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Abstract 

Human genetic and clinical trial data suggest that peroxisome proliferator activated receptor γ (PPAR γ ), a nuclear receptor 
transcription factor plays an important role in the regulation of arterial blood pressure. The examination of a series of novel 
animal models, coupled with transcriptomic and proteomic analysis, has revealed that PPAR γ and its target genes employ 
di v erse pathw ays to r egulate v ascular function and b lood pr essur e. In endothelium, PPAR γ targ et g enes promote an 

antioxidant state, stimulating both nitric oxide (NO) synthesis and bioav aila bility, essential components of 
endothelial-smooth muscle communication. In vascular smooth muscle, PPAR γ induces the expression of a number of 
genes that promote an antiinflammatory state and tightly control the level of cGMP, thus promoting responsiveness to 

endothelial-deri v ed NO. One of the PPAR γ targets in smooth muscle, Rho related BTB domain containing 1 (RhoBTB1) acts 
as a substrate adaptor for proteins to be ubiquitinated by the E3 ubiquitin ligase Cullin-3 and targeted for proteasomal 
de gr adation. One of these proteins, phosphodiesterase 5 (PDE5) is a target of the Cullin-3/RhoBTB1 pathway. 
Phosphodiester ase 5 de gr ades cGMP to GMP and thus regulates the smooth muscle response to NO. Mor eov er, expr ession of 
RhoBTB1 under condition of RhoBTB1 deficiency r ev erses esta b lished arterial stiffness. In conclusion, the coordinated 

action of PPAR γ in endothelium and smooth muscle is needed to maintain NO bioavailability and activity, is an essential 
regulator of vasodilator/vasoconstrictor balance, and regulates blood vessel structure and stiffness. 
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er oxisome pr oliferator acti v ated r ece ptor γ (PPAR γ ) is a ligand-
cti v ated n uclear r ece ptor transcription factor and a member
f the large nuclear receptor superfamily. 1 Nuclear receptors
re sensors that monitor the physiological environment and
espond when a physiological stimulus or stress causes the
roduction of ligands, which bind to and acti v ate the r ece p-
or to mediate a r e pr ogramming of gene expr ession. Per oxi-
ome proliferator activated receptor γ is classified as an adopted
rphan r ece ptor because it is associated with at least one lig-
nd (fatty acids and eicosanoids) but the precise endogenous
igands employed in vi v o r emain undefined. 2 Canonical nuclear
 ece ptors such as the glucocorticoid r ece ptor translocate to
he nucleus in response to ligand binding to induce transcrip-
ional activity. Unlike those canonical nuclear receptors, PPAR γ

esides in the nucleus in its unliganded state and is complexed
ith its ob ligate heter odimeric partner, the retinoid X recep-

or (RXR) on chromatin. Transcription of PPAR γ target genes is
 e pr essed because transcriptional co-r e pr essors ar e r ecruited to
PAR γ /RXR in the absence of ligand. In response to endoge-
ous ligands or high-affinity pharmacologics that act as ligands,

ranscriptional co-r e pr essors ar e dismissed, and transcriptional
o-acti v ators and chromatin-modulating enzymes such as his-
one acetyltr ansfer ases ar e r ecruited to the transcription com-
lex, resulting in the expression of target genes. It w as r e ported
hat PPAR γ can bind to over 5000 genomic sites, but the actual
umber of targets genes is most likely substantially smaller and
ighly cell-specific. 3 , 4 

Per oxisome pr oliferator acti v ated r ece ptor γ is a potent anti-
nflammatory and employs lessor appreciated mechanisms to
nhibit the transcription of inflammatory genes. In the transre-
ression mec hanism, posttr anslational modification of the lig-
nd binding domain of PPAR γ promotes a co-repressor complex
o be formed on the promoter of an inflammatory gene such
s the gene encoding inducible nitric oxide synthase. 5 In other
echanisms, PPAR γ binds to the p65 subunit of Nuclear factor

appa B (NK- кB) to either shuttle it out of the n ucleus (wher e it
an no longer promote transcription) or target it for de gr adation
y the proteasome. 6 , 7 

