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Abstract  The purpose of this review is to document the significance of several proteins that bind with the angiotensin II 
type 2 receptor (AT2), with emphasis on the first to be identified, the transcription factor PLZF.In this context the therapeutic 
potential of an AT2 agonist under current investigation is considered.Yeast two hybrid screening identified PLZF and two 
cytosolic proteins, ATIP and ATB50, as AT2 binding proteins.Chronic angiotensin II infusion in the AT2 gene deleted mouse 
did not result in cardiac hypertrophy.To determine the AT2 contribution to cardiac hypertrophy an AT2signaling pathway was 
identified.AT2 activated PLZF, which translocated to the nucleus.PLZF induced the formation of p85α, the coactivator of 
PI3K.The downstream pathway led to enhanced protein synthesis.In addition PLZF directly induces the major cardiac 
transcription factor GATA4.AT2 and PLZF are also widely distributed in brain and function in the kidney. ATIP and ATB50 
were found to be a family of ATIP isoforms, some with tumor suppressing activity.ATIP interacts with the tyrosine 
phosphatase SHP-1 to translocate to the nucleus and induce MMS2 a ubiquitin ligase with cellular protective 
effects.Phenotypes of both ATIP and SHP-1 deleted mice suggest their role as anti proliferation agents.A nonpeptide AT2 
agonist under development, C21, shows most promise as an anti-inflammatory agent.It also holds promise for the central 
nervous system in stroke and in cognitive impairment. 
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1. Introduction 

The AT2 receptor is a seven transmembrane receptor 
interacting with the G proteins Gαi or Gαo.It was at first 
thought to have little apparent function.Current studies find 
that beyond classical interaction with G proteins, its 
interaction with receptor binding proteins opens a new 
conceptual universe of membrane receptor function[1]. 

The purpose of the present review is to document the 
significance of the angiotensin II type 2 receptor (AT2) 
interaction with the apparently unrelated transcription factor 
PLZF and with the ATIP proteins and also to consider the 
potential of the new AT2 agonist C21 to broaden the range of 
pharmacotherapy.Initial yeast two hybrid screening for AT2 
binding proteins led to the discovery of AT2 interaction with 
the transcription factor PLZF.Studies that followed in other 
laboratories revealed an AT2 interaction with ATIP and 
ATB50[2],[3].ATIP and ATB50 were found to be identical 
but several ATIP transcription variations were found.ATIP 
was subsequently also found to be identical to a tumor  
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suppressor protein MTUS1[4]. 
Angiotensin II mediates most of its known cardiovascular 

effects through the AT1 receptor acting on heterotrimeric G 
proteins.These effects include blood pressure elevation, EGF 
activation and the generation of reactive oxygen species.The 
AT2 receptor although abundant in the fetus is limited in its 
distribution in the adult but its expression is increased under 
pathological conditions such as cardiac hypertrophy.The 
AT2 receptor had been less frequently studied compared with 
the decades of study of the initial angiotensin II receptor 
(AT1). 

An important AT2 function is the stimulation of eNOS 
mediated in part by bradykinin and in part 
independently[5].Most recently additional NOS stimulation 
has been found to occur in mitochondria and this is 
apparently activated by intracellular AT2[6].NO in turn 
activates cGMP formation leading to blood vessel relaxation 
and potential reduction of blood pressure.AT2 also directly 
activates the protein tyrosine phosphatase SHP-1 by 
releasing it from AT2 bound form independently of classical 
heterotrimeric G protein activation.SHP-1 inhibits several 
growth promoting kinases[2],[7],[8].Initially this seemed to 
generalize AT2 as an antagonist of AT1 receptor function. 

1.1. PLZF (Promyelocytic Leukemia Zinc Finger 
Protein) 
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Senbonmatsu and Ichihara et al[9],[10] found that 
angiotensin II infusion, which caused a sustained blood 
pressure rise and resulted in cardiac hypertrophy in a wild 
type mouse, failed to cause cardiac hypertrophy in a mouse 
strain with the AT2 receptor deleted, although a blood 
pressure response was observed.This absence of response 
occurred with aortic banding pressure overload as well as 
angiotensin II infusion. This implied that the AT2 receptor 
played a positive role in the hypertrophic response.It had 
been previously observed in several studies that deletion of 
the AT1 gene did not alter the cardiac hypertrophic response 
to pressure overload[11-13].In addition AT2 receptor blocker 
PD123319 prevented cardiac wall thickening and 
hypertrophy found in wild type mice infused with 
angiotensin II[14] which provides further support for the role 
of AT2 in cardiac hypertrophy.This contradicted the 
perspective of the AT1 receptor as the indispensable growth 
promoting receptor in the heart. 

