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of pcDNA3.1-EP4, 250 ng of pGL3-PSAp-Luc, and 5 ng of
pTK-RL using Lipofectamine 2000 reagent. After 24 h of in-
cubation, the medium was changed to create androgen-
depleted conditions and the cells were incubated again for
24 h. The luciferase activity of the cell lysate was measured
using the Dual-Luciferase Reporter Assay System (Promega)
with a luminometer (MicroLumat Plus LB96V, Berthold
Technologies) in triplicate.

cAMP assay. Cells were seeded at 1.0 x 10° per well in 96-
well plates and incubated for 24 h. Cells were washed once
with PBS and cultured for 1 h in androgen-depleted condi-
tions. The intracellular cAMP concentrations were assayed
using the cAMP-EIA kit (RPN225; Amersham-Pharmacia Bio-
tech) in duplicate. ONO-AE3-208 was added 10 min before
the assay.

Statistical analysis. The data were expressed as mean *
SD and their statistically significant differences were deter-
mined by one-way ANOVA. Age, serum PSA levels, Gleason
sums, and tumor volumes were compared by the Mann-
Whitney U test, and EP4 staining levels were compared by
the x? test. Statistical analyses were all performed using
SPSS software.

Results

KUCaP-2 is an androgen-dependent prostate cancer xe-
nograft harboring wild-type AR, producing PSA, and devel-
oping castration resistance without AR mutation. Tumor
tissues used for the establishment of KUCaP-2 were histolog-
ically diagnosed as prostate cancer based on positive AR and
PSA immunohistochemistry staining (Fig. 1A). Western blot-
ting analysis revealed that KUCaP-2 cells expressed AR and
PSA (Fig. 1B). In mice, the KUCaP-2 tumor regressed soon
after castration and reproducibly regrew after 1 to 2 months.
Sequence analysis of AR in KUCaP-2 tumors before and after
castration showed no AR mutation.

Xenograft tissues of KUCaP-2 were transplanted into 12
mice and collected during androgen-dependent growth
(AD), castration-induced regression nadir (ND), and castra-
tion-resistant regrowth (CR) stages (n = 4, each; Fig. 1C).
The tumor volumes were 3,012 + 467, 562 + 208, and 1,962
+ 560 mm?®, and the median PSA values of the mice were
166.0, 4.0, and 50.9 ng/mL for the AD, ND, and CR stages, re-
spectively. There was no histologic difference among KUCaP-
2 tumors of each stage (Fig. 1D, a-c). The nuclear expression
levels decreased from the AD stage to the ND stage, indicat-
ing that the depletion of circulating androgen suppressed nu-
clear expression of AR in KUCaP-2 tumors at the ND stage.
Nuclear expression recovered at the CR stage to levels similar
to those at the AD stage (Fig. 1D, d-f).

EP4 expression was upregulated with the progression of
castration resistance in KUCaP-2 tumors. To elucidate the
mechanisms responsible for the development of castration
resistance, we evaluated the gene expression profiles of tu-
mors at each stage using DNA microarray analyses. In total,
for 2,476 genes, there was a significant difference (P < 0.05) in
expression between at least two stages. The k-means cluster-
ing (k = 10) of these genes was performed to select candidate

genes (Fig. 2A). Previous reports on DNA microarray analysis
in several different xenograft models showed that AR was the
only gene consistently upregulated during castration-resis-
tant progression (10). In our study, AR expression slightly in-
creased from the AD stage to the ND stage (ratio = 2.7, P =
0.006), with no difference between the ND and CR stages (ra-
tio = 1.1, P = 0.280). The PSA expression of tumors slightly
and not significantly decreased from the AD stage to the
ND stage (ratio = 0.6, P = 0.138) and recovered at the CR
stage. To find genes associated with castration resistance,
we explored genes in the cluster whose expression levels
were low in both the AD and ND stages but high in the CR
stage. Among 111 genes in this cluster, the CR/ND ratio of
EP4 expression was the highest (ratio = 15.7, P = 0.029; Table
1). These results were validated by real-time PCR analysis
(Fig. 2B). Moreover, EP4 expression was higher in the andro-
gen-independent cell lines (DU145, PC3) compared with an
androgen-dependent cell line (LNCaP; data not shown), con-
sistent to other reports (11-13).

EP4 expression was higher in clinical CRPC than in
HNPC. EP4 was mainly expressed in cellular membranes
or in the cytoplasm of KUCaP-2 tumor cells, with more
expression at the CR stage compared with the AD stage
(Fig. 2C, ab). Using KUCaP-2 samples from CR and AD
stages as positive and negative controls, respectively, stain-
ing intensity of EP4 in clinical materials from 27 HNPC
and 31 CRPC patients was graded (Fig. 2C, c-f). The char-
acteristics of these patients were shown in Table 2. All the
CRPC patients had PSA relapse. The serum PSA level and
the Gleason sum were higher in CRPC than in HNPC. The
EP4 expression level was significantly higher in CRPC than
in HNPC (P = 0.0001).

EP4 overexpression induced castration-resistant
progression of LNCaP cells through AR activation. We
examined whether EP4 overexpression induced castration-
resistant progression using LNCaP. LNCaP cells were stably
transfected with pcDNA3.1-EP4, and two monoclonal EP4-
overexpressing LNCaP clones were established and named
LNCaP-EP4(A) and LNCaP-EP4(B). The EP4 signal activates
adenylate cyclase, which results in acceleration of the pro-
duction of cAMP (14). The intracellular cAMP concentra-
tions, PSA expression levels, and cell proliferation ratio of
LNCaP-EP4 without androgen were higher compared with
those in vector alone-transfected LNCaP (LNCaP-mock)
cells, indicating that overexpressed EP4 protein activated
adenylate cyclase and induced PSA expression and cell
proliferation without androgen (Fig. 3A).

To examine whether AR activation is associated with an-
drogen-independent PSA expression and cell proliferation in
LNCaP-EP4, AR expression was attenuated using a stealth
RNAi system. PSA expression without androgen was sup-
pressed more significantly by the attenuation of AR in
LNCaP-EP4 cells than in LNCaP-mock cells. Further, the
suppression of androgen-independent cell proliferation was
statistically significant in LNCaP-EP4 cells, but not in
LNCaP-mock cells, indicating that AR activation was asso-
ciated with androgen independence of LNCaP-EP4 cells
(Fig. 3B). We examined the effect of EP4 on AR activation using
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Figure 1. KUCaP-2, a novel established prostate cancer xenograft expressing AR and PSA, regresses after castration of mice and develops castration
resistance with nuclear expression of AR. A, H&E staining (a), AR immunohistochemistry (IHC; b), and PSA immunohistochemistry (c) of tumor tissues
used for the establishment of KUCaP-2. Scale bars, 50 pm, inset 5 pm. B, KUCaP-2 tumor (arrow, top) expressing AR and PSA detected with Western
blotting (WB; LNCaP and PC3 presented as a positive and negative control; bottom). C, the sequential changes in xenograft tumor volume of
KUCaP-2 before the tumor extraction at the AD, ND, and CR stages (n = 4 each). D, H&E staining (a—c), AR immunohistochemistry (d—f) at AD, ND,
and CR stages of tumors. Scale bars, 50 ym, inset 5 pm.

a luciferase reporter assay in LNCaP cells. EP4 signaling pro- overexpression induces castration-resistant progression of
moted AR activation without androgen to ~50% of the level LNCaP cells in vivo.
achieved with androgen stimulation and did not induce addi- EP4 antagonist suppressed castration-resistant progres-
tional AR activation in the presence of androgen. Then, we ex- sion of LNCaP-EP4 and KUCaP-2 tumors. ONO-AE3-208 is
amined whether the increase in cAMP levels and the an EP4-specific antagonist (5). The Ki values of ONO-AE3-208
acceleration of PKA activity was associated with AR activation. for the prostanoid receptors are 1.3, 30, 790, and 2,400 nmol/L
PSA expression in LNCaP cells without androgen was induced for EP4, EP3, FP, and TP, respectively, and >10,000 nmol/L
by both forskolin and dbcAMP but was inhibited by H-89 for the other prostanoid receptors (15). To examine the EP4
(Fig. 3C). These results indicate that the signal activation antagonistic effect of ONO-AE3-208 on LNCaP-EP4 cells, intra-
of EP4-cAMP-PKA-AR axis is associated with the castration cellular cAMP concentrations were examined under a variety
resistance of LNCaP cells. of ONO-AE3-208 concentrations in androgen-depleted condi-
The castration of mice decelerated xenograft tumor tions, indicating that 10 to 100 nmol/L of ONO-AE3-208 is suf-
growth in LNCaP-mock cells but not in LNCaP-EP4 cells ficient to antagonize overexpressed EP4. This concentration
(Fig. 3D). The serum PSA values of castrated mice bearing of ONO-AE3-208 reached the Ki of EP3 and could also antag-
LNCaP-EP4 xenografts were significantly higher than those onize EP3. The EP3 signal inhibits adenylate cyclase, and thus
of mice bearing LNCaP-mock xenografts (median PSA at sac- the antagonism of EP3 increases intracellular cAMP concen-
rifice: 4.0 and 32.5 ng/mL in LNCaP-mock and LNCaP-EP4 trations (15). However, the suppression level of cAMP was
cells, respectively, P < 0.05). These results show that EP4 proportional to the ONO-AE3-208 concentrations, suggesting
www.aacrjournals.org Cancer Res; 70(4) February 15, 2010
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that antagonistic effect against EP3 might be slight. The PSA
expression of LNCaP-EP4 cells without androgen was also
suppressed by the same concentrations of ONO-AE3-208
(Fig. 4A).