Per oxisome pr oliferator acti v ated r ece ptor γ became inter-
sting to us when genetic evidence w as r e ported in 1999 that
mplicated its role in hypertension. This seminal (and career-
ransforming) study r e ported that patients carrying mutations
n PPAR γ exhibited sev er e hypertension in addition to insulin
esistance and type II diabetes. 8 The mutations were present in
 single copy, which would normally suggest a recessive genetic
rait, but they caused a sev er e phenotype. Subsequent molecu-
ar anal ysis r ev ealed that they acted in a dominant negati v e (DN)
ashion. A DN mutation in PPAR γ suggests that the m utant pr o-
eins are not only transcriptionally defective on their own, but
hey also inhibit the action of the wildtype allele. 9 Thus, instead
f acting as a haploinsufficiency (where the activity would be
ppr oximatel y 50% of normal), the inhibitory effect of the DN
P AR γ on wildtype PP AR γ lowers total PPAR γ activity below 50%,
ut pr oba b l y not all the w ay to 0%. The pr eserv ation of some
PAR γ acti vity likel y accounts for the lack of embryonic lethal-
ty (but causes sev er e adult disease), as n ull m utations in PPAR γ

r e embr yonic lethal. 10 Other m utations in PPAR γ wer e later
iscov er ed, which caused familial partial lipodystrophy associ-
ted with early-onset severe hypertension. 11 These mutations
er e r e ported to pr ev ent the natural anta gonism between PPAR γ

nd the renin-angiotensin system, resulting in increased renin-
ngiotensin system activity. 12 

Amplifying the significance of the genetic studies were the
esults of clinical studies showing that e xo genous acti v ators of
PAR γ , the thiazolidinediones (TZD), lowered blood pressure in
ypertensi v e and dia betic subjects. 13 , 14 Larger clinical trials also
onfirmed the blood pressure-lowering actions of the TZDs. 15–17 

tudies in a variety of hypertensi v e r odent models further sup-
orted the idea that PPAR γ acti v ation lowers blood pressure. 18–22 

dmittedl y, the antihypertensi v e effect of TZDs is not nearly
s pronounced as classical antihypertensive drugs, including
enin-angiotensin system blockers and diuretics. However, the
linical and genetic data were sufficient to str ongl y suggest that
PAR γ plays a role in the regulation of arterial blood pressure.
ndeed, this genetic and clinical trial data let us to conceptual-
ze that PPAR γ in the li v er, m uscle, and fat (among other tissues)
s inv olv ed in gl ycemic contr ol, wher eas its expr ession in the
ndothelium and vascular smooth muscle controls blood pres-
ur e ( Figur e 1 ). The r emainder of this r e vie w describes our efforts
o understand the function of PPAR γ in these two vascular cell
ypes and how they regulate blood pressure. 

 eroxisome P oliferator Activated Receptor γ in 

he Endothelium 

he strongest evidence implicating endothelial PPAR γ as an
mportant regulator of blood pressure is derived from stud-
es of genetically altered mouse models. One of the earliest
tudies suggested that endothelial-specific PPAR γ deficiency
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Figure 1. P er oxisome pr olifer ator activ ated r eceptor γ Hypothesis and F inal Common Pathwa y. 

The PPAR γ hypothesis states that interference with the action of PPAR γ (by the DN mutant) in liver, adipose, and skeletal muscle leads to insulin resistance and 
dia betes, wher eas its interfer ence in v ascular endothelium and smooth m uscle leads to v asomotor dysfunction, arterial stiffness, and hypertension. 
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Figure 2. P er oxisome pr olifer ator activ ated r eceptor γ F inal Common Pathwa y 

In the endothelium, PPAR γ induces transcription of RBP7 and PPAR γ /RBP7 

together form a transcriptional r egulator y hub pr omoting the expr ession of 
antioxidant genes, including adiponectin (AdipoQ), all of which promote an 
antioxidant environment, NO production, and NO bioavailability to the smooth 
muscle. In the vascular smooth muscle, endothelium-derived NO activates solu- 

ble guanylate cyclase to produce cGMP. To regulate cGMP levels in the cell, PPAR γ
induces the expression of Rho related BTB domain containing 1 (RhoBTB1), 
which acts as a substrate recognition protein delivering phosphodiesterase 5 
(PDE5) to the Cullin-3 (CUL3) complex for ubiquitination and proteasomal de gr a- 

