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Timely production of glucocorticoid hormones in response to ACTH is essential for survival by
coordinating energy intake and expenditure and acting as homeostatic regulators against stress.
Adrenal cortisol response to ACTH is clock time dependent, suggesting that an intrinsic circadian
oscillatorinthe adrenal cortex contributes to modulate the response to ACTH. Circadian clock gene
expression hasbeenreportedinthe adrenal cortex of several species. However, there are no reports
accounting for potential involvement of adrenal clock proteins on cortisol response to ACTH. Here
we explored whether the clock protein cryptochrome 2 (CRY2) knockdown modifies the adrenal
response to ACTH in a primate. Adrenal gland explants from adult capuchin monkey (n = 5) were
preincubated for 6 h with transfection vehicle (control) or with two different Cry2 antisense and
sense probes followed by 48 h incubation in medium alone (no ACTH) or with 100 nm ACTH. Under
control and sense conditions, ACTH increased cortisol production, whereas CRY2 suppression in-
hibited ACTH-stimulated cortisol production. Expression of the steroidogenic enzymes steroido-
genic acute regulatory protein and 3B-hydroxysteroid dehydrogenase at 48 h of incubation was
increased by ACTH in control explants and suppressed by Cry2 knockdown. Additionally, we found
that Cry2 knockdown decreased the expression of the clock gene brain and muscle aryl hydrocar-
bon receptor nuclear translocator-like protein (Bmal1) at the mRNA and protein levels. Altogether
these results strongly support that the clock protein CRY2 is involved in the mechanism by which
ACTH increases the expression of steroidogenic acute regulatory protein and 33-hydroxysteroid
dehydrogenase. Thus, adequate expression levels of components of the adrenal circadian clock are
required for an appropriate cortisol response to ACTH. (Endocrinology 150: 2717-2722, 2009)

uccessful adaptation to the environment requires an appro-
Spriate response to stress. Key in this adaptation are the glu-
cocorticoid hormones (cortisol in primates or corticosterone in
rats) secreted by the adrenal gland in response to ACTH. Glu-
cocorticoids are indispensable for life, coordinating energy in-
take and expenditure and acting as homeostatic regulators
against stress (1). I vivo, the magnitude of the glucocorticoid
response to ACTH is clock time dependent in human, rat, and
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capuchin monkey (2-5). This clock time dependency is main-
tained in vitro in the rat (6), suggesting the participation of an
adrenal circadian clock (5, 7-10).

In mammals, circadian clocks are driven by interconnected
stimulatory and inhibitory transcriptional-translational feed-
back loops; the stimulatory loop formed by the circadian loco-
motor output cycles kaput (CLOCK)-brain and muscle aryl hy-
drocarbon receptor nuclear translocator-like protein (BMAL)-1

Abbreviations: BMAL, Brain and muscle aryl hydrocarbon receptor nuclear translocator-like
protein; CLOCK, circadian locomoter output cycles kaput; Cry1-2, cryptochrome 1-2;
3B-HSD, 3B-hydroxysteroid dehydrogenase; MC2R, melanocortin receptor type 2; PBST,
PBS and Tween 20; Per1-2, period; StAR, steroidogenic acute regulatory protein.
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complex activating cryptochrome 1-2 (Cry1-2) and Per1-2 and
their proteins in turn acting as repressors of their own transcrip-
tion. The CRY-PER complex simultaneously stimulates Bmall
transcription (11-14). Finally, a number of clock-controlled
genes involved in major cellular functions are activated by the
CLOCK-BMALT1 complex through binding to E-boxes in their
promoters or using other transcription factors as intermediaries
(15, 16).

