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Abstract

Human hypertension caused by in-frame deletion of CULLIN3 exon-9 (Cul3�9) is driven by renal and vascular mechanisms.
We bred conditionally activatable Cul3�9 transgenic mice with tamoxifen-inducible Tie2-CREERT2 mice to test the
importance of endothelial Cul3. The resultant mice (E-Cul3�9) trended towards elevated nighttime blood pressure (BP)
correlated with increased nighttime activity, but displayed no difference in daytime BP or activity. Male and female
E-Cul3�9 mice together exhibited a decline in endothelial-dependent relaxation in carotid artery. Male but not female
E-Cul3�9 mice displayed severe endothelial dysfunction in cerebral basilar artery. There was no impairment in mesenteric
artery and no difference in smooth muscle function, suggesting the effects of Cul3�9 are arterial bed-specific and
sex-dependent. Expression of Cul3�9 in primary mouse aortic endothelial cells decreased endogenous Cul3 protein,
phosphorylated (S1177) endothelial nitric oxide synthase (eNOS) and nitric oxide (NO) production. Protein phosphatase (PP)
2A, a known Cul3 substrate, dephosphorylates eNOS. Cul3�9-induced impairment of eNOS activity was rescued by a
selective PP2A inhibitor okadaic acid, but not by a PP1 inhibitor tautomycetin. Because NO deficiency contributes to
salt-induced hypertension, we tested the salt-sensitivity of E-Cul3�9 mice. While both male and female E-Cul3�9 mice
developed salt-induced hypertension and renal injury, the pressor effect of salt was greater in female mutants. The
increased salt-sensitivity in female E-Cul3�9 mice was associated with decreased renovascular relaxation and impaired
natriuresis in response to a sodium load. Thus, CUL3 mutations in the endothelium may contribute to human hypertension
in part through decreased endothelial NO bioavailability, renovascular dysfunction, and increased salt-sensitivity of BP.
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Introduction

Cullin3 (CUL3) provides the structural backbone for the CUL3-
RING ubiquitin ligase complex (CRL3).1 While E3 ubiquitin lig-
ase Rbx1 binds to the CUL3 C-terminus to form the catalytic
core, Broad-complex, Tramtrack, and Bric-à-brac (BTB) domain-
containing adaptors interact with CUL3 N-terminus to recruit
substrates for ubiquitination.2 The CUL3 ubiquitin ligase regu-
lates cardiovascular and renal function through physiological
turnover of key substrates involved in redox biology, vascular
tone, and renal electrolyte transport.1 Mutations in CUL3 (caus-
ing in-frame deletion of exon 9, termed CUL3�9) cause familial
hyperkalemic hypertension (FHHt) characterized by hyperten-
sion, hyperkalemia, and metabolic acidosis in humans.3

The hyperkalemia and metabolic acidosis phenotypes are
caused by pathogenic impairment of CUL3-mediated ubiq-
uitination of with-no-lysine kinases (WNKs) in the kidney.3

The resultant accumulation of WNKs upregulates two kinases,
sterile 20/SPS-1 related proline/alanine-rich kinase (SPAK) and
oxidative stress response kinase-1 (OSR1) that phosphorylates
sodium chloride cotransporter (NCC) in the distal convoluted
tubule (DCT).4,5 While the electrolyte abnormalities are pri-
marily driven by altered pathways in the distal nephron, the
hypertension in patients carrying CUL3�9 is likely attributable
to abnormalities in both renal and vascular mechanisms.
For instance, we demonstrated that selective expression of
CUL3�9 or genetic deletion of CUL3 in vascular smooth mus-
cle causes vascular dysfunction and hypertension via 1) aug-
mented RhoA/Rho kinase signaling, and 2) impaired nitric oxide
(NO)/cyclic GMP signaling.6,7 These studies provided compelling
evidence that CUL3 independently regulates blood pressure (BP)
through its actions in the vasculature. However, it is unclear
whether endothelial CUL3�9 contributes to the FHHt pheno-
types.

Except for nuclear factor-erythroid factor 2-related factor 2
(NRF2) dependent antioxidant mechanisms,8 where Keap1 tar-
gets NRF2 to the CRL3-complex for degradation in the absence
of oxidant stress, little is known about the role of CUL3
in the endothelium. Endothelial NO synthase (eNOS) gener-
ates and releases NO to signal vasorelaxation in the vascular
smooth muscle. Endothelial dysfunction caused by decreased
NO bioavailability contributes to the pathogenesis of hyper-
tension through increased total peripheral resistance (TPR),
renal vascular resistance (RVR), and impaired renal blood flow
(RBF).9–11 Decreased endothelial NO bioavailability also plays a
key role in the pathogenesis of salt-sensitive (SS) hypertension,
which accounts for over 50% of essential hypertension.12,13

The activity of eNOS is regulated transcriptionally, by post-
translational modifications,14 and by the availability of its sub-
strate L-arginine and the cofactor tetrahydrobiopterin.15,16 For
example, peroxisome proliferator-activated receptor γ (PPARγ )
activation promotes NO biogenesis through upregulation of
eNOS expression and AMPK/Akt mediated eNOS phosphory-
lation (serine1177).17 Whereas phosphorylation of key serine

residues promotes eNOS activation and NO production, pro-
tein phosphatase 2A (PP2A) mediated dephosphorylation of the
Akt-eNOS complex decreases eNOS activity and contributes
to endothelial dysfunction in obesity, diabetes, and hyperten-
sion.18–20 CUL3 regulates PP2A activity by targeting its sub-
units for degradation via the ubiquitin-proteasome pathway.21,22

Thus, loss of CUL3 function in the vascular endothelium may
lead to accumulation of PP2A and sustained dephosphorylation
of eNOS.

In the present study, we hypothesized that endothelial
CUL3 plays a key role in regulating eNOS activity, endothe-
lial function, and BP. We have made the intriguing observa-
tion that mice selectively expressing the human hyperten-
sion causing CUL3�9 mutation in the vascular endothelium
(E-CUL3�9) exhibit impaired eNOS activation, decreased NO
production, and endothelial dysfunction via PP2A-dependent
mechanisms. Moreover, E-CUL3�9 mice were susceptible to salt-
induced hypertension in a sex-specific manner. To our knowl-
edge, this is the first study to investigate the role of endothelial
CUL3 in vascular function and BP regulation.

Materials and Methods

Experimental Animals

All protocols were approved by the Animal Care and Use Com-
mittees at the Medical College of Wisconsin and University of
Iowa. Mouse husbandry and care in the study followed the
guidelines set forth by the National Institutes of Health (NIH).
Transgenic mice with a C57Bl/6 X SJL (B6SJL) background were
designed to inducibly express a human hypertension-causing
mutation CUL3�9 and the tdTomato reporter in response to
activation of Cre recombinase activated by tamoxifen (CAG-
CUL3�9, Figure 1A). The mice were backcrossed to C57BL/6 and
most of the mice used in experiments were backcrossed for 5–10
generations. Selective expression of the transgenes in vascular
endothelium were achieved by crossing the CAG-CUL3�9 mice
with transgenic mice expressing Cre recombinase under the
control of Tie2 promotor (TEK-CREERT2).23 The resultant double
positive mice (Cre+CUL3�9+) termed E-CUL3�9 were the exper-
imental mice while the single positive and double negative lit-
termates served as controls.

Some experiments were completed at the University of Iowa
and all mice were maintained on a standard laboratory rodent
chow diet containing 0.8% sodium chloride or 0.3% sodium
(the NIH-31 Modified Open Formula Mouse/Rat Sterilizable Diet,
Teklad Catalog # 7013) at baseline. Carotid artery and basilar
artery, a cerebral resistance vessel, were studied because these
vessels exhibit severe impairment of vasodilation capacity in
response to genetic variations and excess salt intake.6,24

Additional experiments were conducted at the Medical Col-
lege of Wisconsin. All mice were weaned to a normal salt
diet (NSD) containing 0.3% sodium chloride equivalent to 0.1%
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Figure 1. Tissue-specificity of the Mouse Model. (A) Schematic illustration of constructs used to generate the inducible CAG-CUL3�9 transgenic mice and the tamoxifen-
responsive TEK-CREERT2 mice.6,30 The CAG-CUL3�9 transgenic mice were generated with CUL3�9 cDNA cloned by overlap splice extension PCR as previously described.6

(B) These two lines were crossed to generate four genotypes. The Cre+CUL3�9−, Cre−CUL3�9+, and Cre−CUL3�9− mice served as controls, while the endothelium-

specific Cre+CUL3�9+ mice, termed E-CUL3�9, were experimental mice. Mice at 8–10 weeks of age received five consecutive tamoxifen injections (administered via
i.p. at the same time of the day). Four weeks after completion of the tamoxifen regimen, kidneys were harvested, and magnetic activated cell sorting was performed
to separate non-endothelial cells (EC− fraction) from the endothelial cells (EC+ fraction). (C) Western blot analysis of the EC− and EC+ fractions. Because of auto-
ubiquitination mediated self-destruction, CUL3�9 protein was not detected. A tdTomato reporter was used as a surrogate of the CUL3�9 transgene. ER, estrogen

receptor.

sodium (Teklad Catalog #2920X). All mice were fed the standard
normal salt chow diet at baseline until they were provided with
4% high salt diet (HSD) (Teklad Catalog # TD. 03095) for 5 weeks.
At the end of study, mice were euthanized with an overdose of a
pentobarbital-based veterinary euthanasia solution (150 mg/kg,
i.p.) and kidneys were harvested for renovascular function and
molecular studies.

