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Abstract

The relationship between circadian rhythm and autonomous cortisol secretion of adrenocortical lesions associated with Cushing’s syndrome
is still unknown. We show here that in Y1 adrenocortical tumor cells, circadian rhythm of Per2 mRNA expression was in a 24 h manner, while that
of steroidogenic-related genes such as P450scc mRNA and Ad4BP/SF-1 mRNA was asynchronous with Per 2 mRNA, compared to normal mouse
adrenal primary culture tissue which show synchronized expression of the three genes. Deletion mutants of Ad4BP/SF-1 promoter activity in Y1
cells show that the E-box element functioned in a circadian-like pattern which was abrogated in promoter constructs which lack the E-box. Rhythm
of upstream factor-1 (USF-1) mRNA correlated with Ad4BP/SF-1 mRNA expression, which is known to bind the E-box of Ad4BP/SF-1 promoter.
Finally, we were able to detect asynchronous rhythm of P450scc, Ad4BP/SF-1 compared with Per2 promoter activity in primary cultured cells
derived from adrenocortical lesions associated with Cushing’s syndrome. We believe the results presented here a result of tumorigenesis rather than
evoking it, but we are certain that the method used here will provide us tools in deciphering the mechanism of tumorigenesis. Thus, we conclude
asynchronous expression of Ad4BP/SF-1 and Per2 is in part related to the pathogenesis in adrenocortical lesions of Cushing’s syndrome.
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Introduction

stimulate cortisol secretion [4]. Together with activating mutations

The primary adrenal form of Cushing’s syndrome is

characterized by ACTH-independent autonomous cortisol secretion of the gene coding for the stimulatory G protein a subunit (GNAS)

from adrenocortical tumors with diminished diurnal rhythm. The n adreno?ortlcotropm independent .macronodula.r ad.renocortlcal
hyperplasia (AIMAH) [5] and mutations of protein kinase, Camp
dependent, regulatory, type I, a gene (PRKAR1A) in primary

pigmented nodular adrenocortical disease (PPNAD), and other

normal adrenal gland produces cortisol stimulated by rhythmic
secretion of ACTH from the pituitary gland driven by CRH secretion
from parvocellular neurons of the paraventricular nucleus of
the hypothalamus. Circadian circuits stimulate suprachiasmatic
nucleus (SCN) afferents which stimulate CRH secretion [1,2].
In addition to this hypothalamus pituitary adrenal (HPA) axis

accumulating evidence has endorsed the idea that adrenocortical
lesions of Cushing’s syndrome harbor abnormalities of the cyclic
AMP signaling pathway [6].

activity, the peripheral clock of the adrenal gland is known to be An extensively detailed evaluation of cortisol level in patients

activated by light via the suprachiasmatic nucleus-sympathetic
nervous system in the absence of ACTH [3]. A continuous loss of
rhythmic, but robust and autonomous cortisol secretion from
adrenal tumors is ACTH-independent and in some cases ectopic
hormone receptors are expressed in the tumors which aberrantly
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with adrenocortical lesions of Cushing’s syndrome has found
increased pulsatile secretion and delay in phase shift of 3h [7]. This
is reminiscent with the Clock mutant mouse where circadian period
was 27.3h in constant darkness [8]. It remains unclear whether the
autonomous secretion of cortisol by the adrenal tumor is brought by
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abnormal rhythm of circadian related genes. Per2 is an important
component of the circadian clock system and participates in both
input and output pathways of the clock [9]. The blunted response to
ACTH of steroid secretion in Per2/Cryl mutant mice has revealed
that the adrenal clock gates the sensitivity to ACTH [10]. Though
rate-limiting components of steroidogenesis such as P450scc show
no transcriptional circadian rhythm [10], a nuclear factor, Ad4BP/
SF-1 is known to respond to light through the suprachiasmatic
nucleus-sympathetic nervous system [3]. Since the mechanism of
response of Ad4BP/SF-1 activity to cAMP accumulation is still an
open question [11] Ad4BP/SF-1 may be involved in the abnormal
steroid secretion in adrenocortical lesions of Cushing’s syndrome.