We then examined the in vivo antitumor effect of ONO-
AE3-208. Lp. injection of ONO-AE3-208 (10 mg/kg; once a
day) suppressed the castration-resistant growth of LNCaP-
EP4 xenograft tumors (Fig. 4B). The serum PSA values of
LNCaP-EP4 xenograft mice were also significantly decreased
(median PSA at sacrifice: 5.7 and 3.7 ng/mL in controls and
AE3-208, respectively, P < 0.05). The mean body weight of
mice in the control and AE3-208 groups were almost the
same, and no mice died during the treatment, indicating that
ONO-AE3-208 was well tolerated at the concentrations used.
The same dose of ONO-AE3-208 also suppressed the castra-
tion-resistant growth of KUCaP-2 tumors (Fig. 4C). The PSA
production of KUCaP-2 tumors was significantly decreased
(median PSA at sacrifice: 17.4 and 9.4 ng/mL in controls
and AE3-208, respectively, P < 0.05). There were no significant
differences in EP4 expression between the tumors of the con-
trol and AE3-208 groups (data not shown), indicating that
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ONO-AE3-208 antagonized EP4 without suppressing the
receptor expression. In summary, EP4 antagonism with
ONO-AE3-208 might be an effective and tolerable treatment
modality for CRPC, in which EP4 overexpression induced
castration-resistant progression (Fig. 4D).

Discussion

As CRPC is a heterogeneous group of diseases (16), many
experimental models are required to elucidate the mechan-
isms for castration resistance. However, limited tissue avail-
ability for molecular studies and few available human
prostate cancer cell lines with both AR- and androgen-depen-
dent states have restricted prostate cancer research. Xeno-
grafts are models in which human tissue is transplanted
into an immunodeficient mouse. In this way, human prostate
cancer can be propagated in vivo for long periods to allow the
study of tumor progression under different experimental hor-
monal conditions and to support the testing of novel thera-
pies. Before 1993, only one prostate cancer xenograft, LNCaP

EP4 IHC

b kucap-2/cr

Figure 2. EP4 expression was upregulated during the castration-resistant progression of KUCaP-2. A, the k-means clustering of the DNA microarray
data for AD, ND, and CR stage tumors of KUCaP-2. The EP4 is in the cluster indicated with #. B, expression levels of EP4 validated by real-time PCR
analysis. C, the EP4 immunohistochemistry of AD stage (a) and CR stage (b) tumors of KUCaP-2. The staining intensity of EP4 in clinical samples of
prostate cancer patients graded as none (c), weak (d), moderate (e) and strong (f). Scale bars, 50 um, inset 5 pm.
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Table 1. Significantly upregulated genes at CR compared with AD and ND stages (10 highest CR/ND
ratio)
Gene name (symbol) CR/AD CR/ND
Ratio P Ratio P
Prostaglandin E receptor EP4 subtype (EP4) 15.7 0.01048 16.7 0.02903
Lumican (LUM) 236 0.00110 14.2 0.01095
Natriuretic peptide receptor C (NPRC) 23 0.19044 8.1 0.04921
N-methyl-D-aspartate 3A (GRIN3A) 9.1 0.00006 7.4 0.00029
Neuroligin 1 (NLGN1) 7.9 0.01844 6.1 0.04429
| Coiled-coil domain containing 68 (CCDC68) 7.4 0.00013 4.4 0.00460
Tissue factor pathway inhibitor (TFPI) 41 0.04105 4.2 0.04678
Secretoglobin, family 1D, member 2 (LIPB) 8.2 0.01950 3.8 0.06641
| Nudix-type motif 11 (UNDT11) 4.0 0.00444 3.7 0.01913
} Eukaryotic translation initiation factor 1A Y-linked (EIF1AY) 2.6 0.07360 33 0.04354

(17), had been reported to be androgen dependent. LNCaP
tumors shrink slightly after castration, usually with less than
a 10% reduction in volume, and regrow less than 5 weeks af-
ter castration. Thereafter, several androgen-dependent xeno-
grafts have also been established. The LAPC-4 (18), LuCaP-23
(19), and PC346P (20) xenograft models reportedly show a
response to castration similar to that of LNCaP. The
CWR22 (21) and LAPC-9 (22) models showed recurrent
growth after androgen ablation after 3 to 6 months, which
was similar to our established xenograft, KUCaP-2. Similar
to these models that mimic the clinical behavior of prostate
cancer, KUCaP-2 may provide an excellent system to study
the mechanisms associated with the castration-resistant pro-
gression of prostate cancer and help us develop novel treat-
ment modalities against CRPC.

Most androgen-dependent xenografts were derived from
patients with CRPC, as seen in KUCaP-2, because of the dif-
ficulty to obtain enough samples from patients with HNPC. It
was suggested that prostate cancer contain a heterogeneous
mixture of cells that vary in their dependence on androgen
for growth and survival, and that treatment with androgen

Table 2. Patient ch:

ablation therapy provides selective pressure and alters the
relative concentration of these cells, thereby leading to the
outgrowth of CRPC (22). These tumors presumably contain
a mixture of growth-arrested, androgen-responsive tumor
cells in addition to androgen-independent cells at the time
of implantation into mice. In the androgenic environment
of the intact male mouse, the androgen-responsive cells
would gain a growth advantage and eventually develop into
androgen-dependent xenografts.

The castration-resistant KUCaP-2 tumors expressed AR in
their nuclei and produced PSA, suggesting that AR was acti-
vated with significantly low circulating androgen and is asso-
ciated with the castration-resistant progression. Recent
findings suggest that AR is an important transcription factor
that mediates survival and proliferation signaling not only in
HNPC but also in CRPC (23, 24). The androgen-independent
activation of AR is mediated by several pathways (25, 26). The
acquisition of mutations in AR is likely to be an important
pathway (3, 27). However, KUCaP-2 harbors wild-type AR
and progresses to castration resistance without AR mutation.
Another possible pathway is its hypersensitivity to low levels

and EP4 staining grade in HNPC and CRPC
HNPC CRPC P
Number 27 31 j
Median serum PSA (ng/mL) 7.9 (3.8-31.9) 15.5 (0.5-949) 0.0066* |
Median Gleason sum 7 (3-9) 9 (6-10) 0.0001* |
EP4 staining grade’ 0.0001% |
None 10 (37.0%) 5 (16.1%)
Weak 17 (63.0%) 9 (29.1%)
Moderate 0 (0%) 10 (32.2%)
Strong 0 (0%) 7 (22.6%)

*Mann-Whitney U test.

™The grading was determined on the intensity of staining for at least 20% of the cancer cells.

42 test between HNPC and CRPC.
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Figure 3. Overexpression of EP4 with cAMP-PKA signal activation promoted the castration-resistant progression of LNCaP cells through AR activation.
A, EP4 protein expression detected with Western blotting in LNCaP-EP4(A) and LNCaP-EP4(B) compared with LNCaP-mock (top), intracellular cAMP
concentrations, PSA expression, and cell proliferation ratio versus day 0 in androgen-depleted conditions (CSFBS) for 6 d (bottom). *, P < 0.05; **, P < 0.005
versus LNCaP-mock. B, AR expression attenuated using a stealth RNAi system detected with Western blotting (top), PSA expression levels on day 4
(middle), and cell proliferation ratio on days 2 and 4 versus day 0 (bottom) in CSFBS. *, P < 0.05; **, P < 0.005 versus LNCaP-mock. C, relative luciferase
activities of PSAp-Luc in LNCaP cells with transfection of pcDNA3.1-mock and pcDNA3.1-EP4 in CSFBS and 5a-dihydrotestosterone (DHT) stimulation,
respectively. *, P < 0.05; **, P < 0.005 versus control (left). PSA expression of LNCaP cells in CSFBS for 6 d under the administration of forskolin,
dbcAMP, and H-89. *, P < 0.05; **, P < 0.005 versus preadministration (right). D, the sequential changes in xenograft tumor volume after the castration

of mice (1 x 107 cells, n = 5 each). *, P < 0.05.

of androgens, induced by increased expression of the AR it-
self (10). In KUCaP-2, the AR mRNA expression slightly in-
creased from the AD to ND and CR stages. However, the
AR protein expression levels decreased at the ND stage and
recovered at the CR stage to the same level as the AD stage
both in the AR immunohistochemistry (Fig. 1D) and Western
blotting (data not shown) analysis. One possible explanation
for this discrepancy is that the AR protein might be degraded
without androgen at ND stage and stabilized at the CR stage
(28, 29). These results indicated that the upregulation of AR
might merely be an adaptation of tumor cells to the condi-
tion of low androgen stimulation and not an essential indi-
cator of castration-resistant progression. EP4 upregulation
was observed during castration-resistant progression in
KUCaP-2. EP4 expression was higher in clinical CRPC than

in HNPC. The xenograft of EP4-overexpressing LNCaP cells
developed castration resistance through AR activation. These
results revealed that EP4 upregulation might lead to AR
activation, resulting in the castration-resistant progression
of prostate cancer. It was reported that the activation of a
membrane-localized G protein-coupled receptor induced
nuclear partition and activation of AR through the accumu-
lation of intracellular cAMP and PKA activation (30). As
EP4 is a G protein-coupled receptor, our data showing that
EP4-cAMP-PKA axis activates AR are consistent to the report.