PCR Analysis of Genomic DNA Recombination

Lung tissues were harvested from tamoxifen treated con-
trol and E-CUL3�9 mice as well as E-CUL3�9 mice without
tamoxifen treatment. Samples were frozen in liquid nitro-
gen and stored in −80◦C until being analyzed. Genomic DNA
was extracted using DNeasy blood and tissue kit (Qiagen,
#69504) following the manufacturer’s protocol. We designed
primers to amplify the 1300bp band for the intact frag-
ment of the transgenic construct or the 430bp band for the
recombined fragment where the lox-STOP-lox sequence of the
construct was excised by Cre recombinase.6 The following
primer sequences were used: CUL3�9 recombinant forward, 5’-
CCTCTGCTAACCATGTTCATGCCTTCTTC-3’, and CUL3�9 recom-
binant reverse, 5’-GCCTTAAGAGCTGTAATTGAACTGGGAGTG-3’.
PCR was then performed using Taq DNA polymerase (Invitrogen,
#18038018) following the manufacturer’s protocol.

Radiotelemetry

BP, heart rate (HR), and activity was measured using
radiotelemetry as previously described.6,24 Briefly, control
and E-CUL3�9 mice at 3–4 months of age were employed in
age- and sex-matched cohorts, and telemetry implantation
was performed under anesthesia with a mixture of ketamine
(87.5 mg/kg) and xylazine (12.5 mg/kg). A catheter was inserted
into the left common carotid artery, and a transmitter was
subcutaneously placed along the right flank. Mice were allowed
to recover for 10 d before BP, HR, and activity were recorded for
10 min every hour for a total of 7 d. Since tamoxifen was given
2 wk before telemetry implantation, baseline radiotelemetry

recordings were taken 4 wk after the completion of tamoxifen
treatments.

In initial cohorts of animals, data were collected and
exported using the DataQuest ART Software (Data Sciences
International, St Paul, MN). Due to an upgrade of hardware and
software, later cohorts were measured and recorded using the
Ponemah software (Data Sciences International, St Paul, MN).
While the software upgrade had no impact in BP and HR record-
ings, the Ponemah software generated activity values that were
exactly 100-fold less than those derived from the DataQuest
software because of displacement of the decimal point by two
digits in the activity algorithm (Figure S2A). Details of activity
data derivation are provided by the manufacturer at https://supp
ort.datasci.com/hc/en-us/articles/115005030328. While the two
datasets are different by 100-fold in magnitude, they showed the
same circadian rhythm and inter-group trends. To combine two
sets of data, activity derived from the Ponemah software were
multiplied by 100 and plotted with activity data derived from
the DataQuest software.

Power Spectral Analysis

Continuous radiotelemetry recording 4 weeks after tamoxifen
treatment was used in power spectral analysis for HR variability
and arterial pressure variability as previously described.25 Beat-
by-beat HR and BP time series were derived from the BP wave-
forms and converted to an equidistant sampling rate using cubic
spline interpolation. Those equidistant HR time series were sub-
jected to a fast Fourier transform to calculate spectral power in
the very low frequency (VLF, 0.02–0.20 Hz), low frequency (LF, 0.2–
0.6 Hz, reflecting mainly sympathetic cardiac modulation) and
high frequency (HF, 1.0–5.0 Hz, reflecting para-sympathetic car-
diac modulation) bands. Relative LF and HF were calculated as
the relative value of each power component in proportion to the
total power minus the VLF component. The LF/HF ratio of HR
variability and baroreflex gain was used as an indication of sym-
pathetic nerve activity to the heart; while the LF component of
the arterial pressure was affected by endothelial derived NO and
sympathetic modulation of vascular tone.25

https://support.datasci.com/hc/en-us/articles/115005030328
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Uninephrectomy-High Salt Diet Study (UNxHSD)

Both control and E-CUL3�9 mice received tamoxifen injections
at 8–10 wk of age. Immediately after tamoxifen, uninephrec-
tomy (UNx) was performed under anesthesia in which the right
kidney was surgically removed. The right kidney was removed
because its anatomy is technically more accessible for surgery.
Briefly, a 1–2 cm horizontal incision was made in the right side
of the mouse between the lower edge of the rib cage and the
hip. Then, the skin and abdominal muscles were pulled open
with rodent surgical tractors to expose the right kidney. Next,
the right renal artery and vein were ligated by 6–0 suture to
stop blood flow to allow the right kidney to be excised with a
surgical blade. The abdominal muscle was sutured close before
the skin was sutured with 6–0. A single dose of meloxicam was
given intraperitoneally (i.p.) for postoperative analgesic and the
surgical site was treated with a veterinary antibiotic ointment
containing triple antibiotics (Bacitracin-neomycin-polymyxin)
to prevent infection.

Telemetry was implanted 30 d after uninephrectomy
to ensure complete recovery from the surgery and re-
establishment of hemodynamic homeostasis. Mice were
allowed another 10 d to recover from the telemetry surgery. BP
was continuously recorded in the NSD baseline (Day −5 to Day
0, UNxNSD) and the first 4 wk of HSD (Day 0 to Day 28, UNxHSD).
Because the BP of both male and female mice reached a peak
by HSD week 3 and plateaued through week 4, BP in weeks
3–4 was averaged and used to compare with the NSD baseline.
Two mice were excluded from the UNxHSD study because of a
kidney cyst or an infarction in the remaining kidney identified
post-mortem.

In the UNxHSD protocol, tGFR measurement, 48-h metabolic
cage study, and the acute saline load were performed consecu-
tively following the same time schedule for all cohorts involved
in this manuscript. This was a 4-d experiment (NSD day −9 to
day −5 and HSD day 29 to day 33) with tGFR at 12PM–5PM day 1,
48-h metabolic cages from 9AM day 2 through 9AM day 4 (data
from the second 24-h period were used, i.e. 9AM day 3 through
9AM day 4), and acute saline load from 9AM–1PM day 4 imme-
diately after collection of 24 h urine from the prior day. The
detailed description for each of these procedures are provided
below.

Metabolic Cage Studies

Mice were individually placed into metabolic cages (MMC100,
Hatteras Instruments) for 3 d immediately before the NSD base-
line telemetry recording and in the 5th wk of HSD. On both
occasions, mice were acclimated to their cages in the first 24 h.
Food intake and water intake in the second 24 h were recorded
while urine was collected and measured. Sodium ingestion was
calculated from food intake, and urinary sodium excretion was
analyzed for the computation of apparent sodium retention as
described.24 A subset of mice in the metabolic cage studies were
also implanted with radiotelemetry. This provided data for the
pressure-natriuresis plot.

Acute Natriuretic Challenge

Immediately after urine collection from the second 24-h time
period during the metabolic cage study, natriuretic challenge
studies were carried out in a subset of mice to assess renal func-
tion as described.24 In brief, mice were injected i.p. with a saline
load equal to 10% of their body weight, and then, urine output in

the next 4 h was collected. To assess acute natriuretic capacity,
sodium excreted in the 4-h urine was calculated as percentages
of the sodium injected. All urinary sodium measurements in
this manuscript were analyzed using a flame photometer (Cole-
Parmer, IL) by one blinded technician.

Measurement of Transdermal Glomerular Filtration
Rate (tGFR)

In the UNxHSD study, tGFR was measured one day before the
metabolic cage studies. Briefly, an area of 2 x 2 cm of the dorso-
lateral skin was shaved, and then Nair was applied topically to
remove hair. The fluorescent monitor was attached to the clean
prepared area and secured with tape. After 3 min of baseline
transmission under isoflurane anesthesia (2%), mice received
FITC-sinistrin (0.07 mg per gram body weight; MediBeacon, St.
Louis, MO) via retroorbital injection. The injection was typically
accomplished within 3 min of anesthesia and mice immedi-
ately returned consciousness. The clearance (removal rate) of
this agent was monitored in the following 75 min using a trans-
dermal fluorescent monitor (MediBeacon, St. Louis, MO) for the
calculation of tGFR. Mice were allowed to move freely about their
cages while tGFR was being measured.

