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Abstract

Calcitonin is secreted by the C cells of the thyroid in response
to a raised serum calcium, and acts on bone to lower serum
calcium. The C cells have specific receptors for the dihydroxy-
metabolite of vitamin D3, 1,25(OH)2D3. Moreover, calcitonin
stimulates the synthesis of 1,25(OH)2D3 in the kidney. Para-
thyroid hormone (PTH), the third calciotrophic hormone, is
also trophic to the renal synthesis of 1,25(OH)2D3, and in turn
1,25(OH)2D3 inhibits PTH gene transcription and synthesis.
Wereport here the marked inhibition of calcitonin gene tran-
scription by the injection of physiologically relevant doses of
1,25(OH)2D3 to normal rats that did not raise serum calcium.
Calcitonin mRNAlevels after 100 pmol 1,25(OH)2D3 de-
creased to 6% of basal at 6 h and 4% at 48 h, and a dose
response showed a marked effect even after 12.5 pmol
1,25(OH)2D3, with no appreciably greater effect with larger
doses (up to 200 pmol). Control genes, actin, thyroglobulin
(thyroid follicular cells), somatostatin (thyroid C-cells) were
not affected by 1,25(OH)2D3. Gel blots showed that
1,25(OH)2D3 decreased calcitonin mRNAlevels without any
change in its size. In vitro nuclear transcription showed that
1,25(OH)2D3-treated (100 pmol) rats' calcitonin transcription
was 10% of control, while thyroglobulin and actin were 100%.
Wepropose that calcium is the major regulator of PTH and
calcitonin secretion, while 1,25(OH)2D3 is an important regu-
lator of PTHand calcitonin gene transcription. Webelieve this
to be the first demonstration of an effect of 1,25(OH)2D3 on the
C cells thereby establishing a new target organ and site of
action of vitamin D. Calcitonin is trophic to 1,25(OH)2D3 syn-
thesis, which in turn inhibits calcitonin synthesis, which are
the components of a new endocrinological feedback loop.

Introduction

Calcitonin, parathyroid hormone (PTH) and 1,25-dihydroxy-
vitamin D3 (1,25(OH)2D3)' are the three major hormones that
determine calcium homeostasis. A low calcium stimulates
PTH secretion and a high calcium calcitonin secretion, while
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1. Abbreviations used in this paper: CGRP, calcitonin gene-related
peptide; 1,25(OH)2D3, 1,25-dihydroxyvitamin D3.

both PTH and calcitonin are trophic to the synthesis of
1,25(OH)2D3 in the kidney. The major regulator of PTHgene
transcription both in vitro and in vivo is 1,25(OH)2D3 (1, 2).
Feedback loops are a characteristic feature of hormone rela-
tionships and since calcitonin increases the synthesis of
1,25(OH)2D3 (3-5) by selectively stimulating the 25(OH)D3
1-hydroxylase enzyme in the proximal straight tubule of rat
kidney nephron (6), the question arose whether 1,25(OH)2D3
affected calcitonin production. 1,25(OH)2D3 acts on target
cells like classical steroid hormones by binding to stereospeci-
fic high affinity receptors that then translocate to the nucleus
to affect gene expression. In mammals, calcitonin is produced
principally in the parafollicular or C cells of the thyroid gland
that comprise less than 10%of total thyroid cells in rats (7) and
0. 1%in adult humans (8), therefore it would not be possible to
detect the presence of 1,25(OH)2D3 receptors in whole thyroid
cytosols. Medullary thyroid carcinomas are C cell carcinomas,
which secrete calcitonin, and Freake and MacIntyre demon-
strated the presence of the 1 ,25(OH)2D3-binding protein in the
cytosol prepared from human medullary thyroid carcinomas
(9). The protein was not present in nordhal thyroid cytosols,
probably reflecting the low proportion of C cells. The presence
of 1,25(OH)2D3-binding protein in C cells suggests that they
might be a target site for 1,25(OH)2D3. The effect of injected
1,25(OH)2D3 on serum calcitonin has produced conflicting
results with small doses given to humans having no effect on
calcitonin up to 2 h (10), while rats given large doses (1.2
nmol) had an increase in calcitonin at least partially due to
hypercalcemia (1 1), or a decrease in the calcitonin response to
calcium load together with a decrease in intrathyroidal calci-
tonin (12). After a large dose of 1 ,25(OH)2D3 (500 pmol/200 g
rat) Segond et al. ( 13) found no change in intrathyroidal calci-
tonin with a transient increase in calcitonin mRNA(1-2 h)
that decreased at 4-16 h. Wehad shown in vivo in the rat that
1,25(OH)2D3 was a potent inhibitor of PTH gene transcrip-
tion, reducing PTH mRNAlevels by 75% and PTH nuclear
transcription by 90% 24 h after a single injection of a small
dose of 1 ,25(OH)2D3 (1). For those experiments the thyroid
and parathyroid were usually excised together, and RNAwas
extracted from both tissues for dot blot analysis of PTH
mRNA. Wehave now rehybridized the same filters to study
whether 1,25(OH)2D3 regulates calcitonin mRNAlevels, and
calcitonin gene transcription. The following control genes
were used: actin for total thyroparathyroid tissue, thyroglobu-
lin for thyroid follicular cells and somatostatin that like calci-
tonin, is localized to the C cells of the thyroid (14).