Employing a yeast two hybrid assay, Senbonmatsu et al. 
searched for a binding partner for the AT2 receptor that could 
help to explain the observations in the heart.The 
unanticipated answer was the transcription factor PLZF 
binding to the AT2 C-terminal tail[15].Angiotensin II 
stimulation of the AT2 receptor resulted via pertussis toxin 
sensitive Gαi/o in tyrosine phosphorylation of PLZF at its 
carboxy terminal region resulting in PLZF activation.PLZF 
translocated from the cytosol to the plasma membrane 
colocalizing with the AT2 receptor.Both molecules slowly 
endocytosed over a 60 minute period with AT2 localizing in 
the perinuclear area and PLZF entering into the nucleus. 

In this study the nuclear PLZF binds to the gene promoter 
of p85α, the co-activator of PI3Kα.This enhances PI3K 
activity and time dependently activates the downstream 
pathway.Specifically documented increases were Akt (4 
fold), p70s6k (3 fold) protein synthesis 40% and cardiac 
hypertrophy.Newer data from the laboratory confirms this 
work.Mice with PLZF gene deletion fail to respond to 
angiotensin II infusion with cardiac hypertrophy.In addition, 
cardiac fibrosis or wall thickening found in the wild type 
mouse infused with angiotensin II is absent in the PLZF gene 
deleted mouse after angiotensin II infusion.PLZF was also 
shown to bind and activate the gene promoter of the major 
cardiac hypertrophic gene GATA 4[14]. 

The phosphatase SHP-1 when activated by AT2 is 
inhibitory to growth factors such as EGF and 
insulin.However, SHP1 was not detected in the heart except 
after myocardial infarction[16].In addition (unpublished) in 
R3T3 cells with endogenous AT2 and SHP-1 but no PLZF, 
SHP-1 is activated by angiotensin II.When these cells are 
transfected with PLZF, there is no activation of SHP-1. 

PLZF is involved in fetal development.Its initial discovery 
related to its involvement in promyelocyticleukemia.It is 
both a transcription repressor and activator e.g. coactivator 
of interferon induced genes[17].Like AT2 it is highly 
expressed in the fetus and diminishes in the adult.Northern 
blot analysis in the Senbonmatsu study indicates its highest 
expression in the heart of adult mice[15]. 

 
Figure 1.  shows the pathway activated by AT2 interacting with PLZF.It is 
the common pathway of IGF-1 and insulin.Angiotensin via AT1 inhibits IRS 
and increases insulin resistance[18].Insulin upregulatesAT2[19].AT2 
activates PLZF and augments the insulin pathway Akt leading to activation 
of glucose transport in the heart[18][20].Blockade of AT1 reduces insulin 
resistance.It would be anticipated that an AT2 agonist would further enhance 
the function of the insulin pathway in the heart 

In human umbilical endothelial cells[21] far infrared 
irradiation activated PLZF.This led to p85α and Akt 
activation.In turn Akt activation led to eNOS 
activation.PLZF is upregulated by steroid hormones 
including aldosterone.The upregulated PLZF inhibits 
transcription of the beta gamma subunits of eNaC, the 
aldosterone sensitive sodium channel in the distal tubule of 
the kidney[22].This represents feedback inhibitory control of 
the epithelial sodium channel. 

The renin angiotensin system itself plays a role in PLZF 
activation[23].Prorenin bound to its receptor is 
non-proteolytically activated to renin.Prorenin and renin 
both activate the prorenin membrane receptor.The receptor 
activates PLZF, which translocates to the nucleus and binds 
to the gene promoter of p85α.This leads to increased 
proliferation and decreased apoptotic activity.In diabetes 
expression of the prorenin receptor is greatly 
enhanced[24].The prorenin receptor in the kidney activates 
TGFβ1-CTGF and contributes to kidney disease[25]. 

AT2 and PLZF are ubiquitously distributed in the central 
nervous system[26].This includes the frontal cortex, the 
parietal cortex, the hippocampus, the striatum and 
amygdala.AT2 appears to be protective in stroke and in 
facilitation of neuronal function of the central nervous 
system.In part it is due to its favorable effect on cerebral 
blood flow[26]. 