Vascular Function

Wire myography studies of carotid artery was performed as
previously described.24,26 Briefly, the left and right common
carotid arteries were dissected free of adventitial fat and each
cut into two segments. Vessel segments were then equilibrated
for 45 min under a resting tension of 0.25 g, and concentration-
dependent response to acetylcholine (ACh, 1 nmol/L-30 μmol/L)
and sodium nitroprusside (SNP, 0.1 nmol/L-30 μmol/L) were per-
formed after an initial submaximal precontraction (40%–60%)
with a thromboxane A2 receptor agonist U46619 (60 nmol/L).
Vasoconstriction was recorded in response to KCl (10–100
mmol/L), 5-hydroxytryptamine (5-HT, i.e. serotonin, 10 nmol/L–
10 μmol/L), and endothelin-1 (0.1 nmol/L-0.3 μmol/L). ACh, SNP,
KCl, and endothelin-1 (E7764) were obtained from Sigma Aldrich.
U46619 (CAS 56985-40-1) was obtained from Cayman Chemical.

Similarly, second-order mesenteric arteries were cut into 2
mm segments and mounted on 2 tungsten wires (25 μm in diam-
eter) on a wire myograph (DMT620M, Danish Myograph Technol-
ogy). In all mesenteric rings, preload tension was set to IC90 and
submaximal precontraction was induced by U46619 as previ-
ously described.27 Cumulative concentration-responsive curves
were generated in response to ACh, SNP, KCl and endothelin-1.
Data were recorded as percent relaxation or maximal force gen-
eration (mN).

Basilar arteries and renal interlobar arteries were isolated
and cannulated onto glass micropipettes filled with oxygenated
Krebs buffer (in mmol/L: 118.3 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2
KH2PO4, 25 NaHCO3, 2.5 CaCl2, and 11 Glucose) in an organ
chamber as we described previously.6,24,26 Arteries were trans-
ferred to a pressurized myograph system (Model 114p, Danish
Myograph Technologies) and equilibrated for 30 min at 60 mmHg
luminal pressure under no-flow conditions. The viability of ves-
sels was first examined by exposure to 100 mmol/L KCl. The ves-
sels were initially precontraction to 30% of maximal contrac-
tile capacity using U46619 for the assessment of vasodilation
responses to ACh and SNP. The level of precontraction was sim-
ilar in control and E-CUL3�9 mice.

Vascular function studies in carotid artery, basilar artery, and
mesenteric arteries were performed 4 weeks after completion of
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tamoxifen injections at 8–10 wk of age. At the time of harvesting
the vessels, the mice were typically 4–5 mo of age. Because the 6-
wk long UNxHSD protocol was performed after uninephrectomy,
telemetry implantation, and recovery after surgeries, at the time
of renal vessel harvesting, mice were typically 6–7 mo of age.

Flow Cytometry

Flow cytometry was performed in aortic tissues as previously
described.28 Briefly, immediately after mice were sacrificed, 20
mL ice-cold PBS was perfused into the left ventricle to remove
blood from the circulation. Aortas were harvested and minced
before being incubated in a digestion buffer (phenol-free RPMI
1640 containing 1 mg/mL collagenase A, 1 mg/mL collagenase
B and 0.1 mg/mL DNase I, Roche) at 37◦C for 20 min. The sus-
pension was passed through a cell strainer with a pore diameter
of 70 μm to collect single cells. This single cell suspension was
subsequently treated with a red blood lysis buffer (Invitrogen,
#00-4333-57) to remove red blood cells. Fc receptors were blocked
with anti-mouse CD16/CD32 (BD Biosciences, clone 2.4G2) for 20
min at 4◦C prior to the staining of surface markers. The anti-
bodies used were Alexa Fluor 488 anti-mouse CD45 and PE Rat
anti-Mouse CD31. Each aortic cell sample was incubated in 100
μL of FACS buffer containing 1.5 μL of each antibody for 35 min.
The cells were then washed twice with FACS buffer and imme-
diately analyzed on an LSR II flow cytometer with DIVA 8.0 soft-
ware (BD Biosciences). Dead cells were eliminated from analysis
using Hoechst 33528 (Sigma-Aldrich). For each experiment, we
performed a flow minus one (FMO) control for each fluorophore
to establish the gating strategy. Data analysis was performed
using FlowJo 10.2 software (Tree Star, Inc.).

Endothelial Cell Sorting

Using a method previously reported by our lab,26 we isolated
endothelial cells from non-endothelial cells from the aorta and
kidney in control and E-CUL3�9 mice 4 wk after tamoxifen treat-
ment. Mice were perfused with 20 mL heparinized DPBS (1x)
through the left ventricle following euthanasia with CO2. The
aorta and kidney tissues were minced in 1 mL digestion buffer
containing collagenase A (1 mg/mL, Roche), collagenase B (1
mg/mL, Roche), and DNase I (100 μg/mL, Roche). Minced tis-
sues were digested by incubation at 37◦C for 20 min before being
passed through a 70 μm cell strainer to yield single cell suspen-
sion (Falcon). Cells were centrifuged at 300 g at 4◦C for 5 min. The
cell pellets were resuspended in 80 μL magnetic activated cell
sorting (MACS) buffer in 1x DPBS containing 1% bovine serum
albumin (BSA), 0.5% NaN3, and 20 μL cardiac endothelial cell
isolation cocktail (130-104-183, Miltenyi Biotec). Cells were incu-
bated for 15 min at 4◦C in the dark, then washed with 2 mL of
MACS buffer, and centrifuged at 300 g at 4◦C for 5 min. The super-
natant was discarded, and the cell pellets were resuspended in
500 μL MACS buffer. Endothelial cells were isolated using posi-
tive selection method using autoMACS or OctoMACS separator
(Miltenyi Biotec, Gladbach, Germany), centrifuged (300 g, 4◦C, 10
min), and pellets were collected for cell culture, flow cytometry,
or RNA/protein extraction.

Mouse Aortic Endothelial Cell Primary Culture

For mechanistic studies in vitro, primary mouse aortic endothe-
lial cells (MAECs) were isolated from the inducible CAG-CUL3�9
mice and cultured in MCDB-31 complete culture medium (Vec
Technologies) up to the third passage. Third passage MAECs

were planted into 12-well plates at a seeding density of 50,
000 cells/well. At 75% confluency, MAECs were treated with
adenovirus expressing Cre recombinase and green fluorescence
protein (Adeno-Cre-GFP) or an empty adenovirus vehicle. Viral
transduction was confirmed by expression of GFP under fluores-
cence microscopy in cells receiving Ad-Cre-GFP. Two weeks after
the viral transduction, cells were treated with the DMSO solvent,
a protein phosphatase 2A inhibitor okadaic acid (4 nM), or a pro-
tein phosphatase 1 inhibitor tautomycetin (4 nM) for 24 h. Cell
lysates were used for western blot analysis and measurement of
NO metabolites.

Mouse Lung Endothelial Cells

The immortalized mouse lung endothelial cells (MLECs),
described previously,26,29 were a kind gift from Dr. Brandon S.
Davies (Department of Biochemistry, University of Iowa). MLECs
were cultured in MCDB-131 complete medium with antibiotics
(VEC Technologies). To determine the effects of Cullin inhibition
in MLECs, the cells were seeded in 6-well cell culture plates, cul-
tured to 90% confluency, and treated with MLN4924 (1 μM) for 24
h. Then, MLECs were collected for conducting real-time quanti-
tative RT-PCR and western blot as described below. MLN4924 was
obtained from ActiveBiochem and dissolved in DMSO.

Quantitative Real-Time PCR

To detect the gene expression in MAECs and MLECs above, cell
pellets were washed with 1x DPBS twice and snap-frozen in
liquid nitrogen. RNA was extracted using the TRIzol method
(Invitrogen, Carlsbad, CA). Total RNA was prepared using an
RNA mini kit (Invitrogen) according to the manufacturer’s pro-
tocol. RNA concentration was measured using a NanoDrop
spectrophotometer with an OD260/OD280 ratio of greater than
1.9. Total RNA was reverse transcribed using SuperScript III
reverse transcriptase (Invitrogen, #18080044) and qPCR was
conducted using Taqman Gene Expression Assays (Applied
Biosystems). The assay numbers for TaqMan were as follows:
Mm00435217 m1 (mouse NOS3), and Mm01242576 m1 (mouse
CD31), Mm99999915 g1 (mouse GAPDH). The individual amount
of mRNA was calculated after normalizing to its corresponding
GAPDH using the 2–��CT method, as previously described.24

Western Blot

MAECs and MLECs were lysed in radioimmune precipitation
assay (RIPA) buffer consisting of 1% Nonidet P-40, 0.5% deoxy-
cholate, and 0.1% SDS in 1X PBS with proteinase and phos-
phatase inhibitors (Roche). Total protein lysates were collected
and stored at −80◦C until further analysis. Equal amounts of
protein lysates were separated by SDS-PAGE and transferred
overnight on ice in a cold room (Voltage = 22 mV) to a nitrocellu-
lose membrane (GE healthcare). Membranes were blocked with
5% milk or 5% bovine serum albumin (BSA) and incubated at 4◦C
overnight with primary antibodies against CUL3 (Bethyl, #A301-
109A), tdTomato (Gene Tex, #GTX127897), GAPDH (Santa Cruz
Biotechnology, #sc-32233), eNOS (BD Bioscience, #610297), and
phospho-eNOS (Cell Signaling Technology, #9571). Immunoblots
were then incubated with a secondary antibody conjugated to
horse radish peroxidase and developed using ECL (Amersham
Biosciences, #RPN2232). Protein bands were quantified using
ImageJ 1.8.0 software.
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Statistics