Methods

Animals. As previously described (1) normal male rats of the Hebrew
University strain had been injected intraperitoneally with vitamin D
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metabolites dissolved in propylene glycol (100 ,l) and at timed inter-
vals the parathyroid-thyroid glands were excised in liquid nitrogen and
stored at -20'C until extraction.

RNAextraction and hybridization. Total parathyroid-thyroid tis-
sue RNAwas prepared by extraction with guanidine thiocyanate and
guanidine hydrochloride (15) and then spotted on nitrocellulose filters
with and without further dilution for dot blot analysis. The filters were
then hybridized with nick translated cDNAprobes (2-5 X 108 cpm/,g),
autoradiographed and the films scanned with a densitometer. The
filters were extensively washed and then rehybridized with further
probes. The calcitonin probe is an - 900 bp cDNA(16) fragment. The
thyroglobulin probe is a 640-bp cDNAfragment that represents part of
the structural gene (17). The somatostatin probe is a synthetic polynu-
cleotide of 46 bp, and represents part of the somatostatin cDNA(18).
The data for PTHmRNAand actin mRNAhas been published pre-
viously (1). For gel blot analysis, total RNAfrom thyroid-parathyroid
tissue was extracted, denatured, and size fractionated by electrophore-
sis on 1.5% agarose gels containing formaldehyde and transferred to
nitrocellulose filters by diffusion blotting (1). RNAsize was deter-
mined from the migration of ribosomal RNA markers. The same
amounts of RNAwere run from control and 1,25(OH)2D3-treated rats,
as quantitated by ethidium bromide staining and by spectrophotome-
try (OD260/OD28o = 2). Filters were hybridized sequentially with 32p
nick translated cDNAs for preproPTH (1), calcitonin, and actin. Both
in the dot blots and Northern blots the sequence of hybridization with
different probes was random.

Nuclear transcription and RNA isolation. In vitro nuclear tran-
scription run-offs were performed using 5 X 106 nuclei/ml, 200 MCi of
[a-32P]UTP (400 Ci/mmol), and an incubation for 10 min at 26°C as
previously described (1). The transcribed RNAwas hybridized to
filters prepared by spotting 5 Ag of linearized denatured plasmid DNAs
on nitrocellulose. Each dot of immobilized DNAwas punched out
from the filter strips and the radioactivity determined by liquid scintil-
lation counting.

Results

1,25(OH)2D3 (100 pmol) led to a marked reduction in pre-
proPTH mRNAreaching 50% at 6 h and 4% at 48 h (1).
Calcitonin mRNAlevels show an even more dramatic change
in response to 1,25(OH)2D3 than PTH mRNA. At 6 h after
1,25(OH)2D3 injection calcitonin mRNAlevels were 6% of
basal, and 2% at 48 h (Fig. 1). There was no change in these
same RNAtissue extracts for somatostatin mRNA, thyroglob-
ulin mRNA, and actin mRNA, showing that there was no
generalized decrease in mRNAlevels. The constant amount of
actin mRNAindicated that the RNAextraction did not vary.
The response is concentration dependent but with a major
effect on both PTH and calcitonin mRNAsat 12.5 pmol
1,25(OH)2D3 and little change from 50 to 200 pmol (Fig. 2).
The response is also metabolite specific with decreasing order
of potency: 1,25(OH)2D3, 24,25(OH)2D3, 25(OH)2D3 vitamin
D3 (results not shown). An agarose gel of extracted RNA
(Northern blot) showed that from a 1,25(OH)2D3-treated rat
the calcitonin mRNAwas markedly reduced as compared
with a control rat, while there was no effect on actin mRNA
(Fig. 3). Both PTHmRNA(833 bp) (1) and calcitonin mRNA
(900 bp) ran as single bands showing that the effect of
1,25(OH)2D3 was not on mRNAprocessing but on mRNA
synthesis or degradation. In vitro nuclear transcription run-off
experiments, in which transcription that had been initiated in
vivo is elongated and completed in vitro, demonstrated that
1,25(OH)2D3 decreased calcitonin transcription to 10% of
control, while thyroglobulin transcription was 100% of control
(Fig. 4). Wehad previously shown that 1,25(OH)2D3 had no
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Figure 1. Time course of the effect of 1,25(OH)2D3 (100 pmol) on
mRNAlevels for thyroglobulin (o), preproparathyroid hormone (.),
calcitonin (m) and somatostatin (A) of rat parathyroid-thyroid glands.
Levels of mRNAfor parathyroid hormone, calcitonin, thyroglobulin,
somatostatin, and fl-actin (not shown) were determined sequentially
by hybridization with nick translated rat cDNAprobes. The data for
PTHmRNAhas been published previously (1). The results at each
point are the mean±SE for four rats and expressed as a percentage of
basal.

effect on actin transcription but decreased PTH transcription
to 10% of control (1). This indicates that a major effect of
1,25(OH)2D3 is on calcitonin mRNAsynthesis. The serum
calciums were not elevated by the small single doses of
1,25(OH)2D3 injected to the rats.