A link between clock genes and adrenal glucocorticoid pro-
duction is suggested by several studies. Glucocorticoid synthesis
requires key steroidogenic proteins that are under ACTH con-
trol. One of them is steroidogenic acute regulatory protein
(StAR) that delivers cholesterol to mitochondria, and another is
the enzyme 3B-hydroxysteroid dehydrogenase (33-HSD) that
transforms A-5 steroids into A-4 steroids (17). Transcriptome
studies in the rhesus and mice adrenal show circadian oscillation
of steroidogenic enzymes and a number of transcription factors
involved in steroidogenic enzyme regulation (7, 18, 19). In this
context, we reported that the enzyme 38-HSD mRNA follows a
circadian pattern in fetal and adult capuchin monkey adrenal
(20, 21). In the latter, we found that the maximal cortisol re-
sponse to ACTH in vivo occurring at 0800 h (5) coincides with
maximal expression of the enzyme 38-HSD, and it is preceded by
an increase in the expression of Per2 (21) and Cry2 (our unpub-
lished observations). Studies in clock gene mutant mice support
that the circadian clockwork plays a role in steroid production.
Reduced plasma testosterone along with decreased StAR mRNA
levels in the testis and adrenal gland and of 38-HSD mRNA in
testis has been reported in Bmal1 knockout mice (22). Addition-
ally, double Per2/Cry1 knockout mice show reduced adrenal
glucocorticoid response to ACTH in vitro (18). Given that CRY2
stimulates Bmall transcription (23, 24), we hypothesize that
CRY2 and BMALT1 are needed for cortisol response to ACTH in
the capuchin monkey.

In the present work, we explored the role of the clock gene
protein CRY2 in the mechanism of cortisol stimulation by
ACTH in the primate adrenal gland. We investigated the effect
in vitro of the knockdown of clock protein CRY2 on BMAL1
protein and mRNA levels and on ACTH stimulated StAR and
3B-HSD protein levels and its final product, cortisol.

Materials and Methods

Animals

Adrenal glands were dissected under sterile conditions from adult
capuchin monkeys (Cebus apella; n = 5) at necropsy at 0800 h. Animals
had been maintained in individual cages in a room with controlled tem-
perature and humidity and water available ad libitum at the Chilean
Primate Center, Pontificia Universidad Catolica de Chile. Food was ad-
ministered twice a day. A 14-h light, 10-h dark cycle was used in the
facility (lights on at 0700 h). Animal handling and care was performed
following the recommendations of the Guide for the Care and Use of
Laboratory Animals from the Institute of Laboratory Animal Resources,
Commission on Life Sciences, National Research Council. Animals were
sedated with ketamine (Ketaset, 10 mg/kg im; Wyeth-Ayerst, Madison,
NJ) and euthanized with an overdose of sodium thiopental (100 mg/kg
iv; Drag Pharma Invetec, Santiago, Chile). The Commission on Bioethics
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and Biosafety of the Facultad de Ciencias Biologicas, Pontificia Univer-
sidad Catolica de Chile approved the study protocol.

Methods

Materials

DMEM-F12, monoclonal anti-hg-actin antibody, dimethyl sulfox-
ide and BSA were purchased from Sigma-Aldrich (St. Louis, MO). 1-24
ACTH (Cortrosyn) was purchased from Organon Laboratories (Oss,
Holland). TRIzol reagent was purchased from Invitrogen (Invitrogen
Corp., Carlsbad, CA). Anti-CRY2 monoclonal antibody was purchased
from U.S. Biological (Swampscott, MA). Anti-BMAL1 was purchased
from Abcam (Cambridge, UK). Polyclonal goat antiserum anti-StAR and
polyclonal goat antiserum anti-33-HSD were generously donated by
Professor Ian Mason (University of Edinburgh, Scotland). Goat anti-
mouse and goat antirabbit immunoglobulin antibody were purchased
from Pierce (Rockford, IL). Polyvinylidene difluoride membranes and
amplified Opti-4CN kit were purchased from Bio-Rad Laboratories Inc.
(Hercules, CA). Antisense and sense phosphorothioate oligonucleotides
probes against Cry2 and primers antisense and sense for BMAL1 and
melanocortin receptor type 2 (MC2R) were synthesized by Integrated
DNA Technologies, Inc. (Coralville, IA). SuperScript Il RnaseH ™ reverse
transcriptase and Taq DNA polymerase were purchased from Life Tech-
nologies Inc. (Rockville, MD).