As noted above, the interaction of the AT2 receptor with 
the transcription factor PLZF in the heart is essential for 
angiotensin II infusion induced cardiac hypertrophy.Studies 
with guanylylcyclase A gene deleted mice also demonstrated 
cardiac prohypertrophic effects of AT2[27].Inhibition of 
guanylatecyclase by gene deletion leads to a cardiac 
hypertrophic response that is inhibited by the deletion of 
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AT2.This is independent evidence for a cardiac hypertrophic 
character of the AT2signaling pathway in the heart.AT2 
activates eNOS and guanylylcyclase to produce an 
antihypertrophic effect.Blocking guanylylcyclase allows the 
AT2 hypertrophic pathway to predominate.This paradigm 
holds for the frequently observed AT2 activity when AT1is 
blocked by AT1 receptor blockers.As an example, in the 
kidney macula densa angiotensin II acting on AT1 inhibits 
cyclooxygenase COX2 expression.When AT1 is inhibited 
angiotensin II acting on AT2 activates COX2[28]. 

Steckeling et al. reviewed many papers on the subject of 
cardiac hypertrophy[29].Earlier papers, many employing the 
AT2 receptor blocker PD123319 failed to show AT2 
involvement in cardiac hypertrophy.The earlier 
contradictory findings can probably be explained.In our most 
recent study PD123319 inhibited angiotensin II induced 
cardiac hypertrophy and cardiac wall thickness[14].There is 
an established consensus that AT2 induced NO is 
antihypertrophic.The interaction with PLZF contributes to 
cardiac hypertrophy.Depending on the experimental 
paradigm, one or the other AT2 manifestation is dominant.  

The alpha subunit of Go, the most abundant G-protein in 
the brain interacts with PLZF protein and modulates its 
function[30].The association of AT2 with PLZF and the 
apparent protective action of PLZF in the central nervous 
system[26] provides additional support for the hypothesis 
that AT2-PLZF mediates a uniquely important signaling 
pathway. 

1.2. ATIP (Angiotensin II type 2 Receptor Interacting 
Protein) 

AT2 is similarly involved with the AT2 receptor binding 
protein ATIP[2] as it is with PLZF.There are four 
specifically identified isoforms of ATIP.Common to all of 
them is a coiled coil C terminal domain allowing 
dimerization.It is the site of the AT2 interacting 
domain.ATIP inhibits growth factors.Although AT2 
activates SHP-1, tyrosine dephosphorylation is apparently 
not involved.Inhibitory activity requires ATIP interaction 
with the AT2 receptor but not the activation of the receptor by 
angiotensin II.AT2 as noted activates the tyrosine 
phosphatase SHP-1 independently of classical G-protein 
activation.In neuronal cells AT2 activates a protein complex 
of ATIP and SHP-1 that translocates to the nucleus where it 
leads to the induction of the protein MMS2[31].This is an 
ubiquitin ligase involved in DNA repair and neuronal 
differentiation. 

Gene deletion of ATIP in mice[32] resulted in cardiac 
hypertrophy in 28% of the mice (independent of blood 

pressure), nephritis in 12% and lymphoid hyperplasia in 
more than 37%.These are symptoms consistent with B cell 
lymphoproliferative disease; this confirms an anti-proliferat
ive and anti-inflammatory role for MTUSI (ATIP in its 
identity as a tumor suppressor).The isoform 3 of ATIP is 
associated with microtubules[33] and may point to a 
mechanism of its antiproliferative action. 

SHP-1 deficient mice have enhanced proliferation of 
hematopoietic cells. Their lymphocytes exhibit hyper-respo
nse to antigens[34].This seems to resemble ATIP gene 
deletion and suggests that the ATIP gene deletion report may 
involve ATIP interaction with SHP-1. 

ATB50identical to ATIP is localized in the Golgi and 
functions in export of AT2 to the cell membrane[3].MTUS1 
is identical to ATIP and is localized in the mitochondria[33]. 

1.3. C21 

A newly developed nonpeptide AT2 agonist (C21) is 
awaiting phase 1 clinical trials in the year 2012.Earlier 
experimental studies employed AT2 gene deletion, PD 
123319 (an AT2 receptor antagonist) and CGP42112A a 
peptide AT2 agonist.There has been a need for a clinically 
useful AT2 specific agonist.The most striking finding in the 
initial studies is the anti-inflammatory response to the AT2 
agonist.Both in vitro and in vivo C21 inhibits nuclear 
translocation of NFκB, the transcription factor involved in 
cytokine activation.  

The molecular anti-inflammatory mechanism of C21 is 
presented in Fig. 2.In absence of angiotensin II NFκB is 
trapped in the cytosol by the binding protein IκB.Activation 
e.g. by the cytokine TNFα leads to IκB phosphorylation by 
the kinase IKK.IκB is then degraded.NFκB translocates to 
the nucleus to promote synthesis of cytokines.It also self 
regulates by promoting synthesis of IκB and the 
deubiquitinase A20.In Fig. 2 angiotensin II via AT1 activates 
Cyp 4A/4F to form 20 HETE (20 hydroxytetraeicosoenoic 
acid) from arachidonic acid.This activates NFκB.C21 via 
AT2 activates Cyp 2C/2J to form 11,12 EET (11,12 
epoxyeicosotrienoic acid) from arachidonic acid.This 
inhibits NFκB.C21 also activates phosphatases that inhibit 
NFκB. 