EP4 is one of the prostaglandin E2 (PGE2) receptors. PGE2,
the product of cyclooxygenase-2 (COX-2) conversion of plas-
ma membrane phospholipids, is the most common prosta-
noid and is associated with inflammatory disease (14) and
cancer (31, 32). It was suggested that inflammation plays a
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role in prostate carcinogenesis (33, 34) and the regular con- ulate adenylate cyclase in various types of cells (42). The
sumption of non-steroidal anti-inflammatory drugs (NSAID) effects of PGE2 are dependent on the ligand concentration
may reduce the risk of prostate cancer (35-37). Therefore, and the target cell receptor expression (32). Experimental
NSAIDs, including COX-2 inhibitors, have been tested in studies have suggested that increased EP2 and EP4 expres-
the treatment (38) and prevention (39) of prostate cancer. sion is important during colorectal and prostate cancer pro-
However, these approaches have met with limited success gression (43, 44). In KUCaP-2, EP2 expression did not increase
(40) and, sometimes, severe cardiovascular side effects (41), significantly during castration-resistant progression (data
probably because COX-2 produces multiple products with not shown), indicating that EP4 might be more strongly as-
pleiotropic effects in addition to PGE2. Therefore, targeting sociated with castration resistance than EP2 in this model.
downstream signaling pathways of PGE2 may represent an To examine the association of PGE2 and cancer progression,
attractive new strategy. There are four subtypes of PGE2 re- the serum PGE2 concentrations of mice bearing KUCaP-2
ceptors, EP1 to EP4. The intracellular signaling differs among were examined by PGE2 Express EIA kit (500141; Cayman
the receptor subtypes; EP1 is coupled to calcium mobiliza- Chemical). Unfortunately, reproducible results could not
tion, EP3 inhibits adenylate cyclase, and EP2 and EP4 stim- be obtained, probably because of the instability of PGE2.
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Figure 4. Castration-resistant progression of LNCaP-EP4 and KUCaP-2 was suppressed by ONO-AE3-208 treatment. A, the cAMP concentration

(top) and PSA expression (bottom) of LNCaP-mock, LNCaP-EP4(A), and LNCaP-EP4(B) under the in vitro administration of ONO-AE3-208 in CSFBS.

*, P < 0.05 versus LNCaP-mock. B, the sequential changes in LNCaP-EP4(A) and LNCaP-EP4(B) xenograft tumors treated with i.p. injection of

200 plv/d distilled water (DDW) and 10 mg/kg/d ONO-AE3-208 (AE3-208) started soon after the castration of mice and continued for 70 d (0.5 x 107 cells,
n =5 each). *, P < 0.05. C, the sequential changes in KUCaP-2 tumors treated with the same volume of DDW and AE3-208 solution started 50 d after
castration and continued for 60 d (n = 5 each). *, P < 0.05. D, schematic representation of the relationship between EP4 overexpression and

castration resistance. After castration, the upregulated EP4 induces activation of the AR without androgen and promotes castration-resistant cell
proliferation and PSA production, which is suppressed by ONO-AE3-208 administration. T, androgen.
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Therefore, it might be difficult to examine the serum PGE2
concentrations in clinical samples. The secreted PGE2 con-
centrations in LNCaP-EP4 cells were higher than in LNCaP-
mock cells [20.3 + 154, 48.7 + 4.9, and 44.7 + 11.5 pg/mL in
LNCaP-mock, LNCaP-EP4(A), and LNCaP-EP4(B), respec-
tively]. However, the administration of PGE2 into LNCaP-
EP4 could not induce cell proliferation and PSA production.
To elucidate the association of PGE2 and cancer progression
needs further examinations.

The cell proliferation of LNCaP-EP4 was significantly
higher than that of LNCaP-mock under androgen-depleted
medium but not under normal medium (data not shown),
indicating that EP4 overexpression enhanced androgen-
independent but not androgen-dependent proliferation of
LNCaP cells in vitro. However, the in vivo tumor growth
of LNCaP-EP4 was significantly higher than that of
LNCaP-mock in intact mice (193 + 76 and 121 + 46 mm®
on day 30, respectively, P = 0.003). Moreover, the xenograft
tumor take-up rate of LNCaP-EP4 was higher than that
of LNCaP-mock (~100% and 60%, respectively). It was re-
ported that PGE2 regulated angiogenesis in PC3 cells
through EP2 and EP4 (44). Therefore, it was suggested that
EP4 overexpression might increase cell proliferation of
LNCaP cells in vivo through angiogenesis. The PSA expres-
sion of LNCaP-EP4 was significantly higher than that of
LNCaP-mock under androgen-depleted medium. Although
EP4 expression was higher in LNCaP-EP4(B) than in
LNCaP-EP4(A), the intracellular cAMP concentration and
PSA expression levels were higher in LNCaP-EP4(A) than
in LNCaP-EP4(B). To investigate the reasons for the dis-
crepancy, we performed transient transfection analyses with
several different amounts of pcDNA3.1-EP4. The PSA ex-
pression levels were correlated with EP4 expression levels
in LNCaP cells transiently transfected with the EP4 expres-
sion vector, suggesting that the reasons for this discrepancy
might be clonal variations of LNCaP-EP4 (data not shown).
The expression of TMPRSS2, one of other AR-regulated
genes (45), was also increased with EP4 overexpression
and decreased by the attenuation of AR (data not shown).
These results indicated that EP4 may increase PSA expres-
sion partly in an AR-dependent manner; however, we do
not exclude possibilities that EP4 increases PSA and
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We synthesized a series of N'-substituted norcymserine derivatives 7a-p and evaluated their anti-cho-
linesterase activities. In vitro evaluation showed that the pyridinylethyl derivatives 7m-o and the pipe-
ridinylethyl derivative 7p improved the anti-butyrylcholinesterase activity by approximately threefold
compared to N'-phenethylnorcymserine (PEC, 2). A quantitative structure-activity relationship (QSAR)
study indicated that logS might be a key feature of the improved compounds.

© 2010 Elsevier Ltd. All rights reserved.

Alzheimer's disease (AD) is one of the primary neurodegenera-
tive diseases that develops in the elderly, and its prevalence is ex-
pected to increase substantially in the future.! While AD is
definitively characterized by its pathological hallmarks, such as se-
nile plaques and neurofibrillary tangles, in the postmortem brain,
AD is diagnosed by the progressive cognitive impairment observed
in living patients. Since the decline of cholinergic neurotransmis-
sion is responsible for cognitive dysfunction, considerable effort
has been devoted to developing effective cholinesterase inhibitors
(ChEIs).

Acetylcholinesterase (AChE) is the main cholinesterase (ChE) in
the brain, and hence most works aimed at developing ChEls have
targeted AChE. To date, some AChE inhibitors have been clinically
approved, and use of these inhibitors has been successful in the
treatment of AD. However, in the AD brain, cholinergic neurons
are lost along with the progression of the disease and AChE is also
reduced.?

Vertebrates have another acetylcholine (ACh) hydrolase known
as butyrylcholinesterase (BuChE). In contrast to AChE, BuChE is
mainly derived from glia in the brain.? BuChE is therefore not re-
duced, and its contribution in degrading ACh is thought to be in-

* Corresponding author. Tel.: +81 75 753 9270; fax: +81 75 753 9269.
E-mail address: hsugimot@pharm.kyoto-u.ac.jp (H. Sugimoto).

0960-894X/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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creased in the AD brain.? Interestingly, it has been reported that
selective BUChE inhibitors (BuChEIs) increase the brain ACh,* and
BuChE knockout mice and silent mutants in humans showed no
physiological disadvantage,>® inspiring the hypothesis that BuChE
may be a promising target for developing anti-AD drugs with no
adverse effect.

Physostigmine (1), an alkaloid isolated from the Calabar bean,
the seed of Physostigma venenosum, is the most classical ChEI,
and still used in the treatment of glaucoma. Although many mech-
anistic studies have been carried out, clarification of three-dimen-
sional structures of AChE’ and BuChE® have enabled us to
investigate the detailed enzyme-inhibitor interaction. For instance,
regarding the N'-position of the physostigmine derivatives, the
bulkiness of substituents at this position affects the enantioselec-
tivity at 3a, and the phenethyl group renders the compounds more
selective for BuChE than their corresponding N'-H and N'-Me ana-
logs.?~!! It has also been reported that N'-phenethylnorcymserine
(PEC, 2) exhibits the property of a potent and selective BuChEIL.'?

Although these findings were intriguing, these studies did not
investigate a large variety of substituents and, overall, they were
limited to relatively simple compounds. Hence, previous report
studying the quantitative structure-activity relationship (QSAR)
has pointed out that large polar and large hydrophobic substitu-
ents would have to be synthesized and tested.'*> An investigation
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using more diverse derivatives may increase our understanding
and help improve the development of better compounds. In light
of this, we investigated the structure-activity relationship of the
N' moiety of norcymserine derivatives 1, 2, 3 and 7a-p in this re-
port. Furthermore, for a detailed understanding, we carried out the
QSAR study. For all compounds, the carbamate moiety was fixed in
the shape of 4-isopropylphenylcarbamate, because this structural
arrangement increases the potency and the selectivity for BuChE.'?