dation. The ensuing decrease in PDE5 activity promotes cGMP production and 
NO activity leading to vasodilation. Rho related BTB domain containing 1 also 
promotes a state of vessel distensibility reducing arterial stiffness. Other PPAR γ

targ et g enes (RGS5 and TIMP4) control G protein receptor action, control m y o- 
genic tone, and reduce remodeling. Peroxisome proliferator activated receptor γ
also acts as an antiinflammatory by shuttling p65 from the nucleus repressing 
expression of inflammatory genes. 
ower ed v ascular nitric oxide (NO), caused impair ed v asodila- 
ion to acetylc holine , an endothelial-de pendent a gonist, and 

as accompanied by oxidative stress. 23 Studies by a differ- 
nt resear c h group found that endothelial-specific knockout of 
PAR γ caused a susceptibility to elevated blood pressure after 
 high-fat diet, suggesting that PPAR γ may provide protection 

n response to physiological stressors. 24 Because PPAR γ acti v el y 
 e pr esses expr ession of its targ et g enes in the absence of ligand,
e reasoned that PPAR γ -deficiency might r eliev e that r e pr es- 

ion and cause partial acti v ation of PPAR γ targets, which might 
ask some of the true phenotypes of PPAR γ -deficiency. Based 

n this r ationale , w e designed an experimental approach specif- 
call y expr essing one of the DN mutants of PPAR γ (V290M), 

hich causes hypertension in humans, under the control of 
n endothelial-specific promoter. 8 It was initially disappoint- 
ng that transgenic mice with endothelial-specific expression 

f PPAR γ V290M (termed E-V290M) did not exhibit any strong 
henotype at baseline. However, further analysis revealed they 
xhibited an augmented pr essor r esponse to either e xo genously 
nfused angiotensin-II (Ang-II) or in response to high-fat diet 
eeding. 25–27 The mice also exhibited endothelial dysfunction in 

esponse to both stressors, which mechanisticall y w as caused 

y oxidati v e str ess, as antioxidant tr eatment r estor ed endothe- 
ial function. Gene expression profiling (at that time performed 

y the microarray) r ev ealed significant alterations in the expres- 
ion of the genes encoding both pro and antioxidant proteins. 4 

cti v ation of the renin-angiotensin system (by low-salt diet) 
r inflammation (by infusion of IL-1 β) pathways also caused 

orsened endothelial dysfunction in E-V290M mice. 28–30 These 
ata are all consistent with the concept that in endothelium, 
PAR γ is a sensor that becomes acti v ated and pr ovides pr otec- 
ion in response to a stressor. This is consistent with the notion 

hat nuclear receptors are sensors designed to respond to a 
hreat. 

One of the key PPAR γ target genes in endothelium linked to 
he oxidati v e str ess phenotype in E-V290M mice w as r etinol- 
inding protein 7 (RBP7, Figure 2 ). RBP7 is a cellular retinol- 
inding protein and fatty acid-binding pr otein expr essed in 
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Figure 3. Phenotypic Summary of Animal Models 

A summary of the main animal models discussed in the re vie w is presented. S-CUL3 � 9 represents inducible expression of a dominant mutant of CUL3 that results 
in exon 9 skipping. S-CUL3 Flox r e pr esents the inducible smooth muscle knockout of CUL3. S-PPAR γ P467L also known as S-P467L r e pr esents smooth m uscle-specific 
expression of a human mutant in PPAR γ (P467L), which causes human hypertension. Although it is discussed early in the re vie w, it is presented directly next to 

the S-PPAR γ P467L X S-RhoBTB1, which r e pr esents the inducible smooth muscle-specific re-expression of RhoBTB1 in the S-P467L model. S-RhoBTB1 + Ang-II is the 
inducible smooth muscle-specific expression of RhoBTB1 treated with a slow-pressor dose of Ang-II to induce hypertension and arterial stiffness. The arrows reflect 
the following comparisons: S-CUL3 � 9 versus control mice; S-CUL3 Flox versus control mice; S-PPAR γ P467L versus control mice; S-PPAR γ P467L X S-RhoBTB1 versus S-P467L 
mice; S-RhoBTB1 + Ang-II measures the effect of inducible RhoBTB1 after hypertension is full y esta b lished by Ang-II. In the latter, acti v ation of RhoBTB1 did not alter 

v asodilation, v asoconstriction, or BP in r esponse to Ang-II but r eliev ed arterial stiffness. 