Affirmation of C21’s anti inflammatory action is seen in 
the two kidney/one clip (2K1C) rat model[36].Early renal 
inflammation from the procedure includes increases in 
cytokines TNFα, IL6 and TGFβ and a decrease in NO and 
cGMP. C21 reversed this without an effect on the 2K1C 
induced hypertension.Of interest, the AT2 receptor via NO 
and cGMP also mediates inhibition of renin 
biosynthesis[37]. 

 
Figure 2.  shows the molecular mechanism of NFkBregulation by angiotensin II and C21 

From Rompe et al. [35].Ang !! (AT1) Cyp 4A/4F 
 (arachidonic acid  20 HETE ) NFkB activation 
C21 (AT2) Cyp 2C/2J  (arachidonic acid  11,12 
epoxyeicositrienoic acid) NFkB inhibition 
NFkB cytokine activation 
NFkBIkB and A20 (a deubiquitinase) Both relo-Cate NFkB to the cytosol from the nucleus.NFkB is Inactive. 
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C21 has been studied in myocardial infarction.The 
myocardial infarction was induced by permanent coronary 
artery ligation.C21 treatment at low dose 0.03 mg/kg/day for 
seven days improved ventricular function[38].Fas ligand and 
caspase 3 was suppressed.Expression of p44/42 and p38 
MAP kinase was restored.Cytokine expression 
(inflammatory response ) was normalized.A recent study by 
Jehle et al[39] examined a different model.They employed 
coronary artery one hour ischemia reperfusion in mice 
followed by high dose (0.3 mg/kg/day) C21 for 28 days.In 
this study there was no cardioprotection by C21.  

When first prepared AT2 gene deleted mice appeared to 
have behavioralabnormalities[40],[41].In the central nervous 
system AT2 appears to enhance cognitive function[42] which 
was attributed to increased blood flow, enhanced excitatory 
post synaptic potential and neurite outgrowth in 
hippocampal neurites. 

Earlier we discussed AT2-SHP-1-ATIP induction of 
MMS2, a ubiquitin ligase, and its protective action in 
neuronal cells.More recently these same effects have been 
documented in vascular smooth muscle[43].The combined 
use of AT1 receptor blockers and AT2 agonists have been 
proposed for mitigating age related vascular senescense. 

C21 by itself does not seem to be an effective 
antihypertensive agent.The vasoconstrictive action of AT1 
may predominate over AT2 induced NO vasorelaxation.C21, 
however, reduces consequences of increased blood pressure 
such as vascular stiffness, interstitial collagen and 
inflammation, thereby reducing end organ damage[44, 
45].Several observations in this review suggest that the 
future of AT2 agonists may lie in their effectiveness when 
employed in combination with AT1 receptor blockers. 

A final comment – AT1 receptor deletion is reported to 
experimentally induce a significant increase in mammalian 
longevity[46], the role of AT2 in this scenario remains to be 
exploited.  

2. Conclusions 
In summary, the initial study with AT2 and PLZF 

demonstrated a relatively new aspect of G-protein function, a 
G-protein mediated receptor binding to a transcription 
factor.It also demonstrated that AT2 receptor endocytosis 
unlike AT1 does not involve βarrestin and is much 
slower.The critical interaction with the co-activator of PI3K 
is at the crossroads of major metabolic pathways.It appears 
to explain why AT2 is an essential contributor but not the 
likely cause of angiotensin II induced cardiac 
hypertrophy.This AT2-PLZF interaction appears to extend 
beyond the heart and may play a major role in our 
understanding of the central nervous system.The findings 
with AT2-PLZF require the presence of both of them at 
significant levels.  This at present holds for the brain and 
heart. The potential interaction with the insulin pathway in 
the heart needs to be evaluated in terms of insulin resistance.   

 The tyrosine phosphatase Shp-1 has a complex 
relationship with AT2. AT2, when activated by angiotensin II, 
directly activates SHP-1 and it anti-growth factor activities.  
PLZF appears to prevent AT2 interaction with SHP-1.  
ATIP also interacts with AT2 and SHP-1.  The ATIP-SHP-1 
complex goes to the nucleus and exerts biological effects 
such as reduced vascular senescence.      

The anti-inflammatory activity of AT2 is its most 
consistent experimental finding.  This and the enhancement 
by AT2 of angiotensin receptor blocker activities may be 
where the potential of a clinically effective AT2 agonist lies. 
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