PEC (2) and cymserine (3) were prepared according to proce-
dures described previously.®!'* A series of N'-substituted norcym-
serine derivatives 7a-p were synthesized via intermediates 5a-p
as indicated in Scheme 1. Ammonium iodide (4), prepared from
physostigmine (1) using four steps,'* was treated with different
R-NH, compounds (b, d-1 and o, Scheme 1) followed by
demethylation with BBr;°~26 to generate N'-substituted noreser-
olines (5b, 5d-1 and 50). Alternatively, the intermediate 5 was pre-
pared using only one step in a convenient one-pot procedure.!”
Physostigmine (1) was reacted with KOH and Mel in DMSO at room
temperature for 1 h, before the addition of different R-NH, com-
pounds (a, ¢, m, n and p, Scheme 1). After the reaction mixtures
were stirred at 120 °C for 3 h, N'-substituted noreserolines 5a,
5¢c, 5m, 5n and 5p were obtained at 10-21% yield, accompanied
by the corresponding methyl ethers 6a, 6¢, 6m, 6n and 6p at
0-10% yield, respectively. Finally, the N'-substituted norcymserine
derivatives 7a-p were prepared from 5a-p using previously re-
ported methods.%1%1°

Anti-ChE activities were measured using a modified Ellman’s
colorimetric method.'® Briefly, we used the extracts from mice
brain and mice serum as sources of AChE and BuChE, respectively,
and all compounds were preincubated with enzymes for 1h at
37 °C before adding acetylthiocholine or butyrylthiocholine in
combination with the coloring reagent 5,5'-dithiobis-(2-nitroben-
zoic acid).

The ICsq values for AChE and BuChE are summarized in Table 1.
We first assessed whether the length of the alkyl chain had an
influence on anti-BuChE activity, and we found that the activity
did not differ between the N'-benzyl, -phenetyl, -phenylpropyl
and -phenylbutyl derivatives (2 and 7a-c). Since the length of
the alkyl chain did not influence the activity, we subsequently
investigated the effects of various substituents on the phenethyl
group. Neither electron-donating nor electron-withdrawing group
at the 4-position of the phenyl group influenced the activity (7d-f).
On the other hand, bulky substituent at the same position was
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shown to reduce the activity (7g). Disubstituents at the 2 and 4-po-
sition of the phenyl group also lowered the potency of the com-
pounds (7h and 7i). The increased bulkiness of the alkyl chain of
the phenethyl group also decreased the anti-BuChE activity (7j-
1). Most physostigmine derivatives reported previously did not in-
clude a heteroatom in its N'-substituents. Therefore, we also exam-
ined the effects of the substitution of heterocycles for the phenyl
ring of the phenethyl group. Substitution of pyridine for the phenyl
group increased the anti-BuChE activity by approximately three-
fold regardless of the position of the nitrogen on the pyridine,
and the 1-piperidinylethyl group substitution exhibited a similar
activity (7m-p).

The QSAR study probing the N'-position of physostigmine
derivatives has ever been conducted using a small dataset, and
was used to evaluate for the anti-AChE activity.!® Therefore, in or-
der to rationalize the observed anti-BuChE activities, we carried
out the QSAR study.

For the QSAR study dataset, the structures of all compounds
excluding physostigmine, and their corresponding plCso values
for BuChE were used. The chemical structures were drawn using
cHEMDRAW Std 7.0 (Chembridge Soft. com) and the database was ex-
ported as an sdf file and imported into the MOE software (version
2008.10, Chemical Computing Group). Notably, the calculations
were performed using the appropriately ionized form. The QSAR
model generation was done using AutoQSAR packaged in MOE,
and the QSAR models were constructed based on the partial least
square method using 327 descriptors built in MOE. The equation
we obtained was shown below:

pICs, = 0.452(0.044)logS — 0.051(0.009)weinerPol
+0.010(0.002)PEOE_VSA-0
+0.327(0.049)opr_violation + 10.556(0.413)
n=18, RMSE=0.080, R?=0.980,
cross-validated RMSE = 0.187,

0?=0909, S=0.094, F4;=1602

In the QSAR equation, logS is the log of the aqueous solubility,
weinerPol is the Wiener polarity number,?° PEOE_VSA-0 is the sum
of the van der Waals surface area of atoms where the atomic par-
tial charges are ranging from —0,05 to 0, opr_violation is the num-
ber of violations of Oprea’s lead-like test,>' n is the number of
compounds, RMSE is the root mean square error, R? is the goodness

5 ) R-NH32, CH3CN HO
\(:L)C‘ 4steps ' CHy0 _ M0%,5h \(;\eg
R
BBF3 CH2C|2 h{
Physostigmine (1) 5a-p
’ KOH, CH3l, DMSO, rt, 1h ]

then, R-NH, 120°C, 3h

R-NH,:

CH30
benzylamine (a), phenylpropylamine (b), phenylbutylamine (c), 4-methylphenethylamine (d), \E:fCTLLR
4-fluorophenethylamine (e), 4-chlorophenethylamine (f), 4-isopropylphenethylamine (g), N

2,4-dimethylphenethylamine (h), 2,4-dichlorophenethylamine (i), 2-phenylpropylamine (j), \
2,2-diphenylethylamine (k), 1,2-diphenylethylamine (l), 2-(2-pyridinyl)ethylamine (m),

2-(3-pyridinyl)ethylamine (n), 2-(4-pyridinyl)ethylamine (o), 2-(1-piperidinyl)ethylamine (p).

4-isopropylphenyl isocyanate

5a-p
Na, Et;0, rt, 5 min

6a,c,m,n, p

Ta-p

Scheme 1.
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descriptor was negatively correlated with the anti-BuChE activity.
Since this value is defined as the number of carbon atoms pairs that
are separated by three carbon-carbon bonds, its value is generally
larger in the branched alkane than in the linear alkane. Namely,
this descriptor indicates that branched or spatially bulky substitu-
ents might be unfavorable.

In summary, by synthesizing various norcymserine derivatives
substituted on the N' moiety, and by performing the QSAR study,
we found that pyridinylethyl and piperidinylethyl group substitu-
tion increased the anti-BuChE activity, and that the ionizable nitro-
gen of the substituent might contribute to this improvement.

Table 1
Anti-ChE activity and enzyme selectivity
Compounds R AChE? BuChE* Selectivity®
(nM) (nM)
1 Methyl (methylcarbamate, 40 280 0.14
physostigmine)
7a Benzyl >100,000 510 >196
2 Phenethyl >100,000 540 >185
7b Phenylpropyl >100,000 510 >196
7c Phenylbutyl >100,000 550 >182
7d 4-Methylphenethyl >100,000 730 >137
7e 4-Fluorophenethyl >100,000 500 >200
7f 4-Chlorophenethyl >100,000 500 >200
3 Methyl 8400 240 45
7g 4-1sopropylphenethyl >100,000 3300 >30
7h 2,4-Dimethylphenethyl >100,000 1100 >91
7i 2,4-Dichlorophenethyl >100,000 2600 >38
7i 2-Phenylpropyl >100,000 720 >139
7k 2,2-Diphenylethyl >100,000 10,000 >10
71 1,2-Diphenylethyl >100,000 15,000 >7
7m 2-(2-Pyridinyl)ethyl 4200 160 26
7n 2-(3-Pyridinyl)ethyl >100,000 180 >556
70 2-(4-Pyridinyl)ethyl 23,000 170 135
7p 2-(1-Piperidinyl)ethyl 3500 170 21

? In order to estimate the enzyme activity, changes in the absorbance at 2 min
intervals were measured at 415 nm using a spectrophotometer. The enzyme
activity is expressed as a percent of the activity of the solvent, DMSO. Seven dif-
ferent concentrations of each compound were used and the ICso values of each
compound were calculated by nonlinear regression of the sigmoidal dose-response
curve using GraphPad Prism version 4.03. Only the results with correlation coeffi-
cients of * > 0.95 were accepted. The results are represented as the mean of the
IC50 obtained from at least four independent measurements.

b The selectivity was calculated as follows; selectivity = ICsq AChE/ICso BuChE.

of fit, @? is the cross-validated R?, S is the standard error, and F is
the ratio of the variance of the calculated values to that of the ob-
served values. Among the descriptors, logS was the relatively most
important factor and was positively correlated to the anti-BuChE
activity. This descriptor might be greatly influenced by the result
that the four most active compounds had an ionizable nitrogen
in their N'-substituents. Interestingly, a report previously de-
scribed that less hydrophobic substituents are favorable,'® consis-
tent with our result, although the former report focused on the
anti-AChE activity. Since it is considered that a part of the tricyclic
moiety itself interacts with Trp82 in the choline binding site (or
anionic site), it is not known how the ionizable nitrogen of pyridine
or piperidine interacts with BuChE, but it appears to be beneficial
to have the polar atom in the N' substituent. Moreover, weinerPol
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Salt-sensitive hypertension in circadian clock—deficient
Cry-null mice involves dysregulated adrenal Hsd3b6

Masao Doi', Yukari Takahashi', Rie Komatsu!, Fumiyoshi Yamazaki', Hiroyuki Yamada!, Shogo Haraguchi?,
Noriaki Emoto?, Yasushi Okuno®, Gozoh Tsujimoto®, Akihiro Kanematsu®, Osamu Ogawa®, Takeshi Todo’,
Kazuyoshi Tsutsui?, Gijsbertus T ] van der Horst® & Hitoshi Okamura’

Malfunction of the circadian clock has been linked to the pathogenesis of a variety of diseases. We show that mice lacking the
core clock components Cryptochrome-1 (Cryl) and Cryptochrome-2 (Cry2) (Cry-null mice) show salt-sensitive hypertension due
to abnormally high synthesis of the mineralocorticoid aldosterone by the adrenal gland. An extensive search for the underlying
cause led us to identify type VI 3B-hydroxyl-steroid dehydrogenase (Hsd3b6) as a new hypertension risk factor in mice. Hsd3b6
is expressed exclusively in aldosterone-producing cells and is under transcriptional control of the circadian clock. In Cry-null
mice, Hsd3b6 messenger RNA and protein levels are constitutively high, leading to a marked increase in 3B-hydroxysteroid
dehydrogenase-isomerase (3B-HSD) enzymatic activity and, as a consequence, enhanced aldosterone production. These data
place Hsd3b6 in a pivotal position through which circadian clock malfunction is coupled to the development of hypertension.
Translation of these findings to humans will require clinical examination of human HSD3B1 gene, which we found to be

functionally similar to mouse Hsd3b6.