All results were expressed as mean ± SEM. GraphPad Prism (ver-
sion 9.3) was used to perform statistical analysis. Time course
data of hourly or daily BP, HR, and activity, as well as dose
response curves of vascular function were analyzed by two-way
ANOVA with repeated measurements. Pearson’s correlation was
performed with SBP and activity. Cosinor analysis of BP circa-
dian rhythm was performed with non-linear regression (least
squares fit). Student’s t-test was used for two-group comparison
of BP, activity, circadian rhythm, vasocontraction, tissue weight,
gene expression, western blot, and NO metabolites. Data from
2×2 study designs including BP, HR, activity, power spectral anal-
ysis, metabolic cage studies, and tGFR were analyzed by two-
way ANOVA. Tukey’s or Sidak’s multiple comparison test were
performed for pairwise comparisons. Because acute natriuresis
data did not follow normal distribution (Anderson-Darling test,
D’Agostino & Pearson test, and Shapiro-Wilk test), data were
analyzed non-parametrically with Mann–Whitney U tests with
Holm-Sidak multiple comparison tests. A P-value <0.05 was con-
sidered significant.

Data

The data underlying this article will be shared on reasonable
request to the corresponding author.

Results

Cell-Specificity

We previously reported transgenic mice designed to inducibly
express a human hypertension-causing mutation CUL3�9 and
the tdTomato reporter (CAG-CUL3�9).6 To achieve selective
expression of the transgenes in the vascular endothelium, we
bred the CAG-CUL3�9 mice with mice carrying tamoxifen-
inducible CREERT2 under control of the Tie2 promoter to gener-
ate the E-CUL3�9 mouse model (Figure 1A).30 Both E-CUL3�9
mice and control littermates received 5 consecutive tamoxifen
intraperitoneal (i.p.) injections at 8–10 weeks of age and all phys-
iological experiments were performed 4 weeks after the last
dose of tamoxifen (Figure 1B).

PCR analysis of lung genomic DNA extracted from tamoxifen-
treated control mice, tamoxifen-treated E-CUL3�9 mice, and E-
CUL3�9 mice without tamoxifen treatment was assayed for evi-
dence of Cre-mediated recombination. Cre-dependent recombi-
nation was only identified in lung genomic DNA extracted from
mice expressing both Cre and CUL3�9 after receiving tamoxifen
(Figure S1A). To enrich endothelial cells, we isolated endothelial
and non-endothelial cell fractions from the kidney using mag-
net activated cell sorting (MACS) as previously described (Figure
1B).26 CD31 and eNOS mRNA was detected in the endothelial
fractions of the kidney and aorta, while the expression of these
markers was very low in the non-endothelial fractions confirm-
ing the fidelity of cell sorting (Figure S1B-C). CUL3�9 forms an
unstable heterodimer with wildtype CUL3 (CUL3WT) resulting in
destruction of both proteins.5 We were unable to detect CUL3�9
mutant protein in these samples, and thus the reporter gene
was used as a surrogate for expression of the transgene. Pro-
tein expression of the embedded tdTomato reporter was iden-
tified in the endothelial fraction of E-CUL3�9 mice, not in the
non-endothelial fraction or control mice (Figure 1C). These data
confirm endothelium selective expression of the transgene.

Cardiovascular Parameters

To examine the physiological significance of endothelial CUL3�9
in vivo, we measured BP by radiotelemetry 4 weeks after com-
pletion of tamoxifen treatment. Continuous recordings over 7 d
were consolidated into hourly averages and plotted using a 24-h
scheme. Circadian rhythm was preserved in both male control
and E-CUL3�9 mice as evidenced by day/night variations in sys-
tolic BP, diastolic BP, HR, and activity (Figure 2A-D). While BP, HR,
or activity was not different in the light phase; there was a trend
towards increases in these parameters in the dark phase. Two-
way ANOVA analysis detected significant interactions between
genotype and time of day in BP and activity (but not HR), sug-
gesting that the effects of genotype depend on time of day. To
determine whether there was any circadian rhythm difference
in arterial pressure, we performed cosinor analysis using 96-h
continuous data that were representative of the 7-day teleme-
try recordings (Figure 2E). Both control and E-CUL3�9 mice dis-
played sine waveforms with no apparent phase shift. However,
there was a significant increase of SBP wave amplitude in the E-
CUL3�9 mice (P < 0.01, Student’s t-test), indicating a larger mag-
nitude of day-night arterial pressure variability.

There was a 6-hour window in the dark phase (9PM–2AM)
where BP and activity were apparently different between groups.
Mean values of SBP, DBP, and activity between 9PM–11PM (Figure
3A) and 9PM–2AM (Figure 3B) demonstrated a trend towards
increased BP and significantly elevated activity in E-CUL3�9
mice. Notably, there were significant correlations between BP
and activity only in this 6-hour window (Figure 3C) but not in
the entire 12-hour light phase or 12-hour dark phase (Figure
S2B), suggesting that the nocturnal BP peaks may be driven by
increased activity in the dark phase when mice were active.

To determine whether the variations in nocturnal BP and
activity were associated with changes in sympathetic nerve
activity, we performed power spectral analysis of HR and arte-
rial pressure. Low frequency (LF) component of HR variability
and baroreflex gain were not different between control and E-
CUL3�9 mice in the dark or light phase, suggesting there was no
change in cardiac sympathetic nerve activity (Figure S3A). Inter-
estingly, E-CUL3�9 mice exhibited significantly higher LF ampli-
tude of SBP and DBP variability in the dark phase but not in the
light phase (Figure S3B). Because LF arterial pressure variability
is affected by both sympathetic modulation of vascular tone and
endothelial-derived NO in rodents,25 we next examined the vas-
cular function ex vivo.

Endothelial Function

Carotid artery was studied because this vessel is highly sensitive
to genetic interference with peroxisome proliferator activated
receptor γ (PPARγ ), an upstream regulator of CUL3 activity.24,26

In an initial cohort, we studied carotid arteries of both male and
female mice with an equal sex ratio. Four weeks after tamox-
ifen treatments, carotid arteries from E-CUL3�9 mice exhib-
ited mild impairment of endothelium-dependent vasodilation
as evidenced by an upward shift in the ACh dose-response curve
(Figure 4A left) and a statistically significant decline in Emax
(Figure 4A right, ACh Emax: E-CUL3�9 62.6 ± 2.1 vs Control 74.3 ±
2.0, p < 0.05, Student’s t-test). L-NG-nitroarginine methyl ester (L-
NAME, 100 μM), a NO synthase inhibitor, completely abrogated
ACh-induced vasodilation, suggesting this relaxation was pre-
dominantly NO-dependent (Figure S4A). However, there was no
difference in endothelium-independent vasodilation induced by
an exogenous NO donor SNP (Figure 4B), or vasoconstriction
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Figure 2. Blood Pressure, Heart Rate, Activity, and Circadian Rhythm. Four weeks after completion of tamoxifen injections, BP and activity were measured by
radiotelemetry for 10 min each hour for 7 consecutive days in male control and E-CUL3�9 mice. (A) Systolic blood pressure (SBP), (B) diastolic blood pressure (DBP), (C)
HR, and (D) activity data were collapsed onto a single 24 h light/dark cycle. The time course data were analyzed using 2-way ANOVA with repeated measurements to

determine the effect of genotype, time, and interaction. Averages of the 12-hour light phase (6AM-5PM) and 12-h dark phase were shown in dot plots. Despite marked
circadian variations in all parameters, no effect of genotype was detected (P > 0.05, two-way ANOVA). The p values for main effects of two-way ANOVA were indicated
in each panel. (E) Cosinor analysis of continuous 96-h SBP data that represented the 7-d telemetry recordings. The mean and SEM of SBP amplitude and PhaseShift
generated by the cosinor analysis was tested by Student’s t-test. Shaded areas indicate the 12-h dark phase (6PM–5AM or Zeitgeber time 0–12). Data were plotted as

mean ± SEM. n = 9–11/genotype. ∗, P < 0.05.

responses induced by potassium chloride (KCl), serotonin (5-
HT), or endothelin-1 (Figure S4B), suggesting that smooth mus-
cle function was not affected in this vessel. These initial obser-
vations led us to confirm the effects of the transgene in resis-
tance arteries that are more susceptible to vascular dysfunction
induced by genetic perturbations.