Ad4BP/SF-1 was identified as an essential
transcription factors that control most steroidogenic genes
expression [12]. Ad4BP/SF-1 has also been revealed to be
indispensable for the differentiation and development of the
adrenals, gonads and particular regions of the pituitary and
hypothalamus based on the findings of phenotypes of its knockout
mice [13]. Thus, the modulation of the expression level or activity
of Ad4BP/SF-1 in adrenals is essential for steroidogenesis. ACTH
or PKA has been shown to increase SF-1-mediated transcriptional
activity, thus leading to increased steroidogenesis [14]. Several
mechanisms for this phenomenon has been proposed, including
phosphorylation of SF-1 via PKA itself [15,16] and via its
downstream signaling, ERK 1/2 [17] or dephosphorylation
mechanism by mitogen activated kinase phosphatase-1 [18] and

originally

stimulation of DAX-1 dissociation from SF-1 [14]. Interestingly
since cAMP abnormalities have been implicated in the pathogenesis
of adrenocortical lesions of Cushing’s syndrome [6], PKA related
increase of Ad4BP/SF-1 activity may be related with increased
cortisol production.

The expression level of Ad4BP/SF-1 in adrenocortical lesions
of Cushing’s syndrome is controversial; Some reports shows no
change of SF-1 [19] but others show a moderate elevation in other
studies [20]. In a cultured adrenal cell system, no or little increase
of Ad4BP/SF-1 level by PKA stimulation has been demonstrated
[21]. However, little is known about the regulatory mechanism
of Ad4BP/SF-1 expression in respect of oscillation by circadian
rhythm. Such study is particularly interesting in that functioning
adrenocortical tumor secretes steroid hormones autonomously
and the mechanism has not been well clarified. The circadian-
related gene, Per2, has been implicated in development of cancer
[22]. Downregulation of Per2 has been reported in breast cancer
[23-25] endometrial cancer [26] lymphoma cell lines and acute
myeloid leukemia patient samples [27] chronic myeloid leukemia
[28]. Overexpression of Per2 induces cancer cell apoptosis [29].

Since adrenocortical lesions of Cushing’s syndrome show
autonomous cortisol secretion, it is particularly of interest to
investigate whether Per2 is expressed and/or oscillates, and
whether it directes oscillation of steroidogenic enzyme genes in
these tumors. To our knowledge, a glioma cell line is the only example
which shows tumor related circadian rhythm of Per2 promoter
activity [30]. In the present study, by using a well-established

activation method of circadian rhythm of cultured cells, namely
stimulation by 50% serum shock [31] we tested the rhythmicity
of Per2, P450scc and Ad4BP/SF-1 in Y1 adrenocortical tumor cells
and primary cultured cells from adrenocortical lesions of Cushing’s
syndrome and found asynchronous rhythm of expression.

Materials and Methods
Cell Culture

Y1 adrenocortical tumor cells were cultured as previously
described [32]. For normal mouse adrenal tissue, the adrenal
gland was cut in half (approximately 2mg) and incubated in culture
medium (DMEM + 10% serum). Adrenal tumors were obtained
from surgically operated (laparotomy) patients under written
informed consent and primary cultured as follow. The tumor was
cut into small pieces and tissue was finely minced and dispersed to
cells by treatment with 0.25% collagenase at 37°C for 30min and
incubated in culture medium (DMEM + 10% serum).

Measurement of Corticosterone Level

Corticosterone level was assessed with the collaboration of
SRL Co. Ltd. (Tokyo, Japan) using commercial RIA kits (Diagnostic
Products Corp., LA, USA)

Quantitative Real Time RT-PCR and Primers

Total RNA was extracted by TRizol reagent (Invitrogen).
Primers used for amplifying mRNA were as follows. Mouse
Per2 (forward; 5’-CAGACTCATGATGACAGAGG-3’, reverse;5’-
GAGATGTACAGGATCTTCCC-3’),mouseP450scc(forward;5’-
AGGACTTTCCCTGCGCT-3"reverse;5’-GCATCTCGGTAATGTTGG-3'),
mouse Ad4BP/SF-1 (forward; 5’-CCAGGAGTTCGTCTGTCTC-3',
reverse; 5’- GATCCCTAATGCAAGGAG-3") mouse USF1 (forward;
5'-GAAAACAGCTGAAACCGAAGAGGGAACAGT-3’reverse;
5’-CATAGACTGAGTGGCAGGGTAACCACTGAT-3").
complementary DNA was synthesized using 1pg of total RNA
as template and PCR was carried out in a Light Cycler (Roche
Diagnostics GmbH, Mannheim, Germany) according to the

First-strand

manufacturer’s instructions. Threshold values were obtained
where fluorescent intensity was in the geometric phase of
amplification, as determined with Light Cycler Software Ver.3.5.
Expression level at each time point was calibrated to those of
B-actin [33].