t
m  

w  

m  

t  

t  

r  

l  

a  

t
a  

i

P
i

A  

i  

a  

a  

t  

h  

S  

v  

a  

d  

s  

T  

P  

s  

f
M  

c  

t  

o  

s  

(
 

m  

g  

i  

m  

l  

Figure 4. Schema for the Identification of PPAR γ Target Genes 

Gene expression profiling was performed comparing the list of genes repressed 
in the aorta in response to DN PPAR γ with the list of genes induced by the PPAR γ

a gonist R OSI. These potential PPAR γ target genes were then screened using pub- 
licl y av aila b le ChIP data for the pr esence of PPAR γ binding sites around the gene 
identified a bov e. Genes that passed all thr ee criteria wer e consider ed PPAR γ tar- 
g et g enes and wer e se paratel y v alidated. These include RBP7, RGS5, TIMP4, and 

RhoBTB1. 

t  

(  

a  

w  

s  

(  
he heart, muscle, fat, and endothelium. 31 , 32 RBP7-deficient 
ice exhibited endothelial dysfunction that could be r ev ersed
ith an antioxidant. 33 Because RBP7-deficient and E-V290M
ice appeared to exhibit similar phenotypes, we hypothesized

hey might be part of the same final common pathway in
he endothelium. Inter estingl y, the antioxidant effects of RBP7
 equir ed adiponectin, another PPAR γ target gene in the endothe-
ium. Some members of the fatty acid-binding protein family act
s nuclear receptor co-factors, shuttling ligands through the cell
o interact with n uclear r ece ptors. 34 Our data suggest that PPAR γ

nd RBP7 support a r egulator y hub in the endothelium promot-
ng antioxidant gene expression. 

er oxisome Pr olifer a tor Activ a ted Receptor γ
n Vascular Smooth Muscle 

 phenotypic summary of the models described in this section
s presented in Figure 3 . Like the experimental model defined
 bov e to study the role of PPAR γ in endothelium, we gener-
ted mice similarly expressing a DN mutation in PPAR γ (this
ime PPAR γ P467L ) under the control of the smooth muscle m y osin
eavy chain promoter. Unlike E-V290M mice, the phenotype of
-P467L mice was striking even at baseline. 35 They exhibited ele-
 ated b lood pr essur e and a sev er el y impair ed r esponse to both
cetylc holine (whic h induces the production of endothelium-
eri v ed NO) and sodium nitroprusside (which is an NO donor),
uggesting a phenotype of NO resistance in the vascular SMC.
he phenotype of S-P467L mice was not unlike SMC-specific
PAR γ deficiency in that both exhibited elev ated b lood pr es-
ure and vascular dysfunction, but surprising the vascular dys-
unction in S-P467L mice was not caused by oxidati v e str ess. 36 

or eov er, the impaired vascular response was not isolated to
onduit vessels, as the vasodilator responses in the mesen-
eric and cerebral circulation were also impaired. 37 , 38 Vessels
f all sizes exhibited augmented responses to vasoconstrictors
uch as endothelin-1 and exhibited enhanced m y ogenic tone
 Figure 3 ). 38–40 

Gene expression profiling studies combined with bioinfor-
atic anal ysis wer e used to identify a series of PPAR γ target

enes ( Figure 4 ). These genes were identified by first compar-
ng gene expression patterns in the aorta comparing wildtype

ice with those carrying a DN mutation in PPAR γ . Next, this
ist of genes was compared with gene expression signatures of
he aorta from untreated compared with rosiglitazone (ROSI)
a PPAR γ ligand) treated mice . F inally, the intersection of the
 bov e gene lists w as ev aluated using pub licl y av aila b le genome-
ide chromatin immunoprecipitation (ChIP) of PPAR γ binding

ites. Those genes that exhibited the opposite response to ROSI
incr eased expr ession) and DN m utants (decr eased expr ession),
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r vice versa, and identified to contain PPAR γ binding sites in 