Vasodilation properties were further evaluated in the basilar
artery, a cerebral resistance vessel. In an initial cohort of male
E-CUL3�9 mice, ACh-induced endothelial-dependent vasodi-
lation was severely impaired (Figure 4C). To assess sex dif-
ferences, we repeated the basilar artery study in additional
male and female animals (Figure 4D). Interestingly, impaired
endothelial-dependent vasodilation was only evident in male
but not female transgenic mice. While there was no geno-
type effect in SNP-induced endothelial-independent vasodila-
tion, female mice seemed to be more sensitive to SNP than male
mice as evidenced by the leftward shift of the curves. There
was no significant genotype difference in KCl responses in the
basilar artery of male or female mice (Figure S4C and D). No
effect of genotype or sex was observed in vasodilation or con-
traction in the second order mesenteric arteries (Figure S4E and
F). Together, these data indicated that selective expression of
CUL3�9 causes vessel bed-specific vascular dysfunction in a
sex-dependent manner.

eNOS and NO

To investigate the molecular mechanisms underlying the
endothelial dysfunction observed above, we isolated primary
mouse aortic endothelial cells (MAECs) from the inducible CAG-
CUL3�9 mice using MACS as described above (Figure 5A). Flow
cytometry analysis indicate that a majority of the freshly iso-
lated MAECs (passage 0) were CD31highCD45– mature endothe-
lial cells (Figure S5A). Two minor populations of erythro-myeloid
progenitors (EMPs) that were CD31highCD45+ and CD31lowCD45+

were also present. These progenitors exist in adult tissues and
can differentiate into endothelial cells.31 Passage 0 (P0) MAECs
were cultured in the classical MCDB-1 endothelial cell culture
medium up to three passages. The percentage of CD31high cells
increased from 58.5% in passage 0 to over 90% in passage 3 (Fig-
ure S5B) and the cells exhibited typical cobble stone-like mor-
phology (data not shown), an indication of successful enrich-
ment of primary endothelial cells.

To induce transgene expression in vitro, third passage MAECs
were treated with adenovirus expressing Cre recombinase
and GFP (AdCre-GFP) or empty adenovirus vehicle (Figure 5B).
TdTomato protein was only detected in cells receiving AdCre-
GFP, confirming Cre recombinase activated transgene expres-
sion (Figure 5C). Like before, we were unable to detect CUL3�9
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Figure 3. Nighttime Blood Pressure and Activity. Four weeks after completion of tamoxifen injections, BP and activity were recorded by radiotelemetry for 10 min each

hour for 7 consecutive days in male control and E-CUL3�9 mice. (A) Averages of blood pressure and activity between 9PM–11PM and (B) 9PM–2AM plotted and analyzed
by student’s t-test. Data are plotted as mean ± SEM. ∗, P < 0.05, two tailed. (C) Averages of SBP and activity at 9PM–11PM (left) and 9PM–2AM (right) were plotted as XY
coordinates for each mouse. Pearson correlation was performed. Number of XY pairs = 20 (11 for control and 9 for E-CUL3�9). R, Pearson correlation coefficient.

mutant protein. Since CUL3�9 can form unstable heterodimers
with CUL3,5,32 there was a decrease in total CUL3 in AdCre-
GFP treated cells. However, there was no change in the level of
CUL1, an independent member of the cullin family. The decrease
in CUL3 was associated with lower levels of eNOS phosphory-
lation (S1177, Figure 5C) and NO metabolite nitrate/nitrite in
MAEC lysates (Figure 5D). In comparison, total eNOS remained
unchanged suggesting that interference with CUL3 impedes
eNOS activation through post-translational mechanisms.

Since CUL3-RING ubiquitin ligase (CRL) regulates the
turnover of protein phosphatase 2A (PP2A),21,22 we hypothe-
sized that decreased CUL3 causes eNOS de-phosphorylation
through increased PP2A activity. In support of this hypothesis,
the reduction in eNOS phosphorylation and NO metabolites
were both rescued by a selective PP2A inhibitor okadaic acid
(Figure 5C). In comparison, protein phosphatase 1 inhibitor
tautomycetin failed to improve eNOS phosphorylation or levels

of NO metabolites. These results suggest that the impair-
ment in vasodilation caused by expression of CUL3�9 in the
endothelium is a consequence of decreased endothelial NO
production.

CUL3 activation requires neddylation, covalent adduction
of ubiquitin-like NEDD8 molecules (8KD) to the CUL3 C-
terminus.33 To further assess whether these effects were caused
by decreased CUL3 ubiquitin ligase activity, we treated immor-
talized MLECs with a pan Cullin inhibitor MLN4924 which
inhibits the neddylation required for CRL activation. Consis-
tent with a post-translational mechanism, the treatment did not
change eNOS mRNA (Figure 6A). Whereas a slight decrease in
total eNOS was observed (Figure 6B), MLN4924 caused marked
suppression of eNOS phosphorylation as evidenced by dramatic
decreases in p-eNOS/GAPDH and p-eNOS/eNOS ratios (Figure
6C and D). Similar to the effects observed in primary MAECs in
response to the dominant negative CUL3�9, the Cullin inhibitor
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Figure 4. Baseline Vasodilation. A-B) Isometric tension was initially measured with wire myography in the carotid artery of control and E-CUL3�9 mice with equal sex

ratio 4 wk after completion of tamoxifen. Vessel rings were equilibrated at a resting tension of 0.25 g for 45 min before pre-contracted to submaximal levels (40%–60%)
with 60 nM U46619, a thromboxane A2 receptor agonist. (A) Cumulative concentration-response curves for acetylcholine (ACh) were plotted. Curves were first analyzed
using two-way ANOVA with repeated measurements and results (pgenotype = 0.06, pconcentration < 0.01, pinteraction < 0.05) indicated that the effect of genotype on ACh

response depends on its concentration. Emax for ACh responses were derived from non-linear regression and were analyzed by Student’s t-test (two tailed). ∗, P < 0.05.
(B) Cumulative concentration-response curves for sodium nitroprusside (SNP). No significant genotype effect was detected (P > 0.05). (C) ACh induced vasodilation was
determined by pressure myography in the basilar artery in an initial cohort of male mice (Pgenotype < 0.05; pconcentration < 0.01, Pinteraction = 0.20). (D) In separate cohorts
of male and female mice, ACh- and SNP-induced vasodilation was assessed by pressure myography in the basilar artery in both male and female mice (ACh: pgenotype

= 0.06; pconcentration < 0.01, pinteraction = 0.26; SNP: pgenotype = 0.32; pconcentration < 0.01, pinteraction = 0.36). Two-way ANOVA with repeated measurements was performed
for statistical analysis (C-D). ∗, p < 0.05, control M vs E-CUL3�9 M at 10–4 mole/L ACh, Sidak’s multiple comparison tests. Data are plotted as mean ± SEM. M, male; F,
female. Sample sizes were indicated in each panel.

also decreased intracellular NO metabolites in MLECs (Figure 6E).
These data collectively support that genetic or pharmacologi-
cal interference with CUL3 impairs endothelial NO biogenesis
through PP2A-mediated dephosphorylation of eNOS.

Salt-Induced Hypertension

Given the endothelial dysfunction and trending BP, we asked
if the E-CUL3�9 mice were more susceptible to a hypertensive
stimulus. To test this, we performed uninephrectomy (UNx) and
placed the mice on a HSD containing 4% NaCl (1.57% sodium) for
a total of 5 wk (Figure 7A). BP was recorded using radiotelemetry
for 6 d during baseline while mice were on a normal salt chow
containing 0.3% NaCl (0.1% sodium) and during the first 4 wk of
HSD.

Male E-CUL3�9 and control mice exhibited similar daily SBP
(24hr average) at baseline and in response to chronic HSD (Figure
S6A). Interestingly, the nighttime SBP of male E-CUL3�9 mice
was significantly increased in response to chronic HSD (HSD
151.0 ± 3 mmHg vs NSD 140.7 ± 2 mmHg, P < 0.05, two-way
ANOVA Sidak’s multiple comparison tests), resulting in a net
increase of 10.3 mmHg (Figure 7B). Surprisingly, despite the lack
of endothelial dysfunction at baseline, female UNx E-CUL3�9
mice exhibited profound 24 h SBP increases in response to high

salt (HSD 143.6 ± 2 vs NSD 131.2 ± 4 mmHg, P < 0.05), result-
ing in a net increase of 12.4 mmHg (Figure S6B top and middle
panels). This increase was primarily driven by higher nighttime
BP in HSD weeks 3–4 as shown by the 24 h plot (Figure S6B bot-
tom panels). Accordingly, the HSD-induced elevation in SBP was
more pronounced at night (HSD 153.7 ± 3 mmHg vs NSD 138.3
± 4 mmHg, P < 0.05) with a net increase of 15.3 mmHg (P < 0.05,
Student’s t-test) (Figure 7C).