Hypertension is a complex trait, influenced by multiple genetic and
environmental factors!. Although it has been estimated that approxi-
mately 30-50% of blood pressure variance is due to inherited genes,
the molecular basis of this disease remains largely to be defined?.
In mammals, behavior, physiology and metabolism are subject to a
well-controlled daily rhythm, generated by an internal self-sustained
molecular oscillator referred to as the circadian clock®. Because up to
10% of the transcriptome has been estimated to be under the control
of the circadian clock®, it may not come as a surprise that malfunction
of this time keeper can result in the onset of a variety of pathological
events®10, Indeed, epidemiological studies show that shift workers,
long-distance transmeridian flight crews and individuals with sleep
disorders show a higher than average prevalence of cardiovascular
diseases! =13, Thus, it has been speculated that impediment of the
circadian clock may underlie altered cardiovascular homeostasis.
However, the molecular mechanisms by which circadian clock mal-
function contribute to cardiovascular disease, including hypertension,
are poorly understood.

Cry-null mice lack a functional circadian clock and accordingly
show arrhythmic behavior, physiology and metabolism'#-16. Cry
proteins act as potent transcriptional repressors that downregulate
transcription of E-box (CACGTG) enhancer—containing clock genes
(including the Period- and Cryptochrome-encoding genes), as well as
a wide variety of clock-controlled genes (including the gene encoding

the circadian transactivator Dbp)!6-18. Time of day—dependent acti-
vation and repression of such E-box—containing genes are central
features of normal circadian clock function. In Cry-null mice, the
expression of E-box—containing genes is constitutively increased
(derepressed) as a result of impaired circadian repression!61%20,

To date, little is known about the pathological states of Cry-null
mice. We and others have focused on the adrenal gland in investi-
gating how the circadian clock system affects metabolism?!?2, In
characterizing the endocrinological status of Cry-deficiency mice, we
found abnormally high levels of aldosterone, a steroid hormone that is
secreted by the adrenal glands. Aldosterone acts as a potent mineralo-
corticoid that promotes sodium and water retention by the kidney,
thereby increasing vascular fluid volume and blood pressure?>24,
The plasma aldosterone concentration (PAC) is finely controlled by
the renin-angiotensin-aldosterone system (RAAS), which regulates
cardiovascular function and blood pressure homeostasis®. Because
abnormal elevation of PAC has been linked to the pathogenesis of
human hypertension?3-2%, our observation of increased PAC in
Cry-null mice prompted us to investigate how the circadian clock
might be linked to the etiology of aldosterone-dependent disorders.

Here we show that Cry-null mice have salt-sensitive hypertension
due to the abnormal production of aldosterone by the adrenal glands.
An extensive search for a steroidogenic enzyme that causes the adrenal
dysfunction in Cry-null mice led us to identify Hsd3b6 as a key
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enzyme through which Cry gene inactivation results in an abnormally
high PAC and salt-sensitive hypertension. Furthermore, we show that
the human HSD3BI gene is a functional counterpart to the mouse
Hsd3b6 gene, as HSD3BI is expressed in aldosterone-producing cells
in the human adrenal gland.

RESULTS

Chronic hyperproduction of aldosterone by Cry-null adrenal glands
After our initial observation of increased PAC in Cry-null mice, we
quantified PAC and plasma renin activity (PRA) in wild-type (WT) and
mutant mice kept in constant darkness and sampled at selected circa-
dian time points (Fig. 1). Cry-null mice showed abnormally high PAC
throughout the day (Fig. 1a). In line with previous reports in rodents?®,
WT mice showed a mild circadian fluctuation in PAC (Fig. 1a)
with overall values lower than those in Cry-null mice. The elevated
PAC in Cry-null mice was not a secondary result of enhanced
PRA, as PRA was markedly suppressed in Cry-null mice at both CT0
and CT12 (defined as the beginning of the subjective day and night,
respectively) (Fig. 1b). The decreased PRA in Cry-null mice is most
likely due to RAAS-dependent feedback inhibition resulting from the
elevated PAC?>24,

The increased PAC despite a marked reduction of PRA suggested
that the functioning of the adrenal gland in Cry-null mice might be
affected. To assess the functionality of the Cry-null adrenal gland,
we used an ex vivo tissue culture system that allowed us to evalu-
ate the rate of aldosterone production by measuring the amount
of aldosterone secreted into the culture medium. We found that
the aldosterone production rate of the Cry-null adrenal gland was
significantly higher than that of the WT adrenal gland (Fig. 1c).
This increased aldosterone production was observed in both adrenal
glands of a Cry-null mouse (Supplementary Fig. 1). Taken together,
these data provide evidence that Cry-null mice have a profoundly
increased PAC as a result of enhanced aldosterone secretion by the
adrenal gland.

Chronic hyperexpression of Hsd3b6 in Cry-null adrenal glands
To dissect the altered steroidogenesis in Cry-null mice at the
molecular level, we used microarrays to survey all known mouse
steroidogenic genes for their expression in the adrenal gland (Fig. 2a).
This survey identified a gene probe (1460232_s_at) for which signal
intensities in the Cry-null adrenal gland were markedly increased
throughout the day as compared to the WT gland. This gene probe
potentially hybridizes with the Hsd3b2, Hsd3b3 and Hsd3b6 mRNA
isoforms of the Hsd3b gene family. These isoforms are known to
encode dehydrogenase-isomerases that catalyze the conversion of

12 16 20 0

CT12

CTO0

cTo  CTi2
A’-3B-hydroxysteroids into hormonally active A*-3-ketosteroids?’,
an enzymatic reaction required for aldosterone biosynthesis?®.

To identify all Hsd3b isoforms expressed in the mouse adrenal
gland, we used an RT-PCR-based assay in combination with restric-
tion endonuclease-mapping analysis (Supplementary Methods). We
subjected adrenal total RNA to RT-PCR with a primer set capable of ampli-
fying all classes of mouse Hsd3b genes (types I to VI). We then analyzed
the identity of the PCR products by digestion of the DNA with subtype-
specific restriction endonucleases (Supplementary Table 1). We observed
that mouse adrenal glands express only type I and VI Hsd3b isoforms;
the other isoforms (types II to V) were undetectable (Supplementary
Fig. 2). Quantitative RT-PCR (qRT-PCR) analysis with gene-specific
primers further showed that the Hsd3b gene aberrantly expressed
in Cry-null adrenal glands was Hsd3b6 rather than Hsd3bl; that
Hsd3b6 mRNA levels in Cry-null adrenal glands were constitutively
increased compared to those in WT adrenal glands across circadian
time; and that Hsd3b6 expression in WT adrenal glands, although
at relatively low levels, was subject to circadian fluctuation (Fig. 2b).
In vitro promoter analysis (Supplementary Fig. 3a) revealed that the
transcription of Hsd3bé is positively controlled by Dbp, suggesting
that the enhanced Dbp expression in Cry-null mice (refs. 17 and 20
and Supplementary Fig. 3b) could account for the hyperexpression of
Hsd3b6 in Cry-null adrenal glands (Supplementary Fig. 3¢,d).

Hsd3b6 is exclusively expressed in zona glomerulosa cells

In situ hybridization analysis with a radiolabeled Hsd3b6 probe (Fig. 2c)
not only confirmed the marked elevation of Hsd3b6 mRNA in Cry-null
adrenal glands but also uncovered a unique spatial arrangement of
Hsd3b6 expression. This analysis showed that Hsd3b6 is expressed
almost exclusively in the outer layer of the adrenal cortex (Fig. 2c and
Supplementary Fig. 4). Analysis of Hsd3b6 expression by emulsion
autoradiography (data not shown) and digoxigenin in situ hybridi-
zation (Supplementary Fig. 5a) further illustrated that the Hsd3b6-
positive cells were localized in the outermost cortical layer, termed
the zona glomerulosa.

The predominant expression of Hsd3b6 in the zona glomerulosa
is particularly noteworthy because the production of aldosterone is
known to take place exclusively in this region®’. The zona glomerulosa
is functionally characterized by the expression of the Cyp11b2 gene,
which encodes the aldosterone synthase required for the final step of
aldosterone synthesis>®3!, Notably, our in situ hybridization analysis
suggested that Hsd3b6 and Cypl11b2 are both expressed mainly in
adrenal zona glomerulosa cells (Fig. 2c and Supplementary Fig. 5b).
In marked contrast to the local expression of Hsd3b6, Hsd3b1 was
expressed more broadly in the adrenal cortex (Fig. 2¢), similar to
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Figure 2 Chronically high expression of Hsd3b6 in aldosterone-producing zona glomerulosa (ZG) cells of Cry-null adrenal glands. (a) Twenty-four-hour
expression profiles of steroidogenic genes in WT and Cry-null adrenal glands. The relative levels of each transcript, determined by DNA microarray
analysis, are indicated by the color scale. For each transcript, values were normalized to the average expression level over the day in WT adrenal glands.
The identity of each transcript is indicated by the Affymetrix probe used and the gene symbol (see also gene names shown in the Supplementary
Methods) except that three isoforms of the Hsd3b gene (Hsd3b2, Hsd3b3 and Hsd3b6), to which the gene probe 1460232 _s_at can hybridize, are
denoted as Hsd3b2/3/6. (b) qRT-PCR-verified 24-h expression profiles of Hsd3b6 and Hsd3b1 in WT and Cry-null adrenal glands. Values are means +
s.e.m. (n= 5 mice for each data point) normalized to expression of TATA-box binding protein (Tbp)-encoding gene. The middle graph is an expanded
version of the left graph to more clearly show the circadian rhythmicity (phase and amplitude) of Hsd3b6 expression in WT adrenal glands. *P < 0.05;
**P < 0.01. (c) Radioisotopic in situ hybridization autoradiographs for Hsd3b6, Hsd3b1, Cypl1b2 and Cypl1blin WT and Cry-null adrenal glands
collected at CTO. Scale bars, 0.5 mm. (d) Zonal expression of Hsd3b and Cyp11b isoforms. cDNA fragments of Hsd3b and Cyp11b were amplified
from either ZG or zona fasciculata (ZF) cells as indicated and were enzymatically digested with isoform-specific restriction endonucleases. |, digestion
with Accl; VI, Ndel; Cl, Nhel; ClI, Sacl. U, undigested; M, DNA marker. The micrographs show a representative tissue section before and after laser
microdissection. ZG cells are ovoid in shape and are arranged in globular clusters, lying directly beneath the capsular layer. C, capsule; ZR, zona
reticularis. Toluidine blue staining. Scale bars, 50 um. The data shown in ¢ and d are representative of three or more independent experiments.