Antisense knockout protocol

Adrenal glands obtained immediately after necropsy (n = 5) were cut
inexplants of about 15 mgunder sterile conditions as previously reported
(25). Explants from each adrenal pair (containing cortex and medulla)
were preincubated for 6 h at 37 C, 100% humidity, 5% CO,, and 95%
air with 2 ml DMEM-F12 supplemented with 10% lipofectamine in
three conditions: 1) control, medium supplemented with 10% lipo-
fectamine; 2) A-Cry2, adrenal explants transfected with a mix of two
10-uM Cry2 antisense probes (AS-Cry2A and AS-Cry2B); and 3) S-Cry2
(probe control), adrenal explants transfected with a mix of two 10-um
Cry2 sense probes (S-Cry2C and S-Cry2D).

The oligonucleotides were designed in our laboratory and synthe-
sized as phosphorothioate derivatives, which provide nuclease resistance
and support ribonuclease H cleavage of hybridizing RNA (26, 27). It has
been shown that the phosphorothioate modification extends half-life,
and probes remain in the cytoplasm for at least 48 h (28). Specificity for
Cry2 was checked using Blast 2.2.1 tool (www.ncbi.nlm.nih.gov).

The primers used were: AS-Cry2A, 5'-ttctgtctctecteectgee-3' (718-
699 of full human Cry2 mRNA NM_21117.1 and 10-1 of partial C.
apella Cry2 mRNA); S-Cry2B, 5'-gccacagtcgecgeccatgac-3' (30-10 of
full human Cry2 mRNANM_21117.1);S-Cry2C, 5'-ggcagggaggag aga-
cagaa-3’ (699-718 of full human Cry2 mRNANM_21117.1 and 1-10 of
partial C. apella Cry2 mRNA); S-Cry2D, 5’'-gtcatggcgg cgactgtgge-3'
(10-30 of full human Cry2 mRNA NM_21117.1).

After 6 h of preincubation, the explants were removed from the me-
dium and incubated by 48 h in triplicate in basal condition (medium
alone; no ACTH) or in presence of 100 nm ACTH. Aliquots of the
supernatants were taken at 24 and 48 h of incubation to assess cortisol
production during these time intervals, and cortisol was measured by
RIA. After 48 h the adrenal explants were harvested, weighed, and pro-
cessed in TRIzol (Invitrogen) for protein and RNA extraction.

Semiquantification of CRY2, StAR, 3B-HSD, and BMAL1
by immuno-slot-blot

The protein levels of CRY2, StAR, 38-HSD, and BMAL1 were mea-
sured by an amplified slot-blot technique, using B-actin as housekeeping.
The antibodies used in the present report were previously validated by
Western blot. These antibodies recognize single bands by Western blot
of 30, 43, and 68 kDa for StAR (Mason, L., personal communication),
3B-HSD (29), and BMAL1 (data not shown), respectively. Total adrenal
protein was extracted with TRIzol (Invitrogen) following the manufac-
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FIG. 1. Effect of in vitro Cry2 knockdown on cortisol production induced by
ACTH at 24 h (A) and 48 h (B) of incubation. Adrenal explants obtained from five
capuchin monkeys were preincubated for 6 h with transfection vehicle (control,
black bars), with antisense probes against Cry2 (A-Cry2; white bars) or with
sense probes (S-Cry2, gray bars), followed by incubation in absence (DMEM-F12
alone, no-ACTH) or with ACTH 100 nm (ACTH). Results were expressed as
nanograms of cortisol per milligram of tissue. *, Different from no-ACTH (P <
0.05. ANOVA and Newman Keuls); &, different from cortisol production at 24 h
of culture (P < 0.05. ANOVA and Newman Keuls).

turer’s instructions, and protein concentration was measured by spec-
trophotometry at 280 nm using 1 mg/ml albumin solution as standard.