hromatin near the gene were prioritized for further validation 

nd analysis. 4 

One of these target genes Regulator of G Protein Signaling 
 (RGS5), which controls G protein-coupled receptor activity, 
as found to be responsible for enhanced m y ogenic tone in 

he resistance vessels of S-P467L mice through a mechanism 

nv olving pr otein kinase C and the large-conductance calcium- 
nd v olta ge-acti v ated K + channel (BK Ca ). 38 Another PPAR γ tar- 
 et g ene, tissue inhibitor of metallopr oteinase-4, w as implicated 

n vascular remodeling in the deoxycorticosterone acetate-salt 
odel of hypertension. 41 A thir d PPAR γ tar g et g ene, RhoBTB1, 

as been the topic of investigation and will be the subject of the 
emainder of this re vie w ( Figure 2 ). 

er oxisome Pr olifer a tor Activ a ted Receptor 
-RhoBTB1-CUL3 Pa thw ay 

ene expr ession pr ofiling first identified RhoBTB1 as a potential 
PAR γ targ et g ene. W e validated it as a PP AR γ target because
ts expression was downregulated in the aorta from S-P467L 

ice , upre gulated in mice ov er expr essing wildtype PPAR γ in 

ascular SMC (S-WT mice), and bound both PPAR γ and RXR by 
hIP. 40 Rho related BTB domain containing 1 was first identi- 
ed as a tumor suppressor gene reported to regulate the Golgi 
ppar atus inte grity. 42–45 The protein consists of a number of 
omains: an atypical GTPase domain (which may not exhibit 
TPase activity), a proline-rich domain that may play a role in 

ytoskeletal or organelle organization, two BTB domains, and 

 C-terminal domain. 46 Proteins carrying BTB domains (bric- 
` -br ac, tr amtr ac k, and broad complex, sometimes called POZ 

omains) are interesting because they function as adaptor pro- 
eins for the E3 Ring Ubiquitin Ligase CUL3. They act as sub- 
trate recognition proteins, binding substrate proteins and deliv- 
ring them to the CUL3 complex (called the CUL3-RING ubiquitin 

igases, CRL3) complex), where they are ubiquitinated and tar- 
eted for proteasomal de gr adation. 47 Indeed, RhoBTB1 binds to 
UL3 through its first BTB domain. 40 , 48 The interaction between 

hoBTB1 and CUL3 is interesting because like PPAR γ , muta- 
ions in CUL3 (which also act dominantly) cause hypertension 

hrough the combined effects of renal and vascular impair- 
ent. 49–52 Mor eov er, RhoBTB1 w as r e ported to be associated 

ith diastolic BP and was identified as an interacting locus in a 
arg e hypertension g enome-wide association study of more than 

 million people. 53 , 54 The interaction of RhoBTB1 and CUL3 sug- 
ested two lines of investigation in which we se paratel y exam- 
ned the r elati v e r oles of CUL3 and RhoBTB1 in v ascular SMC. 

We first reasoned that interference with CUL3 or CUL3- 
eficiency would cause a sev er e phenotype, as RhoBTB1 is only 
ne of many substrate r ecognition pr oteins that deli v er sub- 
trates to the CUL3 complex for degradation. Indeed, SMC- 
pecific expression of a human DN hypertension-causing muta- 
ion in CUL3, which causes skipping of exon 9 (CUL3 � 9) caused 

mpair ed v asodilation, hyper contr actile r esponse to a gonists, 
lev ated b lood pr essur e at baseline and in response to Ang-II, 
nd arterial stiffness. 50 The impaired vasodilation was caused 

y increased RhoA and Rho kinase (R OCK) acti vity. Other stud- 
es r ev ealed that the CUL3 � 9 acted dominantl y and impair ed the
ssociation with substrate recognition proteins. 51 , 55 