Discussion

The action of 1,25(OH)2D3 is classically mediated by its action
on the genome of target cells by either stimulating (e.g., cal-
cium binding protein [ 19], osteocalcin [20], prolactin [211), or

inhibiting transcription (e.g., collagen [22], PTH [1], C-myc
oncogene [23]), and hence the synthesis of the respective pro-
teins. The C cells of the thyroid that secrete calcitonin have
receptors for 1,25(OH)2D3 (9), and we have now demonstrated
that 1,25(OH)2D3 regulates calcitonin gene transcription, thus
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Figure 2. 1,25(OH)2D3
dose-response effect at
24 h after injection to
rats of parathyroid-thy-
roid tissue levels of
mRNAfor f3-actin (v),
thyroglobulin (o), calci-
tonin (v), somatostatin
(A), and preproparathy-
roid hormone (-). The
results represent

200 mean±SEMfor four
rats.
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Figure 3. Gel blot analysis of total RNAfrom parathyroid thyroid
tissue. Filters were hybridized sequentially with 32P nick translated
cDNAs for preproPTH (1), calcitonin and actin. Lanes: 1, calcitonin
mRNAfrom parathyroid-thyroid tissue of 1 control rat; 2, calcitonin
mRNAfrom parathyroid-thyroid tissue of 1 rat 24 h after 100 pmol
1,25(OH)2D3 i.p. 3, actin mRNAfrom the control rat parathyroid-
thyroid tissue (as in lane 1); 4, actin mRNAfrom the 1,25(OH)2D3-
treated rat (as in lane 2); 5, PTHmRNAfrom the control rat; 6,
PTHmRNAfrom the 1,25(OH)2D3-treated rat.

providing evidence that the C cell of the thyroid is a target
organ for vitamin D. Somatostatin is also present only in thy-
roid C cells and not in thyroid follicular cells (14). Somato-
statin mRNAwas not affected by 1,25(OH)2D3, demonstrat-
ing that the effect of 1,25(OH)2D3 is specific for the calcitonin
gene. The thyroid follicular cells have no receptors for
1,25(OH)2D3 (9) and there was no change in thyroglobulin
mRNAlevels in response to 1,25(OH)2D3, confirming the
specificity of the effect on the calcitonin gene. Calcitonin gene
related peptide (CGRP) is derived from the same gene as cal-
citonin (24), and therefore also might be regulated by
1 ,25(OH)2D3 but its level of expression in the C cell is low, and
hence of limited significance. Calcitonin stimulates
I,25(OH)2D3 synthesis (3-6) and our findings that

CALCITONIN/THYROGLOBULIN pBR 322

CONTROL *

1,25(OH)2D3
(100 pmol)

Figure 4. Nuclear transcription run-offs for calcitonin and thyroglob-
ulin of control and 1,25(OH)2D3-treated rats. Nuclei were isolated
from the parathyroid-thyroid tissue of 18 control rats and 18 rats
treated with 1,25(OH)2D3 100 pmol i.p. 24 h earlier. Newly synthe-
sized mRNAsequences were quantitated by hybridization to immo-
bilized cDNA for calcitonin, thyroglobulin and pBR 322 plasmid as
a nonspecific control as described previously (1). There was no hy-
bridization with pBR 322 plasmid. The results expressed as parts per
million of total input 32P RNA(- 9.8 X 106 cpm) minus radioactiv-
ity bound to the pBR 322 dot were for control and 1,25(OH)2D3-
treated rats, respectively: calcitonin 20.0:2.3 and thyroglobulin
70.6:73.3.

1,25(OH)2D3 regulates calcitonin gene transcription therefore
establish an endocrinological loop as well as a new role for
1 ,25(OH)2D3 .

Jacobs et al. (25) studied the effect of high calcium (up to 5
mM) on the in vitro production of calcitonin mRNAin rat
thyroid slices. Up to 6 h there was no increase in calcitonin
mRNAfrom calcium-stimulated thyroid slices, despite a lin-
ear increase in calcitonin secretion in response to calcium
from similar thyroid preparations (26). Therefore, calcium is
the primary regulator of calcitonin secretion, but has not been
shown to regulate calcitonin synthesis. In the present studies
small physiologically relevant doses of 1,25(OH)2D3 (e.g., 12.5
pmol/1 50 g rat) were injected that had no effect on serum
calcium, but reduced calcitonin mRNAby > 90%at 48 h, with
a similar effect on PTH mRNA. In order to determine the
importance of this effect in physiology further investigations
are planned where small doses of 1,25(OH)2D3 will be injected
into rats that would not affect the serum calcium, and circu-
lating levels of PTH and calcitonin assayed. The results re-
ported here together with our previous studies of the effect of
1,25(OH)2D3 on PTH gene regulation (1) indicate that while
calcium concentration regulates PTHand calcitonin hormone
secretion, 1,25(OH)2D3 is an important regulator of PTHand
calcitonin gene transcription (Fig. 5).
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