(e) Left, schematic of the aldosterone biosynthetic pathway. Right, qRT-PCR analysis of the expression of genes involved in aldosterone biosynthesis

in WT and Cry-null ZG cells at CTO and CT12 (n = 4 adrenal glands for each cDNA preparation). Values are expressed as the mean of two independent
experiments, which yielded equivalent results. Rp/p0 is a nonoscillating abundant gene, the expression of which reflects the total amount of RNA used.

expression of the Cypllbl gene, which encodes the steroid
11B-hydroxylase involved in the production of corticosterone’%32,
These data thus disclose a previously uncharacterized spatial and
functional separation between Hsd3b6 and Hsd3bl in the mouse
adrenal gland.

To further confirm the local expression of Hsd3b6 in zona glomer-
ulosa cells, we generated an antibody to Hsd3b6 and performed
immunohistochemistry (Fig. 3). Notably, almost all zona glomer-
ulosa cells in the Cry-null adrenal gland were found to be immuno-
reactive to the Hsd3b6-specific antibody (Fig. 3a). To determine
whether Cyp11b2 is coexpressed with Hsd3b6, we further processed
immunostained adrenal sections for in situ hybridization with a
digoxigenin-labeled Cyp11b2 probe. This double-labeling analysis

revealed that nearly all Hsd3b6-positive cells also expressed Cyp11b2
(Fig. 3b). The converse was also true; almost all Cypl1b2-positive
cells were Hsd3b6-immunopositive (Fig. 3b). This high degree of
colocalization of Hsd3b6 protein with the aldosterone synthase
Cypl1b2 mRNA strongly suggests that the zona glomerulosa—
specific Hsd3b6 isoform is involved in aldosterone production in
the mouse adrenal gland.

Steroidogenic genes in Cry-null zona glomerulosa cells

As the zona glomerulosa cell population constitutes only a fraction
of the total number of adrenal gland cells, assays using whole adre-
nal gland (Supplementary Fig. 2) could lead to an underestimation
of Hsd3b6 expression in this tissue. Indeed, probably because of
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this reason, the presence of adrenal Hsd3b6 has been left undefined
to date?”?8, We next carried out laser microdissection to examine in
more detail the zonal expression of Hsd3b6 and Hsd3bI in the WT
adrenal gland. (Fig. 2d). Cells in either the zona glomerulosa or the
zona fasciculata (a middle layer of the adrenal cortex) were separately
excised by laser microdissection; total RNA extracts from these cells
were then analyzed by RT-PCR with a primer set that can amplify both
Hsd3b1 and Hsd3b6 (the sequence similarity between these two genes
enabled amplification of both genes with a common primer set).
Subtype-specific DNA digestion revealed almost equivalent concen-
trations of Hsd3b1 and Hsd3b6 mRNA in the zona glomerulosa cells
(Fig.2d), suggestive of a substantial role of Hsd3b6 in aldosterone pro-
duction by WT adrenal glands. Of note, Hsd3b6 was zona glomerulosa
specific, with virtually no expression in zona fasciculata cells, whereas
Hsd3b1 was predominantly expressed in zona fasciculata cells (Fig. 2d).
A similar examination of subtype-specific expression of Cypllb
genes showed that, like Hsd3b6, expression of Cyp11b2 was confined
to zona glomerulosa cells (Fig. 2d and Supplementary Table 2). These
observations confirm the cellular purity of our laser microdissection

Figure 4 Elevated 3B-HSD activity is a
responsible for aldosterone overproduction

in Cry-null mice. (a) Immunoblot analysis of w-rccryof”Cryz
Hsd3b6 and Cypllal proteins in microsomal Hodab6 » « gumm
protein extracts from WT and Cry-null adrenal %

glands isolated at CTO and CT12 (n = 4 adrenal Cyplial e
glands for each time point). Similar data were

acquired in two independent experiments. ere N
(b) 3B-HSD enzymatic activity in the zona WT Cry1™ Cry2
glomerulosa cell layer-containing capsular Hsddb6 S

portion of WT and Cry-null adrenal glands at
CTO and CT12. Left, progesterone synthesis
from 3H-pregnenolone; right, androstenedione
synthesis from 3H-dehydroepiandrosterone.

Cyplial e

Figure 3 Coexpression of Hsd3b6 protein and CypI1b2 mRNA in

adrenal zona glomerulosa cells. (a) Immunocytochemistry of Hsd3b6
protein in a Cry-null adrenal gland. Scale bar, 100 um. (b) Double
labeling of Hsd3b6 protein and CypI1b2 transcript. Immunostained
adrenal sections were subsequently subjected to in situ hybridization with
a digoxigenin-labeled Cypl1b2 probe. Shown are higher magnification
views of a region containing zona glomerulosa cells. Nearly all zona
glomerulosa cells express both Hsd3b6 (red) and CypI1b2 (blue).

Arrows indicate representative double-labeled cells. Scale bar, 100 pm.
The data are representative of three or more independent experiments.

samples and provide further evidence of the colocalization of Hsd3b6
and Cyp11b2 expression in zona glomerulosa cells.

We also performed qRT-PCR analysis on zona glomerulosa cell-
specific RNA preparations and confirmed that the Hsd3b6 mRNA
level was drastically increased in Cry-null zona glomerulosa cells as
compared to WT cells (Fig. 2e). We did not observe such elevated
expression for transcripts of other steroidogenic genes tested (Star
(encoding steroidogenic acute regulatory protein), Cypl1al, Hsd3b1,
Cyp2lal, Cyp11bl and Cyp11b2) (Fig. 2e).

Chronically enhanced 3B-HSD activity in Cry-null mice

If the observed increase in the levels of Hsd3b6 mRNA is function-
ally relevant, it should be accompanied by increased accumulation
of Hsd3b6 protein in Cry-null adrenal glands. Immunoblot analysis
revealed that the amount of Hsd3b6 protein in the Cry-null adrenal
gland was highly elevated at both CT0 and CT12, whereas the amount
of Cypllal protein remained unchanged (Fig. 4a). Next, we assayed
3B-HSD enzymatic activity in WT and Cry-null enucleated adrenal
glands (that is, the capsular portion of the glands), which consist
mainly of zona glomerulosa cells. At both CT0 and CT12, we observed
a marked increase of 33-HSD activity in enucleated adrenal glands
from Cry-null mice compared to WT mice, regardless of the 33-HSD
substrate used (Fig.4b). In contrast, 33-HSD activity in the decapsu-
lated portion of the adrenal gland (containing the zona fasciculata,
zona reticularis and medulla) was essentially unaffected in Cry-null
mice (Supplementary Fig. 6). These results indicate that an elevation
of 3B-HSD activity accompanies the accumulation of Hsd3b6 protein
observed in aldosterone-producing zona glomerulosa cells.

We next examined whether pharmacological inhibition of 33-HSD
enzymatic activity in vivo by treatment of mice with trilostane’? leads
to a reduction in the PAC in Cry-null mice. The PAC in WT mice
remained nearly unchanged by trilostane treatment even at a rela-
tively high standard dose (8 mg per kg body weight per d) (Fig. 4c).
The apparent tolerance of WT mice to trilostane treatment has
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We used one adrenal gland per assay. Values are means + s.e.m. (n = 12 assays for each data point). **P < 0.0001. (c) PACs in WT and Cry-null
mice at CTO after daily administration of the 3B-HSD inhibitor trilostane at the indicated doses for 7 d (n = 6 mice for each dose). Values are

means +s.e.m. TP=0.01; TP =0.02.
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been considered to result from feedback regulation by the RAAS**.
In marked contrast, trilostane treatment was effective in suppressing
the increased PAC in Cry-null mice (Fig. 4c), in which the constitutive
overproduction of aldosterone reflects its independence from normal
RAAS control. These data are consistent with the idea that the highly
elevated 33-HSD activity in zona glomerulosa cells of Cry-null mice
contributes to the elevated PAC of these mice.

Aldosterone-dependent hypertension in Cry-null mice
We next explored the pathological consequences of excessive aldoster-
one in Cry-null mice. As a finely controlled RAAS is crucial to blood
pressure homeostasis, we compared blood pressure in WT and Cry-null
mice (Fig.5). We monitored daily changes in the mean arterial blood
pressure in constant darkness by radiotelemetry (Supplementary
Methods). The circadian variation in blood pressure characteristic
for WT mice was completely lost in Cry-null mice (Fig. 5a). However,
when averaged over 24 h, blood pressure in WT and Cry-null mice
appeared similar under standard conditions (Fig. 5b).