In contrast, despite a trend towards increased 24 h and night-
time SBP in male and female controls, salt-induced SBP changes
were not statistically significant (two-way ANOVA). HSD induced
similar increases of DBP in both sexes, and no effect of genotype
was observed (Figure S7).

Salt Sensitivity and Renal Dysfunction

To assess whether the salt-induced hypertension was associ-
ated with renal dysfunction, metabolic cage studies were per-
formed at baseline and during the 5th week of HSD (Figure 7A).
Some groups were implanted with radiotelemeters to assess
natriuresis-pressure relationship. E-CUL3�9 and control mice in
response to HSD exhibited similar decreases in food intake and
increases in sodium and water intake (Figure S8A). They also
exhibited similar increases in urine volume and urinary sodium
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Figure 5. Impaired eNOS Phosphorylation and Nitric Oxide Production via Protein Phosphatase 2A. (A and B) Primary mouse aortic endothelial cells (MAECs) were
isolated from the inducible CAG-CUL3�9 mice (A) using magnet activated cell sorting and were expanded in MCDB-31 complete endothelial culture media (B). At 75%
confluency in Passage 3, cells were treated with adenovirus expressing Cre recombinase and GFP (Adeno-Cre-GFP) or an empty adenovirus vehicle. (C and D) Two

weeks after the viral transduction, cells were treated with the DMSO solvent, a protein phosphatase 2A inhibitor okadaic acid (4 nM), or a protein phosphatase one
inhibitor tautomycetin (4 nM) for 24 hours. Cell lysates were used for western blot analysis of indicated proteins and measurement of intracellular nitric oxide (NO)
metabolites nitrate/nitrite. Western blot images are representative of three independent experiments. p-eNOS represents phospho-ser1177. NO metabolites data were
plotted as mean ± SEM with each symbol being an independent technical replicate (n = 4–12). ∗, P < 0.05, one-way ANOVA with Bonferroni’s multiple comparison tests

as indicated.

Figure 6. Pharmacological Inhibition of Cullin Decreases eNOS Phosphorylation and NO Bioavailability. Immortalized mouse lung endothelial cells (MLECs) were
cultured in MCDB-131 complete medium with antibiotics (VEC Technologies) as previously described.26 To assess the effects of cullin inhibition in MLECs, the cells
were seeded in 6-well cell culture plates, cultured to 90% confluency, and treated with MLN4924 (1 μM, Active Biochem) for 24 hours. MLECs lysates were collected
for real-time quantitative PCR and western blot. (A) mRNA expression of eNOS. (B–D) Quantified total eNOS/GAPDH ratio, phospho-eNOS/GAPDH ratio, and phosphor-

eNOS/total eNOS ratio (n = 4). p-eNOS represents phospho-ser1177. Data were plotted as mean ± SEM with each symbol being a technical replicate in two independent
experiments. (E) Measurement of intracellular nitrate/nitrite (n = 6). ∗, P < 0.05, Student’s t-test (two tailed).
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Figure 7. Effect of High Salt Diet on Systolic Blood Pressure. (A) Protocol for the uninephrectomy high salt diet study (UNxHSD). Immediately after tamoxifen adminis-
tration at 8–10 wk of age, mice received uninephrectomy (UNx) and were rested for 30 d for re-establishment of hemodynamic homeostasis. After the 30 d, telemeter
devices were implanted in a second surgery and mice were allowed another 10 d for recovery. Mice consumed a normal salt diet (NSD, 0.3% NaCl) until being switched
to a 4% high salt diet (HSD) for 5 wk. Blood pressure was recorded for 6 d during baseline (UNxNSD, Day −5 to Day 0) and for the first 28 d on high salt (UNxHSD). GFR

and metabolic cage studies were conducted immediately before baseline blood pressure (Day −8 to Day −6) and in HSD week 5 (Day 29 to day 31). Vascular function
studies were performed at the end of week 5. B-C) Nighttime SBP (6PM–5AM) during the NSD baseline and the first 4 wk of HSD in male (B) and female (C) mice. Averages
of UNxNSD baseline and UNxHSD weeks 3–4 were plotted using dot/bar graphs and analyzed by two-way ANOVA with Sidak’s multiple comparison tests (n = 5–8). #,P

< 0.05 E-CUL3�9 HSD vs NSD. Increases of nighttime SBP (�SBP) from UNxNSD baseline were calculated and plotted in the panels on the right. Average �SBP in HSD
weeks 3 and 4 were plotted using dot/bar graphs. ∗,P < 0.05, E-CUL3�9 vs control by Student’s t-test. Data were plotted as mean ± SEM.

excretion in both sexes (Figure S8B). There were no differences
in body weight gain or kidney weight/body weight ratio between
genotypes (Figure S9). Baseline sodium balance was neutral in
both males and females (Figure 8A and B). However, consis-
tent with the salt-induced hypertension, both male and female
E-CUL3�9 mice exhibited positive apparent sodium retention
(Na+

Intake-Excretion) in response to chronic HSD. Interestingly, HSD-
fed female controls also exhibited positive apparent sodium
retention, although their BP did not significantly increase.

The natriuresis-pressure relationship was plotted in a subset
of mice in the metabolic cage studies that were also implanted
with radiotelemeters (Figure 8C and D). Except for the telemetry
implantation, this subset followed the same protocol in Figure
7A as the entire cohort. About 24 h sodium excretion in male
mice in this subset was comparable to that of the whole dataset
(Figure S8C). In female mice, 24hr sodium excretion in the sub-
set exhibited similar trends compared to the whole dataset
(Figure S8D), but the values for UNxHSD female mutants in
the subset tended to be smaller perhaps due to inter-cohort

variations. Nevertheless, there was no statistical difference in
the 24 h sodium excretion in mice with and without telemetry
implantation (data not shown). In this subset, the natriuresis-
pressure relationship was similar between male control and E-
CUL3�9 mice (Figure 8C). Of note, female E-CUL3�9 mice dis-
played a steeper natriuresis-pressure relationship compared to
controls, indicating increased salt sensitivity of BP (Figure 8D).

To directly assess natriuresis function, we performed an
acute sodium load test at NSD baseline and in HSD week 5 as
previously described.24 At NSD baseline, both control and E-
CUL3�9 mice excreted ∼60% of the sodium injected. There was
no significant genotype effect in either sex (Figure 8E-F left pan-
els, P > 0.05, Mann-Whitney U tests with Holm-Sidak multiple
comparison tests). In male mice, there were significant effects
of diet (Figure 8E, Control: NSD vs HSD, Mann–Whitney U = 17.0,
P = 0.03; E-Cul3�9: NSD vs HSD, Mann–Whitney U = 6.0, P =
0.03) in both genotypes. In females, high salt diet significantly
increased acute natriuresis in control but not E-CUL3�9 mice
(Figure 8F, Control: NSD vs HSD, Mann–Whitney U = 7.0, P <
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Figure 8. Renal Function and Injury. (A-B) Apparent sodium retention (Na+
In-Ex) was calculated as the difference between dietary sodium intake (Na+

In) and urinary
sodium excretion (Na+

Ex) as measured in 24hr metabolic cages at NSD baseline and during HSD week 5 in males (A) and females (B). n = 6–13. (C-D) Natriuresis-pressure
relationship in a subset of metabolic cage mice that were also implanted with radiotelemetry (n = 4–8). Six-day averages of mean arterial pressure (MAP) immediately

after metabolic cages at NSD baseline (days −5 to 0) and immediately prior to metabolic cages during HSD (days 23–28) were plotted against corresponding 24 h
natriuresis in the same animals. C, males. D, females. (E-F) Acute natriuretic capacity was tested in a subset of metabolic cage mice (n = 5–7). Immediately following
the 24 h urine collection, male (E) and female (F) mice received a single i.p. injection of normal saline equal to 10% of their body weight. Sodium excretion in the
subsequent 4 hours was collected and assayed for sodium using flame photometry. In left panels, acute natriuresis which was sodium excretion in the 4 h urine

calculated as percentages of saline sodium injected was analyzed using Mann-Whitney U tests with Holms-Sidak multiple comparison tests. Right panels show HSD-
induced changes in natriuresis (�Natriuresis). ∗ P < 0.05, control vs mutant, Mann–Whitney U test. (G) Microalbumin in 24 h urine was assayed as previously described
mice.24 (H) Transcutaneous glomerular filtration rate (tGFR) was measured immediately before mice were placed into metabolic cages at NSD baseline and during
HSD week 5. Data were plotted as mean ± SEM. Sample size: Male, n = 5–13; female, n = 7–10. For sodium retention, microalbumin, and tGFR, two-way ANOVA was

performed. #, P < 0.05 HSD vs NSD. M, male; F, female.