Briefly, 0.25-2.0 pg protein in 50 ul of PBS were applied to wet
polyvinylidene difluoride membranes (0.45 um) using a Manifold-II
slot-blot apparatus (Schleicher and Schuell, Keene, NH). Next, each
membrane was blocked by incubation for 1 h in blocking reagent (Bio-
Rad), and after that the membranes were incubated overnight with gentle
agitation in appropriate dilutions of the different antibodies (anti-CRY2,
1:3,000; anti-BMALI1, 1:100; anti-StAR, 1:5000; anti-38-HSD, 1:500;
and anti-B-actin, 1:5000) in PBS 2% Tween 20 (PBST) plus 1% BSA
(PBST-BSA). After three washes with PBST, the membranes were further
incubated for 1 h at room temperature with 5 ml of goat antimouse or
goatantirabbitimmunoglobulin antibody diluted 1:10,000 in PBST-BSA
and finally revealed using amplified Opti-4CN (Bio-Rad) following the
manufacturer’s instructions.

Each blot image was scanned using a digital scanner (Snapscan 310;
AGFA, Mortsel, Belgium), and then the OD (pixels per square millime-
ter) of a square of fixed size comprising the spot was measured with
the software Scion Image (Scion Corp., Frederick, MDj; http://www.
scioncorp.com). The results were calculated as a ratio of each protein to
B-actin and expressed as percentage of no-ACTH levels.

Expression of BMAL1 and MC2R by RT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen), accord-
ing to the manufacturer’s instructions, and the mRNA expression of
Bmall and MC2R was measured as reported (20 and 30, respectively).

Cortisol production

Aliquots of the supernatants were taken at 24 and 48 h of incubation
to assess cortisol production during these time intervals. Cortisol con-
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FIG. 2. Effect of in vitro Cry2 knockdown on protein levels of CRY2 in capuchin
monkey adrenal gland explants (A). The explants from five animals were
preincubated for 6 h with transfection vehicle (control), antisense probes against
Cry2 (A-Cry2), or sense probes (5-Cry2), followed by 48 h incubation in absence
(DMEM-F12 alone, no-ACTH; white bars) or with 100 nm ACTH (ACTH; black
bars). After 48 h of incubation in the above conditions, the explants were
collected, weighed, and protein levels of CRY2 measured by immunoslot blot
using B-actin as housekeeping. The results were expressed as the ratio between
CRY2 and B-actin. *, Difference of control condition and S-Cry2 treatment (P <
0.05; ANOVA and Newman Keuls). B, Representative slot blot for CRY2 and
B-actin.

centration in these aliquots was measured using a RIA previously vali-
dated for capuchin monkey (20).

Statistical analysis

Data are expressed as means * SEM. The mean ratios of protein to
B-actin and BMAL1 and MC2R to 18S-rRNA were expressed as per-
centage of no-ACTH production, whereas cortisol production was ex-
pressed as nanograms per milligram of tissue per 24 and 48 h. Ratios were
subjected to arcsin transformation before statistical analysis. Data were
analyzed by ANOVA for repeated measures and the post hoc Newman-
Keuls test. Results were considered significant when P < 0.05.

Results

We investigated the effect in vitro of the knockdown of clock
protein CRY2 in adrenal explants by measuring integrated
cortisol production during the first 24 h of incubation and dur-
ing the 48 h that lasted the incubation. In addition, we measured
the protein levels of CRY2, BMALT1, StAR, and 38-HSD and the
mRNA levels of Bmall and ACTH receptor MC2R.

Six hours of pre-incubation with the Cry2 antisense probes
inhibited ACTH-stimulated cortisol production. Cortisol pro-
duction increased between 24 and 48 h in all the treatments,
indicating maintenance of tissue viability (Fig. 1, A and B).
ACTH treatment of control capuchin adrenal gland explants
increased total cortisol production during the first 24 h. This
production continued from 24 to 48 h, resulting in the accumu-
lated cortisol concentration observed in Fig. 1B at 48 h. In the
explants in which CRY2 was suppressed, cortisol production in
response to ACTH reached the levels observed during 24 and
48 h in the explants incubated with medium alone (no ACTH).
Treatment with sense probes had no effect on basal or ACTH-
stimulated cortisol production.
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FIG. 3. Effect of in vitro Cry2 knockdown on protein levels of BMALT (A and B)
and BMALT mRNA (C) expression levels in capuchin monkey adrenal gland
explants. Adrenal explants obtained from five capuchin monkeys were
preincubated for 6 h with transfection vehicle (control, black bars), antisense
probes against Cry2 (A-Cry2, white bars), or sense probes (S-Cry2, gray bars),
followed by 48 h incubation in absence (DMEM-F12 alone, no ACTH) or with
ACTH 100 nm (ACTH). Protein levels of BMALT in the explants were measured by
immunoslot blot using human B-actin as housekeeping. BMALT mRNA levels
were measured by semiquantitative RT-PCR. The results were expressed as the
ratio BMALT1 to B-actin and BMALT to 18S-rRNA. *, Difference of control
condition and S-Cry2 treatment (P < 0.05, ANOVA and Newman Keuls). A
representative immunoslot blot for BMAL1 and B-actin is shown in B.