Because mineralocorticoid aldosterone-dependent hypertension
may be influenced by dietary salt intake?3?4, we next examined the
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Figure 5 Cry-null mice show salt-sensitive hypertension.

(a) Representative recordings of 15-d temporal profiles of mean

arterial blood pressure of WT and Cry-null mice. Mice were kept in
constant darkness and fed either normal salt diet (NS; 0.2% sodium)

or high-salt diet (HS; 3.15% sodium) on the days indicated by gray and
yellow arrows, respectively. Blue arrows indicate the period during which
the HS diet contained eplenerone (Epl). Gray and black boxes below the
graphs represent the subjective day and subjective night, respectively.
Blood pressure data were collected in 30-s bouts at 5-min intervals and
plotted using a 1-h moving average. The 24-h means of each day are
shown by open squares. Horizontal dotted lines indicate the mean value
of the blood pressure at days 1-4 on NS diet. (b) Pair-wise comparisons
of blood pressures before and after HS diet (left), before and after Epl
treatment (middle) and with or without Epl on HS diet (right). Plotted
are the blood pressures of individual mice (WT, n = 3; Cry-null, n=5;
two of the Cry-null mice were used as non-Epl controls). Values are
means + s.e.m. ***P < 0,001, paired comparison in Cry-null mice.

salt sensitivity of blood pressure in WT and mutant mice. Normally,
blood pressure is resilient to variations in sodium ingestion due to
homeostatic control by RAAS. Indeed, blood pressure in WT mice
(n = 3) was unaffected by the switch from a normal-salt to a high-salt
diet (Fig. 5a,b; normal-salt, 100.3 £ 7.8 (s.d.) mmHg; high salt, 97.9 +
9.4 mm Hg), associated with a marked reduction of PAC upon the
high-salt loading (Supplementary Fig. 7). In contrast, Cry-null
mice became hypertensive in a salt-dependent manner (Fig. 5a). All
mutant mice tested (n = 5) experienced a drastic increase in blood
pressure within 2 d after the change to the high-salt diet (Fig. 5b;
normal-salt, 97.2 £ 6.3 (s.d.) mmHg; high-salt, 108.8 + 7.9 mm Hg;
P < 0.001, paired t test). The PAC of these mice remained relatively
high even after the high-salt loading (Supplementary Fig. 7). The
excess of circulating aldosterone indeed contributed to the elevation
of blood pressure, as the high-salt—induced hypertension in Cry-null
mice (n = 3) could be reversed by treatment with eplerenone, a selec-
tive aldosterone blocker?? (Fig. 5a,b; before eplerenone, 106.7 +
5.5 (s.d.) mmHg; after eplerenone, 99.6 + 5.3 mm Hg; P < 0.001,
paired t test). The observed decrease in blood pressure was not due to
salt desensitization induced by long-term high-salt ingestion, as the
blood pressure in Cry-null mice remained elevated while they were
fed the high-salt diet (Fig. 5a,b). These data provide evidence for an
aldosterone-dependent alteration of blood pressure homeostasis in
Cry-null mice.

Human HSD3B1 is a functional counterpart of mouse Hsd3b6
To begin to address the question of whether these findings have
relevance for human idiopathic hypertensive disease?>?4, we tested
whether the human adrenal gland also expresses a zona glomerulosa—
specific HSD3B isoform. Nontumorous adrenal tissue from adrena-
lectomy specimens were obtained from two human subjects (2237N
and 1774N) after written informed consent. cDNA cloning from zona
glomerulosa cells and subsequent DNA sequencing analysis showed
that the human HSD3BI gene, which has been considered a candidate
human counterpart of the mouse Hsd3b6 gene?”*%3¢ (Supplementary
Table 3) was expressed in the human adrenal zona glomerulosa
samples tested (Fig. 6a—d).

Strikingly, human HSD3BI and HSD3B2 show a high sequence similar-
ity (93.6% identity, including the 5 and 3" untranslated regions; Fig. 6a).
We thus developed subtype-specific Tagman minor groove binder
(MGB) probes to allow us to distinguish these genes on the basis of
nucleotide differences in the region encoding the dehydrogenase cata-
lytic YXXXK motif?” (where X is any amino acid): the third residue of the
motif encodes histidine in HSD3B1 and tyrosine in HSD3B2 (Fig. 6a).
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Figure 6 Identification of a zona glomerulosa—specific HSD3B isoform in the human adrenal gland. (a) cDNA sequences of human HSD3B1 and
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Hyphens indicate HSD3B2 nucleotides that are common to HSD3B1. Asterisks indicate missing nucleotides. Shown in bold are the codons for tyrosine
and lysine in the dehydrogenase catalytic YXXXK motif (X is any amino acid) with the third residue being subtype specific (histidine for HSD3B1

and tyrosine for HSD3B2). Nucleotide numbering for HSD3B1 is indicated. Blue and orange lines above the sequences indicate the probe regions for
HSD3B1 and HSD3B2, respectively. The FO forward primer (green arrow) recognizes both isoforms, whereas R1 (blue arrow) and R2 (orange arrow)
reverse primers are specific to HSD3B1 and HSD3B2, respectively. (b) Real-time PCR fluorescence curves for quantification of HSD3B1 mRNA. Zona
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from subject 2237N. Scale bars, 100 um. C, capsule; ZR, zona reticularis; M, medulla. Shown are mean concentrations + s.d. (three independent
measurements) of HSD3B1 (left) and HSD3B2 (right) in subjects 2237N and1774N. Values were normalized to the expression of RPLPO and plotted

relative to expression in the zona fasciculata cells of subject 2237N.
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Subtype-specific Tagman qRT-PCR analysis revealed that expression
of human HSD3B1 was considerably enriched in zona glomerulosa
cells, as compared to zona fasciculata cells. Conversely, expression of
human HSD3B2 was predominantly expressed in zona fasciculata cells,
suggesting that this gene is a counterpart of the mouse Hsd3b1I gene
(Fig. 6e). These observations support the notion that human HSD3BI,
but not HSD3B2, represents a functional counterpart of the mouse
Hsd3b6 gene (Supplementary Table 3).

DISCUSSION

This study unveils a new aspect of circadian clock-related pathology:
salt-sensitive hypertension. Cry-null mice show an adrenal disorder
characterized by chronic overproduction of aldosterone that persists
even in the reduced plasma renin activity. Our search for the patho-
genic factor underlying this adrenal disorder led to the identification
of Hsd3b6, which to our knowledge has not been previously associ-
ated with hypertension in rodents. The circadian clock governs the
levels of daily expression of Hsd3b6. The impediment of the circadian
clock could therefore be coupled to the development of hypertension
through the abnormal regulation of Hsd3b6-dependent aldosterone
synthesis in the adrenal gland.

How do our findings relate to human aldosterone-dependent
hypertensive disease? Chronic overproduction of aldosterone by
human adrenal zona glomerulosa cells, a disorder referred to as pri-
mary hyperaldosteronism, is clinically known to constitute a frequent
form of secondary hypertension??. Primary hyperaldosteronism can
be classified into two distinct diagnostic categories: aldosterone-
producing adenoma and bilateral idiopathic hyperaldosteronism. Unlike
aldosterone-producing adenoma, which has a known etiology that can
be corrected by surgery, the pathophysiology underlying nontumori-
genic idiopathic hyperaldosteronism remains totally unknown??, as
reflected in its being labeled ‘idiopathic’. Idiopathic hyperaldosteronism
does not allow for surgical correction by adrenalectomy because of its
bilateral nature, and specific therapies to reduce aldosterone production
are not available?®. Despite the medical importance of this disorder, the
underlying mechanisms have remained unexplored largely because of
the lack of a suitable animal model.

Cry-null mice, in which circulating aldosterone is chronically
overproduced by the adrenal glands, represent a promising animal
model of idiopathic hyperaldosteronism. Our analysis of steroido-
genic gene expression in Cry-null zona glomerulosa cells led to an
unexpected finding. Whereas the rate-limiting step for aldosterone
production by zona glomerulosa cells remains to be experimen-
tally defined, previous studies suggested a key role for Cyp11b2,
as the enhancement of aldosterone biosynthesis by angiotensin
I1 is associated with an acute induction of CypI11b2 expression in
zona glomerulosa cells*”. However, we observed that Cyp11b2 expres-
sion was essentially unimpaired in Cry-null mice, suggesting another
molecular mechanism for aldosterone overproduction in Cry-null
mice. We thus carried out a nonbiased examination of adrenal
steroidogenic genes, which led to the identification of Hsd3b6 as a
new gene exclusively expressed in zona glomerulosa cells. Notably,
the only effect on gene expression that we were able to detect in
Cry-null adrenal glands was increased expression of zona glomerulosa—
specific Hsd3b6; the expression of other steroidogenic genes tested
was unaffected. Furthermore, elevation of Hsd3b6 protein abundance
resulted in chronically enhanced 3B-HSD activity in Cry-null adrenal
zona glomerulosa cells, and in vivo inhibition of 33-HSD activity by
trilostane was effective in suppressing the increased PAC in Cry-null
mice. These data thus characterize mouse Hsd3b6 as a latent risk
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factor for hyperaldosteronism: chronic elevation of its activity in zona
glomerulosa cells instigates an abnormal elevation of PAC.