0.01; E-Cul3�9: NSD vs HSD, Mann–Whitney U = 26.0, P = 0.24).
HSD induced changes in natriuresis (�Natriuresis) were next
calculated. In male mice, �Natriuresis was similar between con-
trol and mutant mice (Figure 8E right panel). In females, there
was a positive �Natriuresis in controls while �Natriuresis was
near zero in E-CUL3�9 mice (Figure 8F right panel, P < 0.05,
Mann–Whitney U test). Together, these data indicate that HSD-
fed female E-CUL3�9 mice failed to enhance their natriuretic
capacities from baseline levels.

To assess hypertension-related kidney damage, we also mea-
sured urinary microalbumin and tGFR before and after HSD.
Genotype-independent increases of microalbuminuria were
observed in male and female mice indicating that UNxHSD
induced glomerular damage regardless of hypertension sta-
tus (Figure 8G). There was a trend towards increased tGFR
in response to HSD in all male mice (Figure 8H, pdiet = 0.07,
two-way ANOVA) but no genotype effect was observed. In

female mice, while there was an overall effect of diet in tGFR
(Pdiet < 0.01), Tukey’s multiple comparison tests indicated that
HSD significantly increased tGFR in E-CUL3�9 mice but not in
controls (Figure 8H). This is consistent with the phenomenon of
salt-induced hyperfiltration in SS hypertensive humans.34

Renovascular Dysfunction

We have previously demonstrated that impaired renovascular
dilation in response to salt loading restricts renal perfusion and
portends SS hypertension.24,35 To assess renovascular function,
we isolated third-order renal interlobar arteries at the end of the
UNxHSD protocol for pressure myograph studies. These vessels
are immediately upstream of the resistance interlobular arteries
and have an outer diameter of ∼200 μm. Control and E-CUL3�9
exhibited similar outer diameter, inner diameter, wall thick-
ness, and media to lumen ratio, suggesting that CUL3�9 did not
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Figure 9. Renal Vasodilation. Third order renal interlobar arteries were isolated at the end of HSD week 5 and mounted on a pressure myograph chamber filled with
oxygenated Kreb’s physiological buffer at 37◦C. Luminal pressure was maintained at 60 mmHg throughout the experiment. A-B) Pre-contraction was induced by U46619
(100 nM) in vessels from male (A) and female (B) mice. No significant difference was detected between control and mutant mice in either sex by Student’s t-test (P >

0.05). n = 7–9. (C-D) Cumulative concentration-response curves for ACh- and SNP-induced relaxation were plotted as percentages of precontraction (n = 7–9) in vessels

from male (C) and female (D) mice. Data were plotted as mean ± SEM. Two-way ANOVA with repeated measurements was performed for statistical analysis. ∗, P <

0.05, E-CUL3�9 vs control (main effect). M, male; F, female.

induce remodeling in this vessel bed (Figure S10A). There was no
difference in vasoconstriction in response to KCl or 5-HT (Figure
S10B). Thromboxane A2 receptor agonist U46619 elicited com-
parable pre-contraction in control and E-CUL3�9 vessels (Figure
9A-B). While male control and E-CUL3�9 mice exhibited simi-
lar ACh- and SNP-induced vasodilation (Figure 9C), renal vessels
from female E-CUL3�9 mice exhibited severely impaired vasodi-
lation in response to ACh, but not SNP (Figure 9D). These data
suggest that salt-induced vasodilation impairment in the renal
circulation may have contributed to the SS hypertension, partic-
ularly in the female E-CUL3�9 mice.

Discussion

According to the 2017 American College of Cardiology/American
Heart Association Guidelines, 46% of U.S. adult population has
hypertension,36 and is exposed to increased risk for ischemic
heart disease, stroke, and chronic kidney disease.37 SS hyperten-
sion is a major public health burden with an estimate incidence
of >50% in essential hypertension and nearly 75% in African
American hypertensive patients.12,13 Salt sensitivity of BP, arbi-
trarily defined as an increase of > 5 mmHg or 5% of mean arterial
BP in response to dietary sodium load, 38 is a continuous variable
that follows Gaussian distribution and is an independent car-
diovascular risk factor.39 Early studies by Lewis Dahl provided
the first evidence that BP elevation in response to excess dietary
salt is an inheritable trait.40 Mounting evidence from human

hypertension and Dahl SS rats support the genetic susceptibility
to the development of SS hypertension.12,13,40

Among many genetic factors that contribute to the suscepti-
bility to salt sensitivity, those affecting NO bioavailability and
the downstream soluble guanylate cyclase (sGC)-cGMP path-
way play a major role.41 While increased NO production helps
to offset the pressor effect of dietary salt in salt-resistant (SR)
humans and animal models, decreased NO bioavailability is a
hallmark of SS hypertension.9,41,42 In Dahl rats, renal NO defi-
ciency decreases renal blood flow and contributes to SS hyper-
tension, while supplementation of L-arginine or stimulation of
sGC promotes NO-cGMP signaling, improves renal perfusion,
and prevents SS hypertension.43–46 In mice, global eNOS knock-
out results in profound SS hypertension.47 In keeping with a role
of NO signaling in salt sensitivity, we have previously shown
that mice expressing a dominant negative PPARγ P467L muta-
tion in vascular smooth muscle (S-P467L) exhibit severe impair-
ment of smooth muscle NO responsiveness and renal vasodila-
tion which restricts renal perfusion during excess salt intake.24

As a result, the HSD-fed S-P467L mice develop renal dysfunc-
tion and SS hypertension, which is normalized by a loop diuretic
or a pharmacological vasodilator.24,35 Data in the present study
extend those results and support the novel finding that genetic
interference with CUL3 in the endothelium decreases NO bio-
genesis and causes increased salt sensitivity of BP in mice.

NO produced by any of the three isoforms of NO synthase
(NOS) may contribute to the regulation of BP and hemodynamics
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through their activities in the cardiovascular, nervous system,
and the kidney.11,47,48 However, eNOS appears to be a determi-
nant isoform in the salt sensitivity of BP for several reasons: (i)
global eNOS deletion alone is sufficient to increase salt sensi-
tivity,47 (ii) non-selective NOS inhibition with L-NAME does not
cause further salt-dependent BP increases in eNOS knockout
mice which are already hypertensive;49 and (iii) ACh-induced
endothelial-dependent vasodilation is reduced in SS humans
even on restricted sodium diets, suggesting that preexisting
impairment of eNOS activation may portend SS BP elevations
through NO-deficiency.10

The activity of eNOS is regulated transcriptionally and post-
transcriptionally by phosphorylation and dephosphorylation
of key amino acid residues.14 In the present study, we have
shown that genetic or pharmacological interference with CUL3
decreased eNOS phosphorylation without changing its mRNA
levels, suggesting that CUL3 regulates eNOS activity at the post-
translational level. Under physiological conditions, eNOS forms
a complex with heat shock protein 90 (HSP90) and Akt.18 For-
mation of this complex allows Akt to phosphorylate eNOS Ser-
ine1177, which promotes eNOS activation and NO biosynthesis.
In diabetes and obesity-related hypertension, lipid metabolite
ceramide induces the release of PP2A, a major serine-threonine
phosphatase, from the cytosolic inhibitor 2 of PP2A (I2PP2A).18–20

Free PP2A directly associates with the Hsp90-Akt-eNOS complex
and dephosphorylates both Akt (T308) and eNOS (S1177) result-
ing in impaired endothelial-dependent vasodilation. Herein, we
found that selective inhibition of PP2A, but not PP1, improved
eNOS phosphorylation and NO production in CUL3�9 endothe-
lial cells. While the role of other phosphatases such as phos-
phatase and tensin homologue deleted on chromosome 10
(PTEN) cannot be ruled out,50 these data provide evidence for
substrate specificity in PP2A mediated posttranslational regula-
tion of eNOS activation.

PP2A itself is closely regulated by posttranslational mecha-
nisms including CUL3-mediated ubiquitination that promotes
the physiological turnover of PP2A in the proteasome.21,22 The
PP2A heterotrimer consists of a structural A subunit, a regula-
tory B subunit, and a catalytic C subunit. While the A and C sub-
units each have two isoforms, there are over 40 isoforms for the B
subunit categorized into B, B’, B’’, and B’’’ classes. Theoretically,
this can give rise to hundreds of heterotrimeric combinations.
Due to this variability, CUL3-mediated ubiquitination of PP2A
is extremely complicated and not fully understood. Two mod-
els have been proposed. Oberg, et al identified the BTB domain-
containing KLHL15 (Kelch-like 15) as the substrate adaptor that
recruits PP2A B’β subunit to CUL3 ubiquitin ligase in the brain.21

CUL3 has also been shown to ubiquitinate and degrade the PP2A
C subunit in breast cancer, although it is not clear whether
KLHL15 acts as the substrate adaptor in this context. Thus, the
cellular distribution of known PP2A isoforms appears to be tis-
sue specific. Our data support functional involvement of PP2A
in eNOS activation and endothelial NO production. However, we
found that CUL3�9 did not change the level of the PP2A C sub-
unit, and we were unable to detect any changes in the level of the
B subunit with several commercial antibodies against B subunit
(data not shown). Moreover, given the spontaneous Cre recom-
binase activity in non-endothelial cells including the reproduc-
tive tissues, the extraembryonic vascular system, and yolk sac
in the Tie2-creERT2 transgenic mice,23 we cannot rule out recom-
bination of transgenes in other cell types and a role of non-
endothelial actions of CUL3�9. Pin-pointing the PP2A isoforms
involved in eNOS dephosphorylation in vascular endothelium

remains a technical challenge and may require advanced pro-
teomic analysis followed by development of selective antibodies
against a particular PP2A subunit.