Plasmids

Promoter-luciferase (promoter-luc) constructs of human
Ad4BP/SF-1 and human P450scc [32] and mouse Per2 [34] are
described previously.

Real Time Monitoring of Luciferase Activity

Promoter activity was monitered by an in vitro real time
monitering system [35]. In brief, transfection by lipofectamine was
performed 24h prior serum shock (medium exchanged for serum
rich medium (DMEM, supplemented with 50% serum for two
hours and replaced with normal medium (DMEM + 10% serum
thereafter). After serum shock, light emission in the presence of 0.1
mM luciferin was measured and integrated for 1min at intervals of
15min, with a photomultiplier tube (Hamamatsu Photonics).

Cite this article: Kenji O, Hiroki T, Masayoshi M, Yusuke M, Munechika E, et al. Asynchronous Rhythm of Ad4BP/SF-1 and Per2 Expression in
Adrenal Tumors of Cushing’s Syndrome. Biomed ] Sci&Tech Res 7(1)- 2018. BJSTR. MS.ID.001459. DOI: 10.26717/ BJSTR.2018.07.001459.


http://dx.doi.org/10.26717/BJSTR.2018.07.001459

Biomedical Journal of Scientific & Technical Research

Volume 7- Issue 1: 2018

Results

Steroid Production After Serum Shock in Normal
Mouse Adrenal Tissue and Y1 Cells

In order to address whether adrenal tumors possess intrinsic
circadian rhythm of de novo steroid hormone synthesis, tissues
and cells were stimulated with serum shock for 2h and steroid
hormones were measured every 4h thereafter (Figure 1). Primary
culture from normal mice adrenal tissue (approximately 2mg in
10ml medium) showed small peaks of corticosterone at 16, 24,
32, 40, 48, 56h and an overall (circadian- like) tendency of peaks
at 32 and 60h (Figure 1A). Corticosterone was undetectable in Y1

cells since these cells do not express steroid 21-hydroxylase [36].
Instead, we measured progesterone secretion from Y1 cells and
found an almost linear increase of progesterone up to 32h, which
kept constant up to 60h. In order to evaluate de novo synthesis
(proposing the stability of corticosterone and progesterone are
comparable in the culture medium), a A change value (Figure 1)
designated as a difference value between present and former value
was also calculated. However, even by this method, Y1 cells seemed
to show only small bursts of steroid production and no overall
tendency of circadian rhythm, raising a possibility that circadian
expression of clock related genes which may control steroidogenic-
enzyme genes may be impaired in tumor cells.

- N
A Normal mouse adrenal tissue B Y1 adrenocorticol tumor cells
ng/mil g/mi
- 50
L]
S 150 | g 9
i) L @ 0" total
§ 100 | .g 30
o . 20
= 50 g
8 o! a 10}
50 | 0 : as Loa
100 | 0 12 ] % I’ h
- =10 -
Figure 1: Steroid secretion from normal mouse adrenal gland and Y1 adrenocortical cells after serum shock. En bloc culture
of tissue from normal mice adrenal gland (A) and Y1 cells (B) were stimulated with 50% serum for 2 h and corticosterone was
measured by collecting aliquots of medium every 4 h. Data are mean + SEM of 3 experiments. A is difference between previous
value.
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Figure 2: mRNA expression of Per2, Ad4BP/SF-1, P450scc relative to -actin after serum shock in en bloc culture of tissue
from normal mice adrenal gland (A) and Y1 cells (B) were evaluated. Total RNA at each time point in Fig. 1 was extracted and
subjected to real-time RT-PCR. Data are mean + SEM of 3 experiments.
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Total RNA was extracted from tissue and cells at the time points
which were checked for steroid production (Figure 2). Real time
RT-PCR was performed and the relative expression of target gene to
[-actin was examined. Peak expression of Per2, Ad4BP/SF-1, after
serum shock in normal adrenal tissue were synchronous, with Per2
mRNA and Ad4BP/SF-1 mRNA peaks at 8 and 20h (% in Figure 2A).
On the other hand, Y1 cells showed a different profile. While Per2
mRNA showed peak expression at 4, 28, 52h, with 24h interval (%
Figure 2B, upper), Ad4BP/SF-1 mRNA showed peaks at 4, 32, 56h
(5% Figure 2B middle) and P450scc mRNA at 12, 36, 52h (Y% Figure
1B, lower). Concerning the highest peak, Ad4BP/SF-1 mRNA (32h)
was 4h later than P450scc mRNA (28h). This asynchronous pattern
prompt us to test promoter activity of these three genesin Y1 cells.

