500 
digital camera to visualize elastic lamina (autofluorescence observed in the 
fluorescein channel) and nuclei (observed using a UV filter set). The images 
were then overlapped using Leica IM 1000 Image Manager software. The 
length of the innermost elastic lamina (IEL) and the number of nuclei com-
prised between two elastic laminas in the aorta, and between internal and 
external elastic lamina in the mesenteric arteries were determined using 
Metamorph software (version 7.5; Molecular Devices).

TGF-β ELISA. ELISAs were performed using Emax Immuno assay sys-
tem (Promega) with modified protocols on fresh aortic tissues and serum. 
TGF-β1 mAb (supplied in the kit), TGF-β2 mAb (MAB612; R&D Systems), 
and TGF-β3 mAb (MAB643; R&D Systems) were coated on a 96-well plate 
and incubated overnight at 4°C. After blocking, TGF-β protein standards 
and acidified or nonacidified serum samples (to show total or active  
TGF-βs, respectively) were allowed to bind at room temperature for  
1.5 hours. Secondary Abs — TGF-β1 polyclonal Ab (pAb) (supplied in the 
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antisense, 5 ′-TTGAGGTTGAGGGAGAAAGC-3 ′),  Tgfb2  (sense, 
5′-AGTGGGAGAGAAAGAGAGAAGG-3′; antisense, 5′-GCGACCCTA-
AAATAGACCTCTG-3′), Tgfb3 (sense, 5′-AAGAGAAGCAAGGGA-
CAGAAG-3′; antisense, 5′-GCTGGGATGAGGGATTATGTAC-3′), 
Inhba (sense, 5′-TGACAAAACAGAAGGGACCC-3′; antisense, 5′-CAG-
CAAAAGTCGTGTGGTTG-3′), B9d2 (sense, 5′-ACAGTGCACCTTGG-
TATCG-3′; antisense, 5′-ACAGTCTCCAGAGTCCACG-3′), Actb (sense, 
5′-CTGTATTCCCCTCCATCGTG-3′; antisense, 5′-GCCTCGTCACCCA-
CATAG-3′), and Tuba1a (sense, 5′-GCGAAGCAGCAACCATG-3′; anti-
sense, 5′-TCTTGTCACTTGGCATCTGG-3′).

Gel-contraction studies. Gel-contraction studies were conducted using 
5 ml of rat tail collagen I solution (2 mg/ml in 0.1% acetic acid) mixed 
with 1 ml of 10× DMEM and 1 ml of 0.1 N NaOH to neutralize the pH 
before adding 3 ml of trypsinized VSMCs (WT, P311–/–, and P311 expres-
sion vector–transfected P311–/–; 3 × 105 cells/ml) in culture medium. The 
mixed collagen gel solution was casted in 60-mm culture plastic dishes 
(4 ml/dish). After incubation at 37°C for 30 minutes, polymerized gels 
were detached and covered with 4 ml DMEM with 10% FBS. Lattices were 
photographed after 7 days, and magnitudes of gel contraction were calcu-
lated. For treatment purposes, the polymerized gels were incubated with 
regular media containing rTGF-β1, rTGF-β2, rTGF-β3, or rTGF-β1-3 at a 
concentration of 10 ng/ml.

Western blotting analysis. Aorta lysates and cultured aortic VSMC lysates 
(20 μg total protein) were resolved on SDS-PAGE gels and transferred 
onto nitrocellulose membranes (BioRad) for immunoblotting analy-
sis. Abs against P311 (44, 45), TGF-βs, LAP-1 (R&D Systems), c-Myc 
(Sigma-Aldrich), MYPT1 (Cell Signaling Technology), phospho-MYPT1 
(T696; Santa Cruz), and GAPDH (Santa Cruz) were used to detect target 
proteins. An ECL Plus Western blotting detection system (GE Healthcare) 
was used for detecting the chemiluminescence signal.
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