Treatment with Cry2 antisense probes decreased the relative
amount of the CRY2 protein measured after 48 h in culture (Fig.
2), whereas the sense probes did not change the levels of this
protein. To determine whether the knockdown of CRY2 affected
another clockwork protein, we measured the effect of the treat-
ment on mRNA and protein levels of BMAL1. We found that
CRY?2 suppression reduced BMALT1 protein by 50% (Fig. 3, A
and B) and suppressed BMAL1 mRNA expression almost com-
pletely in adrenal explants (Fig. 3C). ACTH treatment had no
effecton the levels of CRY2 or BMALI1 protein or Bmall mRNA.

ACTH treatment of capuchin adrenal gland explants in-
creased the protein levels of StAR and 3B8-HSD as reported in
other species (17, 31, 32). In contrast, ACTH induction of StAR
and 3B8-HSD was inhibited in adrenal explants treated with Cry2
antisense (Fig. 4, A-C). In addition, Cry2 knockdown did not
affect the protein levels of StAR and 38-HSD in adrenal explants
not treated with ACTH. Treatment with the Cry2 sense probes
did not modify both StAR and 3B8-HSD expression at 48 h of
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FIG. 4. Effect of in vitro Cry2 knockdown on StAR (A) and 3B3-HSD (B) protein
expression induced by ACTH. Adrenal explants obtained from five capuchin
monkeys were preincubated for 6 h with transfection vehicle (control, black
bars), with antisense probes against Cry2 (A-Cry2; white bars) or sense probes
(S-Cry2, gray bars), followed by 48 h incubation in absence (DMEM-F12 alone,
no ACTH) or with ACTH 100 nm (ACTH). Protein levels of StAR and 38-HSD in
the explants were measured by immunoslot blot using B-actin as housekeeping.
Results were expressed as the percentage against no-ACTH. *, Different from no
ACTH (P < 0.05, ANOVA and Newman Keuls). A representative immunoslot blot
for each enzyme and B-actin is shown in C.

incubation. In contrast with the inhibitory effects at 48 h on
BMALT, StAR, and 38-HSD just described, we found that nei-
ther Cry2 antisense nor Cry2 sense probes modified the expres-
sion levels of the MC2R at this time interval (Fig. 5).

Discussion

The present data demonstrate that i vitro knockdown of the
clock protein CRY2 in capuchin monkey adrenal glands de-
creased cortisol production in response to ACTH. This effect was
achieved by dramatically affecting two different targets of
ACTH stimulation, the StAR protein, which delivers cholesterol
to mitochondria and the enzyme 38-HSD, which transforms A-5
steroids into A-4 steroids (17).

CRY2 knockdown had marked effects on ACTH-stimulated
cortisol production. Inhibitory effects over the cortisol produc-
tion were detected already during the first 24 h of incubation
with ACTH and persisted during the 48 h that lasted throughout
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FIG. 5. Lack of effect of in vitro Cry2 knockdown on MC2R mRNA expression
(A). Adrenal explants obtained from five capuchin monkeys were preincubated
for 6 h with transfection vehicle (control, black bars), antisense probes against
Cry2 (A-Cry2, white bars), or sense probes (S-Cry2, gray bars), followed by

48 h incubation in absence (DMEM-F12 alone, no ACTH) or with ACTH 100 nm
(ACTH). MC2R mRNA levels were measured by semiquantitative RT-PCR. The
results were expressed as the ratio MC2R to 18S-rRNA. A representative agarose
gel of PCR products and for 18S-rRNA is shown in B. st, Base pair standard.