Per2, Ad4BP/SF-1, P450scc Promoter Activity After
Serum Shock in Y1 Cells

In order to examine whether the asynchronous mRNA
expression of Per2 and Ad4BP/SF-1, P450scc in Y1 cells were
due to asynchronous promoter activity, Per2-luc, P450scc-luc
(-400bp), Ad4BP/SF-1-luc were transfected and promoter activity
was monitered by in vitro real-time luciferase system (Figure 3). In

Y1 cells, Per2-luc showed an interval of 16.5h between acrophase
(Figure 3A). P450scc-luc showed a dip in promoter activity which
restored to the same value after 19.75h but continued to increase
(Figure 3B). As for Ad4BP/SF-1 promoter we used deletion
constructs (-4000bp, -781bp, -480bp, -92bp, -84bp, -77bp) (Figure
3C) [32]. Clear rhythm, with 14-16h interval was seen in -92-luc
and longer, which disappeared in -82-luc and -77-luc constructs. An
E-box element is known to be located between -87 and -82bp of the
human Ad4BP/SF-1 promoter which is the main regulato

ry element [32] to which USF is known to bind [37]. The interval
between acrophase of Per-2 promoter activity was slightly longer
in Per-2 promoter compared to Ad4BP/SF-1 promoter activity
(16.5h and 14-16h, respectively). Since the E-box element seemed
to be responsible for the rhythm seen in Ad4BP/SF-1 promoter,
we tested the expression of USF-1 mRNA (Figure 3D) and found it
correlated well with that of Ad4BP/SF-1 mRNA (Figure 2B), middle
graph compared with Per2 mRNA and Ad4BP/SF-1 mRNA. Though
the relationship between the two variables is not linear, correlation
value is as follows: Ad4BP/SF-1 mRNA and USF-1 mRNA is 0.738,
while Ad4BP/SF-1 mRNA and Per2 mRNA is 0.541.
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Figure 3: Luciferase activity of Per2 (A), P450scc (B), deletions of Ad4BPP/SF-1 (-4000bp, -781bp, -480bp, -92 bp, -84bp, -77bp)
(C) promoter after serum shock in Y1 cells and evaluated by real-time luciferase monitoring system. Representative result of
four independent experiments is shown.Position of the E-box element is illustrated in cartoon of Ad4BP/SF-1 at bottom. (D)
mRNA expression of USF-1 after serum chock in Y1 cells. Total RNA at each time point in Fig. 1 was extracted and subjected
to real-time RT-PCR. Data are mean + SEM of 3 experiments.
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Per2, Ad4BP/SF-1, P450scc Promoter Activity After
Serum Shock in Primary Culture of Adrenocortical
Lesions of Cushing’s Syndrome

Since Ad4BP/SF-1 promoter exhibited a circadian-like rhythm
pattern which was asynchronous with Per2 promoter in Y1 cells,
we checked whether primary culture of adrenocortical lesions
of Cushing’s syndrome had the same feature. Primary culture of

non-functioning tumor (for control) showed no rhythm (Figure
4A) while Cushing’s syndrome due to primary pigmented nodular
adrenocortical disease (PPNAD) (Figure 4B) and adrenal tumor
(Figure 4C) showed similar patterns. Per2-luc showed a constant
22-24 interval between peaks of activity, while Ad4BP/SF-1-luc
and P450scc-luc showed clearly longer intervals (25-27h) and
short intervals (19-23h) appearing in turns which were in inverse
correlation.
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Figure 4: Luciferase activity of Per2, P450scc, Ad4BP/SF-1 (-4000bp) promoter after serum shock in primary culture cells
derived from adrenocortical lesions of non-functional adrenal tumor (A), PPNAD of Cushing’s syndrome (B) and adrenal
tumor of Cushing’s syndrome, were evaluated by real-time luciferase monitoring system.
~ J
Discussion Concerning abnormalities of circadian-related genes in