Like many other behavioral and physiological processes,
BP and physical activity have circadian rhythms.51 Circadian
rhythm is primarily controlled by the central pacemaker in the
suprachiasmatic nucleus, but clock genes expressed in the vas-
culature can directly regulate BP rhythm.52 Clock molecules
act through direct or indirect mechanisms by binding to cell-
specific enhancers to transcriptionally regulate clock-controlled
genes involved in various physiological processes. Clock pro-
teins themselves are tightly regulated by Cullin family mem-
bers via ubiquitination and proteasomal degradation for peri-
odic turnover.53 For example, CUL3 ubiquitin ligase is required
for circadian control of oscillation of PERIOD and TIMELESS pro-
teins and the rhythmicity of sleep/wakefulness in Drosophila.54,55

In the present study, E-CUL3�9 transgenic mice exhibited an
increase of activity between 9PM and 2AM in the dark phase
that was correlated with a trend towards increased BP in this
6-hour time window. This raised the possibility that interfer-
ence with CUL3 in the endothelium results in circadian dysreg-
ulation of locomotor activity. However, in a separate study with
Promethion metabolic cages, we did not observe any differences
in food intake, water intake, sleep/wakefulness, or locomotion
in E-CUL3�9 mice (data not shown). It was reported that dele-
tion of Bmal1 gene in vascular smooth muscle resulted in altered
arterial pressure amplitude without significant changes in HR or
activity.52 Thus, the greater amplitude of the SBP waveform in E-
CUL3�9 mice suggests that endothelial CUL3 may directly regu-
late the circadian rhythm of arterial pressure through ubiquitin-
mediated turnover of clock proteins.

Sex differences in vascular dysfunction and hypertension
are well documented in both humans and experimental mod-
els.56 Women are protected from vascular dysfunction and
hypertension before menopause but have an accelerated age-
related rise in the incidence and prevalence of hypertension
after menopause suggesting that the sex-specific effects may be
attributable to gonadal hormones.57 Estrogen promotes eNOS-
mediated NO production via both transcriptional and posttrans-
lational mechanisms. Upon binding with 17β-estradiol in the
cytoplasm, estrogen receptors (ER) α and β translocate to the
nucleus and interact with the estrogen responsive DNA ele-
ments (EREs) in the promotor region of the eNOS gene, result-
ing in transcriptional upregulation of eNOS.58 Moreover, activa-
tion of the plasma membrane-bound ERα and G protein-coupled
estrogen receptor (GPER) in response to 17β-estradiol stimulates
rapid eNOS phosphorylation at the S1177 site and NO produc-
tion.59,60 In healthy humans, there is a larger NO component
in endothelial dependent vasodilation in men than women.61

This may contribute to the apparently larger susceptibility to
disruption of eNOS activation and decreases in endothelial NO
bioavailability in men. Consistent with this, only male E-CUL3�9
mice exhibited impairment of endothelial dependent vasodila-
tion in the basilar artery at baseline. However, this does not rule
out impaired endothelial function at baseline in other vessels
such as in the renal vasculature in mutant males or in mutant
females. It remains to be investigated whether steroid hormone-
mediated mechanisms contribute to the effect of sex in vas-
cular function in E-CUL3�9 mice. Furthermore, RNA sequenc-
ing in endothelial cells isolated from different vascular beds of
both male and female E-CUL3�9 mice may aid the identifica-
tion of molecules mediating the sex dimorphisms in vascular
function.
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Multiple large population studies found salt sensitivity of BP
is greater in women than in men. In the well-controlled Hyper-
PATH consortium, women exhibited 30% higher salt sensitivity
of BP than men regardless of menopause or hypertension sta-
tus.62 BP responses to low-salt and high-salt interventions were
greater in women than in men in the Genetic Epidemiology Net-
work of Salt Sensitivity (GenSalt) study.39 The slope of pressor
effect of increased salt intake was steeper in women than in
men in the ELSA-Brasil study with 12 813 participants (35 to 64
yr).63 Consistent with this, reduction of sodium intake resulted
in larger decreases in BP in women compared to men in the
DASH-Sodium trial.64 Despite of these strong epidemiological
evidence, the higher salt sensitivity in women is not recapitu-
lated in animal models. In fact, female Dahl SS rats and C57Bl/6
mice have less salt sensitivity of BP compared to males.65,66 The
salt resistance in female C57Bl/6 mice is attributable to more
macula densa NO mediated inhibition of tubuloglomerular feed-
back (TGF) and the consequent facilitation of renal perfusion
and sodium excretion during salt loading.66 In the present study,
female but not male E-CUL3�9 mice on C57Bl/6 background
displayed increased salt sensitivity of BP as evidence by the
steeper natriuresis-pressure relationship. Our data demonstrate
that genetic interference with CUL3 in the vascular endothe-
lium is sufficient to increase salt sensitivity on an otherwise salt-
resistant genetic background. Thus, the E-CUL3�9 mice may be
a useful model to study the human phenotype.

HSD-fed female E-CUL3�9 HSD developed significantly
impaired endothelial-dependent vasodilation in renal microves-
sels. Renal vascular dysfunction plays a pivotal role in the ini-
tiation of salt-induced hypertension.67 In SR humans and Dahl
SR rats, salt-induced acute increases in cardiac output (first 72
h) is simultaneously accompanied by physiological vasodilation
which offsets the pressor effect of salt through a decrease in sys-
temic vascular resistance.68,69 Lack of this compensatory vasodi-
lation during acute salt loading portends the marked elevation
of arterial pressure in SS humans and Dahl SS rats. Consistent
with this, we have previously shown that salt-induced impair-
ment of vasodilation occurred as early as day 3 of HSD, before
the onset of salt-induced hypertension in a mouse model of vas-
cular PPARγ interference.24 In the renal circulation, SR humans
and rodents exhibit decreased renal vascular resistance and
increased renal perfusion in response to high salt.24,70,71 The
opposite occurs in SS humans and animals, where markedly
increased renal vascular resistance restricts renal perfusion dur-
ing excess salt. The salt induced changes in peripheral vas-
cular resistance in SS humans is significantly correlated with
changes in plasma asymmetrical dimethylarginine, an endoge-
nous NOS inhibitor, supporting decreased endothelial NO gen-
eration being a mechanism.68 Our results indicate that inter-
ference with endothelial CUL3 increases the susceptibility to
dilatory dysfunction in the renal circulation during excess salt,
which may have contributed to the salt-induced hypertension
through hemodynamic mechanisms.

In the present study, HSD increased the acute natri-
uretic capacities in control and male E-CUL3�9 mice, but not
female mutants, suggesting the salt-induced hypertension in
female E-CUL3�9 mice was accompanied by renal dysfunc-
tion. Acute diuresis/natriuresis in response to volume expan-
sion reflects kidney function.24,72,73 In previous studies, mice
with normal kidney function typically excrete 60%–80% of
the volume/sodium load within 4 h following the i.p. saline
injection,24,72 suggesting the majority of volume/sodium load
is rapidly absorbed into intravascular compartment during
the time frame of the experiment. This diuretic/natriuretic

capacity is decreased in hypertension induced by angiotensin
II infusion or genetic manipulations.24,72 However, results are to
be interpreted with caution as this procedure extrapolates renal
excretory response to an i.p. sodium load to the renal excre-
tory response occurring with dietary increases in sodium intake.
Another limitation to our studies is the lack of information about
when the changes in sodium balance occurred in relation to
when the differences in BP occurred. Future studies are neces-
sary to examine whether the greater salt-induced rise of BP in
the mutant animals was preceded or simultaneously accompa-
nied by greater sodium retention.

In conclusion, we have identified novel mechanisms by
which endothelial CUL3 regulates NO biogenesis, vascular func-
tion, and salt sensitivity of BP. The finding that E-CUL3�9 mice
exhibit endothelial dysfunction at baseline and salt-induced
hypertension in a sex-specific manner is intriguing and clini-
cally relevant. Opposite to humans, rodents have a rise in BP,
HR, and activity at night. Thus, the nocturnal variations in E-
CUL3�9 mice that peaks at 9PM–2AM resembles the morning
surge of BP in humans, which correlates with higher incidence
of stroke, myocardial infarction, and sudden cardiac death than
other times of the day. Our results suggest that ubiquitin-based
posttranslational mechanisms are important in the regulation
of vascular function and BP and may be novel targets for hyper-
tension and cardiovascular diseases.
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