the experiment. CRY2 knockdown inhibited ACTH response
without affecting cell viability because the adrenal explants kept
producing cortisol at the same rate as basal (no ACTH) explants
and showed the increase in cortisol production between 24 and
48 h observed in explants incubated with medium alone. Expo-
sure to ACTH is known to increase adrenal content of StAR and
3B-HSD in several species (17, 31, 32). However, at the end of
the 48-h incubation with ACTH, capuchin monkey adrenal ex-
plants treated with Cry2 antisense probes contained about half
of the StAR and 3B-HSD protein levels than the control adrenal
explants. Although the time course of StAR and 3B8-HSD levels
was assessed only at the end of the 48-h incubation, the low
cortisol production of the adrenal explants treated with antisense
probes is consistent with enzyme inhibition being present
throughout the experiment.

Because the effects of Cry2 antisense probes were observed
only in the explants exposed to ACTH, we looked for changes in
the expression of ACTH receptors as explanation of our results.
ACTH binds to a G protein-coupled receptor named MC2R
(30). We found that Cry2 knockdown did not modify the ex-
pression levels of the MC2R, suggesting selective effect of the
antisense Cry2 probes on StAR and 3B8-HSD.

Treatment with antisense Cry2 probes by inhibiting the trans-
lation of Cry2 mRNA should decrease CRY2 protein. It is rea-
sonable to infer that the effects of the treatment with the anti-
sense Cry2 probes on cortisol and StAR and 3B-HSD just
discussed were mediated by decreasing CRY2 protein availabil-
ity. After 48 h in culture, the levels of CRY2 protein were about
half of those in untreated explants. This low CRY2 levels could
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reflect repression of CRY2 translation during the whole 48-h
incubation, given that phosphorothioate antisense probes have
been shown to have a long half-life, remaining in the cytoplasm
for at least 48 h (28). Alternatively, given that CRY2 is a com-
ponent of the circadian clockwork, the difference in CRY2 con-
tent at 48 h between control and antisense-treated explants may
represent a phase shift of the adrenal clock. In the circadian clock
circuit, CRY1-2 stimulates BMALI1 transcription (23, 24). In-
deed, at the end of the experiment, decreased CRY2 levels in
Cry2 antisense-treated adrenal explants were accompanied by
decreased BMAL1 levels, as expected from the known clock gene
circuit (11-14, 23, 24). From our experimental design, we can-
not assess the time course followed by CRY2 and BMALL in the
adrenal explants. Nevertheless, the fact that treatment with Cry2
antisense probes resulted in a long-term suppression of the cor-
tisol response to ACTH is consistent with long-term effects of the
antisense probes.

Inhibition of BMAL1 may provide the mechanism explaining
the suppression of ACTH-stimulated cortisol induced by Cry2
knockdown. Strong evidence points to BMAL1 being important
for StAR expression. Indeed, functional E-boxes positively reg-
ulated by BMALT1 have been demonstrated in StAR gene pro-
moter (22, 33, 34). Moreover, BMAL1 knockout mice showed
decreased expression of StAR mRNA in the adrenal gland, testis,
and ovary (22, 33, 35) and the circadian rhythm of corticoste-
rone is disrupted in mice carrying an adrenal gland-specific
BMAL1 deletion (34). Bearing in mind that 38-HSD mRNA
expression is reduced in BMAL1 knockout mice testis (22), the
present results reinforce a potential involvement of BMALT in
3B-HSD regulation.

In conclusion, in this report we showed that in diurnal pri-
mates, the magnitude of the adrenal cortisol response to ACTH
depends critically on adrenal core clock genes, namely Cry2 and
BMALI. In vivo, the circadian elevation of ACTH that pre-
cedes waking up (5) occurs close to the time at which Bmall
is actively transcribing E-box clock-controlled genes in the
adrenal, including steroidogenic enzymes (7, 20, 21, 36). The
convergence of ACTH and adrenal clockwork would contrib-
ute to time an enhanced cortisol production compatible with
the initiation of the activity phase of the individual.
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