Like DN mutations in PPAR γ , similar mutations in CUL3 likely 
r eserv ed some lev el of acti vity. For this r eason, we cr eated an

nducible model of CUL3-deficiency. 56 Induction of SMC-specific 
r e-r ecombinase with tamoxifen caused a pr ogr essi v e decline 
n vasodilation, a marked hyper contr action, sev er e hyperten- 
ion, and arterial stiffness. Defects in the production of cGMP 
ppeared to be mechanistically associated with the decline in 

asomotor function. 
Based on our observation that S-P467L mice exhibited 

ncreased RhoA and ROCK activity, that CUL3 was reported to 
egulate RhoA, that mutations in CUL3 impair RhoA ubiquitina- 
ion, and the incr eased RhoA/R OCK in CUL3 � 9 mice , w e tested
he hypothesis that RhoBTB1 is a substrate recognition pro- 
ein for RhoA. 55 , 57 However, we could not validate the binding 
f RhoBTB1 to RhoA. Indeed, another BTB-domain-containing 
r otein termed BACURD w as shown to be the substrate recog- 
ition protein for RhoA. 57 This suggested either RhoBTB1 was 
ot playing an important role in the regulation of vascular 

unction or blood pressure or it has a different unidentified 

ubstr ate . 
To test the importance of RhoBTB1 as a regulator of vascular 

unction and b lood pr essur e , w e created a tr ansgene in whic h
xpression of RhoBTB1 could be induced by Cr e-r ecombinase 
sing a lo xP-STOP-lo xP signal. Cell-specific e xpr ession of Cr e-
 ecombinase r emov ed the STOP signal and induced expr ession 

f RhoBTB1 and a tandemly expressed tdTomato reporter. 58 

ouble transgenic mice expressing smooth muscle-specific Cre 
Myh11 CRE ) and the inducible RhoBTB1 construct were bred to S- 
467L mice to ask if r e-expr ession of RhoBTB1 (which was down-
egulated by DN PPAR γ ) could complement or r ev erse the hyper-
ension and vascular dysfunction in S-P467L mice. Inducible 
xpression of RhoBTB1 lowered blood pressure, improved vas- 
ular function, and r ev ersed arterial stiffness in the model. This 
ata suggested that RhoBTB1 is an important regulator of blood 

r essur e and vasomotor function and may be the PPAR γ target 
 esponsib le for its pr otecti v e function in vascular SMC. Interest-
ngl y, wher eas r estoration of RhoBTB1 impr ov ed the v asodilator
esponse to acetylcholine and SNP, hyper contr action to agonists 
uch as endothelin-1 w as pr eserv ed. Thus, it remains fascinat- 
ng that RhoBTB1 can r egr ess arterial stiffness during a state 
f pr eserv ed v asoconstriction. A combination of pharmacolog- 

cal and biochemical experiments ultimately revealed that the 
hoBTB1 substrate r esponsib le for this phenotype was phospho- 
iesterase 5 (PDE5). Phosphodiesterase 5 is r esponsib le for con- 
erting cGMP to GMP. Thus, loss of RhoBTB1 decreased proteaso- 
al turnover of PDE5, increasing its activity thus, limiting cGMP 

nd inducing a state of NO resistance ( Figure 2 ). 
Recent studies showed that induction of RhoBTB1 could also 

apidl y r egr ess esta b lished arterial stiffness induced by Ang-II
hrough a mechanism involving the regulation of actin poly- 

erization. 59 Like the pr eserv ation of hyper contr actile activity 
n S-P467L mice, the r egr ession of arterial stiffness in the Ang-
I model occurred with a concomitant pr eserv ation of Ang-II- 
nduced hypertension and decreased vasodilation. It is highly 
ignificant that the expression of a single protein, RhoBTB1, can 

apidl y r egr ess esta b lished arterial stiffness ev en with worsen-
ng hypertension and suggests we must revisit the relationship 

etween arterial stiffness and hypertension. 