We have shown here that adrenal tumor-derived cells respond
to serum shock, which is known to induce circadian expression of
various genes [31]. Per2 as well as Ad4BP/SF-1, P450scc genes did
respond to serum shock in adrenal tumor-derived cells but these
cells could not produce steroid in a circadian fashion. The rhythm of
Per2 mRNA expression was synchronized with Ad4BP/SF-1 mRNA
in normal mouse adrenal tissue but became asynchronous in Y1
tumor cells. This was confirmed by promoter activity of Per2-luc
and Ad4BP/SF-1-luc in Y1 cells and also in primary cultured cells
derived from adrenocortical lesions of Cushing’s syndrome. The
similar expression rhythm of Per2 mRNA and Ad4BP/SF-1 mRNA
in normal adrenal tissue compared to similar expression rhythm
of USF-1 and Ad4BP/SF-1 in tumor derived tissue, suggested that
the E-box element in Ad4BP/SF-1 promoter may be regulated by
CLOCK/BMAL [38-40] in normal tissue and by USF-1 in tumors.
Confirmation of this would await direct evidence of CLOCK/BMAL
heterodimeric protein to regulate Ad4BP/SF-1 in normal adrenal
cells.

adrenocortical lesions of Cushing’s syndrome. The identical 3h
shift found in cortisol level of patients with Cushing’s syndrome
[7] and clock mutant mouse [8] made us assume abnormal CLOCK
gene function in these tumors. But since rhymicity of per2 mRNA
was 24h in Y1 cells (Figure 2B, upper panel) and Per2 promoter
activity was 22-24 h in primary culture of adrenocortical lesions
of Cushing’s syndrome, with no 3 h shift, the possibility of non-
functional clock protein (Per2 is regulated by CLOCK/BMAL) is
low. The sequence of the E-box of Ad4BP/SF-1 promoter is 5’- (-92)
AGAGTCACGTGGGGCA(-76)-3’ (E-box in bold letters). This is a
perfect E box sequence which is also known as a site of action for
CLOCK/BMAL. A study of surrounding sequences of the E-box has
found them important for the decision of the E-box to function in a
circadian or non-circadian manner [41]. In this context, the E-box
of Ad4BP/SF-1 promoter is flanked with sequences resembling that
for USF binding, RY-CACGTG-RY (R for purine and Y for pyrimidine)
[41] which has already been shown in cell lines [37]. But, since
USF factors are ubiquitous, other tissue specific factors have
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been implicated in tissue-specific expression of Ad4BP/SF-1. For
example, in the testis, additional factors besides USF factors have
been shown to bind the E-box of Ad4BP/SF-1 promoter [42]. In
this respect, it seems to be interesting to test a possibility in the
near future that CLOCK/BMAL could bind this element in normal
adrenal tissue.

Adrenal tumors responsible for Cushing’s syndrome are usually
in benign forms except that they secrete excess cortisol in an
ACTH-independent fashion, that can eventually lead to death if left
untreated. Recently, Cushing’s syndrome due to ACTH-independent
bilateral adrenal tumors seem not to be so rare as previously
thought. In fact, growing evidence has shown rare inherited
bilateral adrenal tumors and sporadic solitary adrenal tumors being
linked to abnormalities in cAMP signaling (reviewed in [6]). cAMP
signaling, and circadian rhythm are in close relation, for instance,
well known by circadian expression of cAMP inducible factors such
as CREM [43] which is also known to be the most highly induced
gene in the adrenal gland induced by light [3]. Ad4BP/SF-1 is also
induced by light [3] but is not induced by cAMP. Interaction of
Ad4BP/SF-1 (or its post-translationally modified form) and CREB-
binding protein seems to be important for co-ordinate regulation
of steroidogenic enzymes by Ad4BP/SF-1 and cAMP [44]. Thus, the
asynchronous correlation of cAMP inducible genes, such as Ad4BP/
SF-1, P450scc and circadian-related gene, Per2, in adrenal tumors
of Cushing’s syndrome, may give us a clue of the pathogenesis of the
loss of circadian rhythm in these tumors.
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