It may be somewhat unexpected that zona glomerulosa—specific
HSD3B gene expression by human HSD3B1 and mouse Hsd3b6 has
escaped notice thus far. However, it should be noted that to show
that human HSD3BI gene expression is specific to zona glomerulosa
cells, we had to develop a Tagman MGB probe—based qPCR method
that can distinguish between transcripts of the HSD3B1 and HSD3B2
genes. Notably, these two isoforms are indistinguishable by conven-
tional probe hybridization methods because of their extremely high
DNA sequence similarity. Furthermore, as the zona glomerulosa cell
population constitutes only a fraction of the total number of adre-
nal gland cells, the levels of gene expression in this cell type might
have been underestimated in assays using whole adrenal extracts®$37,
Indeed, we observed that the expression of mouse Hsd3b6 was appar-
ently low when analyzed in whole adrenal RNA. By applying laser-
microdissection technology, in combination with subtype-specific
qRT-PCR, we were able to identify the zona glomerulosa—specific
HSD3B genes in both human and mouse adrenal glands.

On the basis of these results, the potential involvement of the human
HSD3BI gene in adrenal zona glomerulosa pathophysiology merits
further investigation. Whereas numerous studies link mutations in
human HSD3B2 to 3B-HSD deficiency leading to impaired steroido-
genesis in both the adrenal glands and the gonads®*!, no human
HSD3BI gene mutations have been observed in clinical screening of
human postnatal disorders?”. Human HSD3BI is expressed not only in
the adrenal zona glomerulosa but also in the placenta, where HSD3B1
functions as the major 3B-HSD isoform for production of progester-
one, which is vital for the maintenance of human pregnancy. It has
therefore been suggested that, in a fetus homozygous for a HSD3BI
gene defect, absence of the placental enzyme would lead to interrup-
tion of pregnancy before the end of the first trimester?”42.

[t is therefore unclear whether decreased expression or function of
human HSD3B1 might have pathological effects in the adult. Another
important question is whether its increased expression or function
might be associated with adult hyperaldosteronism. Although fur-
ther clinical investigation will be needed to address this question,
the identification of a zona glomerulosa—specific HSD3B gene sub-
type suggests a potential therapeutic application of subtype-specific
HSD3B inhibitors. Historically, individuals with idiopathic hyperal-
dosteronism have been treated with a broad-spectrum HSD3B inhibi-
tor that has negative side effects owing to its inhibition not only of
aldosterone production but also of corticosterone synthesis**#4. It
is thus tempting to speculate that selective inhibitors for the zona
glomerulosa—specific HSD3B subtype may offer new therapeutic
treatments for aldosterone control.

In conclusion, we have found an adrenalopathy in circadian clock—
deficient Cry-null mice. The inactivation of Cry genes leads to chroni-
cally enhanced mineralocorticoid production, which, in turn, renders
blood pressure salt-sensitive. Our analysis of the hyperaldosteronemia
of these mice led to the discovery of a zona glomerulosa—specific
HSD3B subtype. Although it is still not known how overproduced
aldosterone causes salt-sensitive hypertension in Cry-null mice, our
studies implicating this HSD3B isoform in hypertension may help
unravel the etiologies of salt-sensitive hypertension and idiopathic
hyperaldosteronism in humans.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.
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ONLINE METHODS

Mouse experiments. The generation and breeding of Cry-null mice has been
described previously!®1645, Before experiments, we housed both WT and
Cry-null mice for at least 2 weeks in a 12-h light-dark cycle to synchronize (entrain)
the circadian clock of WT mice to the ambient light-dark cycle. We conducted
all mouse experiments in constant darkness to eliminate a potential influence
of external light on steroidogenesis?! and to unequivocally define the effects of
the internal biological clock. To eliminate gender- and age-related variations, we
routinely used 12- to 16-week-old male mice. We transferred the mice into con-
stant darkness, and at selected time points on the first day in constant darkness,
we killed the mice to collect plasma and tissues. For pharmacological inhibition
of 3B-HSD activity, we gave the mice a daily dose of 1.6 or 8.0 mg per kg body
weight trilostane (a generous gift from Mochida Pharmaceutical), administered
at 6-7 h after light onset by gavage as a suspension in 1% gum tragacanth. Seven
days after the start of medication, we transferred the mice into constant darkness
and collected plasma at CTO in the dark. For salt-loading tests, we fed mice with
one of the following diets (CREA Japan Inc.): a normal-salt diet containing 0.2%
elemental Na*, a high-salt diet containing 3.15% elemental Na* and a high-salt
diet with the addition of eplerenone (a generous gift from Pfizer) at a concentra-
tion of 1.0 mg per g body weight in chow (estimated intake, 100 mg per kg body
weight per d). All of the studies were approved by the Animal Experimentation
Committee of Kyoto University.

Adrenal slice culture. Immediately after surgical isolation, we freed adrenal
glands (one per assay) of adherent fat and cut them into four slices (about
0.4 mm thick) with fine scissors. We placed these four fresh slices in 1 ml of
serum-free DMEM/F12 medium (Invitrogen), aerated with 5% CO,,95% O,
at 37 °C. To wash out the serum carryover in the tissue slices, we preincubated
them for 60 min at 37 °C under a 5% CO,, 95% O, gas mixture shaking continu-
ously at a rate of 150 cycles per minute. We replaced the preincubation medium
with 1 ml of fresh serum-free medium and incubated the slices for 60 min
under the same culturing conditions. We determined the amounts of aldosterone
secreted into the medium by radioimmunoassay (Coat-A-Count Aldosterone kit,
Siemens International).

Biochemical analysis of 3B-hydroxysteroid dehydrogenase-isomerase activity.
We mechanically separated the adrenal glands into capsular and decapsulated
portions according to the conventional method?®. We determined 33-HSD
enzymatic activities in each portion as previously described*®. We measured
the conversion of [7-*H]-pregnenolone (PerkinElmer) to *H-progesterone
and the conversion of [1,2,6,7->H]-dehydroepiandrosterone (PerkinElmer) to
H-androstenedione. Briefly, we incubated cell extracts containing 5 lLg of protein
in reaction buffer (10 mM phosphate, pH 7.5, 140 mM NaCl, 4% propylene
glycol) containing either 100 nM [*H]-pregnenolone plus 10 tM pregnenolone or
100 nM [*H]-dehydroepiandrosterone plus 15 uM dehydroepiandrosterone for
5 min at 37 °C. After incubation, we extracted steroids by ethyl acetate and sub-
jected them to HPLC analysis by using a reversed-phase column, LiChrospher
100 RP-18 (4.0 mm x 250 mm; Kanto). We eluted the column with a 30-min
linear gradient of 40—70% acetonitrile at a flow rate of 0.7 ml min~!, followed by
an isocratic elution of 70% acetonitrile. We fractionated the eluate every minute
from 5 to 35 min and counted radioactivity in a liquid scintillation counter.

Tagman quantitative reverse-transcription PCR analysis of human
HSD3BI and HSD3B2. We obtained human adrenalectomy specimens from
Kyoto University Hospital with written informed consent. All human stud-
ies were approved by the Ethics Committee of Kyoto University Graduate
School of Medicine. We collected cells in the zona glomerulosa or zona fas-
ciculata separately by laser microdissection (Supplementary Methods). The
high sequence similarity between human HSD3BI and HSD3B2 (Fig. 6a)
and the resultant potential cross-hybridization of their probes were sur-
mounted using Tagman MGB-containing fluorogenic probes, which can
discriminate accurately between DNA fragments with only a few base
pair mismatches*’. We used the following Tagman probes: for HSD3BI
(NM_000862.2), 5-FAM-CCATACCCACACAGC-NFQ-MGB-3" (NFQ is
the nonfluorescent quencher) and for HSD3B2 (NM_000198), 5"-VIC-
TCCATACCCGTACAGCA-NFQ-MGB-3". We amplified HSD3BI and
HSD3B2 ¢DNA fragments with FO and R1 primers and with FO and R2
primers, respectively (FO: 5'-AGAAGAGCCTCTGGAAAACACATG-3", R1:
5"-TAAGGCACAAGTGTACAGGGTGC-3'; R2: 5-CGCACAAGTGTACAAG
GTATCACCA-3"). We added the Tagman probes for HSD3BI and HSD3B2
together (250 nM each) to the reaction mixtures, as the use of different
reporter dyes for each probe with separated emission wavelength maxima
(probes for HSD3B1 and HSD3B2 are labeled with FAM and VIC, respec-
tively) enabled simultaneous monitoring of HSD3B1- and HSD3B2-specific
amplification in a single PCR tube. We performed real-time PCR with the
StepOnePlus instrument (Applied Biosystems). We analyzed cDNA amplifica-
tion curves with Sequence Detector software (Applied Biosystems), and we
expressed the fluorescence of hybridized probes as ARn (normalized reporter
signal). We normalized the expression of HSD3BI and HSD3B2 to human
RPLPO (NM_053275), which we evaluated by SYBR Green qPCR analysis
(Supplementary Methods).

Statistical analyses. We analyzed the blood pressure changes of individual mice
with the two-tailed paired Student’s f test. For any other experiments in which
three or more test groups were compared, we used one-way analysis of variance
with Tukey’s post hoc tests and evaluated the differences derived from genotypes,
drug application and circadian time points tested.

Additional methods. Specific reagents and detailed methodology for the deter-
mination of PAC and PRA, DNA microarray analysis, isoform specification of
Hsd3b and Cyp11b, promoter analysis of Hsd3b6, laser microdissection analy-
sis of adrenal sections, in situ hybridization, immunohistochemistry, immu-
noblotting of adrenal microsomal extracts, QRT-PCR analysis of steroidogenic
genes and radiotelemetric monitoring of blood pressure are all described in the
Supplementary Methods.
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