dentification of Novel RhoBTB1 Target 
roteins 

he data comparing the pr otecti v e effects of RhoBTB1 in the S-
467L and Ang-II models suggest that RhoBTB1 may be engag- 
ng differing substrate proteins in each model, PDE5 (and per- 
aps others) in the S-P467L model, and unidentified RhoBTB1 

arget proteins in the Ang-II model. Thus, we hypothesized 



6 FUNCTION , 2023, Vol. 5, No. 1 

Figure 5. Structure and Targeted Proteomics of RhoBTB1 

(A) Domain structure of RhoBTB1 showing the relative position of the GTPase domain, the proline rich domain (Pro), the two BTB domains, and the C-terminal domain, 
in some papers r eferr ed to as the BACK domain. The first BTB domain (BTB1) is interrupted by a spacer. The minimal PDE5 binding site is shown. (B) The B1B2 and B1B2C 
domains were separately cloned, Myc-epitope tagged, and the APEX2 was added to the C-terminal. A brief pulse of biotin, phenol, and H 2 O 2 results in the biotinylation 

of interacting proteins and proteins in close proximity of the APEX2 tag. Biotinylated proteins are affinity-purified with streptavidin and subjected to mass spectroscopy. 
Proteins that bound B1B2C greater than B1B2 were separately validated to be RhoBTB1-binding proteins and subject to RhoBTB1-CUL3 ubiquitination and proteasomal 
de gr adation. 
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l  
hat RhoBTB1 might act as a substrate recognition protein for
ther substrates, which r equir ed us to develop a targeted pro-
eomics approach. To accomplish this, we first mapped the min-
mal binding site on RhoBTB1 for PDE5. We did this based on
he admittedly naive hypothesis that the binding site for PDE5

ight be the same as those for other substrates. Our strat-
gy was to express individual and combinations of domains
f RhoBTB1 as Myc-fusion proteins and assess their ability to
o-imm unopr ecipitate with His-ta gged PDE5 ( Figur e 5 A). 48 As
ublished in the journal Function in July 2023, we identified
hat the C-terminal half of the protein, consisting of the two
TB domains, and the C-terminal domain (termed B1B2C) are
 equir ed to bind PDE5. Removal of the C-terminal domain elim-
nated binding to PDE5, and the C-terminal on its own was
nsufficient to bind PDE5. Inter estingl y, the B1B2C domains,

hic h lac k the GTPase and proline-ric h domains in the N ter-
inus of RhoBTB1, were sufficient on their own to ubiquiti-

ate PDE5 and target it for proteasomal de gr adation. We next
mployed the B1B2C domain in a targeted proteomic screen of
hoBTB1-binding proteins in HEK293 cells b y biotin ylating pro-
eins that either dir ectl y bound to B1B2C or were in close prox-
mity to B1B2C by creating a fusion between B1B2C and ascor-
ate peroxidase 2 (APEX2, Figure 5 B). 60 The biotinylated pro-
eins were then affinity-purified and identified by mass spec-
r oscopy. To r educe what we expected to be a high background,
e also r esolv ed pr oteins that bound to the B1B2 domains
whic h lac ked the C terminal) and then c hose proteins that
ound 1.5-fold better to B1B2C than B1B2 and were statisti-
ally significant. Among the pathways identified, cytoskeletal
 emodeling w as pr ominent. This w as inter esting because we
howed that RhoBTB1 r ev ersed arterial stiffness in two differ-
nt models of hypertension. 58 , 59 We selected 5 proteins (SETD2,
NXA6, CAMKK2, CAMSAP1, and TRAPPC9) and showed they all
o-imm unopr ecipitated with B1B2C to a m uch gr eater extent
han with B1B2. Another protein (HMGB1) that was detected in
he proteomic assay to bind B1B2 better than B1B2C was also
onfirmed by co-imm unopr ecipitation, illustrating the surpris-
ng fidelity of the assay . Finally , we chose SETD2 to explore fur-
her. The level of SETD2 protein in HEK203 cells was markedly
ncr eased after tr eatment with MG132 (a proteasome inhibitor)
nd MLN4924 (a pan-Cullin inhibitor). Mor eov er, the level of
ETD2 was markedly increased in HEK293 cells engineered to
e CUL3-deficient by CRISPR-Cas9 and in cells after RhoBTB1

nhibition with siRNA. Thus, the targeted proteomic approach
sing APEX2 has high fidelity to identify RhoBTB1-binding pro-
eins, which are targets of RhoBTB1-CUL3-mediated ubiquitina-
ion and proteasomal regulation. Identifying RhoBTB1-binding
roteins in vascular smooth muscle cells and in other cell types

dentified by single-cell sequencing to express RhoBTB1 (vascu-
ar endothelial cells, r esident macr opha ges in v asculatur e and
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