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Regulation of expression of the human calcitonin gene was found to differ between two tumor lines of
different tissue origin, medullary thyroid carcinoma (TT line) and small-cell lung carcinoma (DMS53 line).
Distal 5' DNA elements between -750 and -2000 exhibited a stronger basal activity in DMS53 than in TT cells,

whereas proximal DNA sequences between -132 and -252 mediated a dramatic cyclic AMP response in TT
but not DMS53 cells.

Investigating the regulation of genes expressed in cells of
separate embryological origin is critical for understanding
the differential gene control that accompanies cell differen-
tiation. Peptide hormone genes such as the calcitonin (CT)
gene offer an excellent opportunity to study this problem. In

nonendocrine tumors express these genes so-called ectopi-
cally (for reviews, see references 4 and 9).
The cell-specific regulation of CT gene expression is

complex. Alternative RNA splicing generates predominantly
CT mRNA in thyroid C cells and calcitonin gene-related
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FIG. 1. Diagram of CT gene constructs. The 5' end of the CT gene is shown at the top. The transcription start site is indicated by + 1, and

sites for the restriction enzymes used in construction of some of the CT-CAT plasmids are shown (A, AatII; B, BamHI; Bg, BglII; H, HindlIl;
S, Sau3AI). CT-CAT plasmids contain various 5'-flanking-region fragments and the first 91 bp of the coding region of the CT gene inserted
in front of the CAT gene (boxed area) as shown. The 1.9-kbp BamHI fragment was inserted in both orientations, as indicated by the arrows
[pCT2000CAT, forward; pCT2000CAT(Rh-reverse].

general, these genes are most highly expressed in specific
endocrine glands and their tumors. However, cells secreting
these hormones are found in other tissues, and on occasion,
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peptide (CGRP) mRNA in the nervous system (1, 18). In
addition, CT and CGRP immunoreactivity has been identi-
fied in discrete endocrine cells such as those scattered
throughout the respiratory mucosa (15, 19). In this study, we
examined, by transient gene transfer experiments, the cis-
acting DNA elements mediating basal and induced CT gene
expression in two CT-producing human tumors of different
embryological derivation: the medullary thyroid carcinoma
(MTC) line TT, of thyroid C cell origin (20), and the
small-cell lung carcinoma (SCLC) line DMS53, of bronchial
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FIG. 2. Transient expression of the CT-CAT constructs in TT cells. A representative experiment is shown. CAT activity was quantitated
by liquid scintillation counting of regions of thin-layer chromatography plates containing acetylated chloramphenicol (see Table 1). Plasmid
concentrations were carefully verified by spectrophotometry and by visualization of ethidium bromide-stained agarose gels. CAT activity was
normalized to cell number and to pRSVCAT, an external control included in each experiment. In key experiments, pRSV 3-galactosidase was
cotransfected with the CT-CAT plasmids as an internal control, and CAT activity was normalized to 3-galactosidase levels determined as
described previously (21).

epithelial origin (7, 25, 29). Previous studies from our labo-
ratory have shown that in both cell lines, the 5'-flanking
region of the CT gene is hypomethylated and in a so-called
open chromatin configuration favorable for expression (11).
We now find that CT gene expression in these two cell lines
is mediated by differential utilization of 5'-flanking DNA
sequences.
CT gene transcriptional elements in the TT line of MTC.

Plasmid pCT750CAT (Fig. 1), containing human CT gene 5'
sequences from a BglII site at -731 to a Sau3AI site at +88
in exon 1, was derived by subcloning this region from cosmid
coshCT2, containing the entire human CT gene (30), into
pUC18. A SalI fragment from pCATB' (2), containing the
chloramphenicol acetyltransferase (CAT) gene and simian
virus 40 splicing and polyadenylation sites, was then ligated
via Sall linkers downstream from the CT gene sequences.
pCT750CAT was first transfected into the TT cell line of

human MTC, characterized by us and others (8, 10, 20, 23).
These cells produce high basal levels of CT and CGRP
mRNAs (24). We have also demonstrated that treatment of
these cells with cyclic AMP (cAMP) derivatives results in an
8- to 10-fold transcriptional stimulation of the endogenous
CT gene (10). Transfection (107 cells per ml of 280 mM
dextrose-10 mM KCl-1.5 mM KH2PO4-5 mM MgCI2 [pH
7.5]) was by electroporation (26), using a Gene Pulser
apparatus (Bio-Rad Laboratories) (450 V, 25 ,uF) and 50 jig
of cesium chloride gradient-purified supercoiled plasmid.
Cells were then plated in growth medium with or without 1
mM dibutyryl cAMP; 48 h later, assays of CAT activity were
conducted essentially as described by Gorman et al. (13).

In parallel with transfection with pCT750CAT, the cells
were transfected with pRSVCAT (14), a control plasmid
containing the Rous sarcoma virus promoter-enhancer,
which exhibits a strong activity in most eucaryotic cell
types. Surprisingly, the basal level of expression of
pCT750CAT was low and equal to only 6.2 + 2.5% that of
pRSVCAT (Fig. 2 and Table 1). However, when the cells
were treated with 1 mM dibutyryl cAMP for 48 h, there was
a 19 3.3-fold induction of pCT750CAT activity, to a level
approximately equal that of pRSVCAT (Fig. 2 and Table 1).
Neither pRSVCAT (14) nor pCATB', a promoterless CAT

plasmid (2), had increased expression in response to cAMP
(data not shown).
To delineate the DNA sequences responsible for cAMP

induction, deletion mutants of pCT750CAT (pCT500CAT
and pCT380CAT) were obtained by partial digestion of
pCT750CAT with Sau3AI and insertion of a BamHI kana-
mycin resistance gene cartridge derived from pUC4-KIXX
(Pharmacia, Inc.). After selection for kanamycin resistance
and mapping of the cartridge insertion site, portions of the 5'
CT gene region were excised along with the kanamycin
resistance gene by use of appropriate restriction enzymes.
pCT252CAT and pCT132CAT were obtained by using the
AatII restriction site at -252 and the BamHI restriction site
at -132, respectively (Fig. 1). The basal activities of all of
these deletion mutants were comparable with that of
pCT750CAT and ranged from 5.7 to 11.3% of the pRSVCAT
level (Fig. 2 and Table 1). Similarly, the cAMP responses for
pCT252CAT, pCT380CAT, and pCT500CAT were equal to
that of pCT750CAT and ranged from a 19.5- to a 27.3-fold
increase (Fig. 2 and Table 1). By contrast, pCT132CAT was
only minimally stimulated by cAMP (2.1 + 0.5-fold increase)
(Fig. 2 and Table 1), suggesting that cAMP response ele-
ments (CREs) (27) residing between nucleotides -132 and
-252 are highly active in TT cells.

TABLE 1. Quantification of transient expression assays
in TT cellsa

Determination (mean ± SE)
Plasmid Basal activity Fold increase in

(% of pRSVCAT value) response to cAMP

pCT132CAT 11.3 ± 5.3 2.1 ± 0.5
pCT252CAT 9 + 3.9 23.5 ± 11.5
pCT380CAT 9.7 ± 1.8 27.3 ± 5.8
pCTSOOCAT 5.7 + 0.7 19.5 ± 2
pCT750CAT 6.2 ± 2.5 19 ± 3.3
pCT2000CAT 9.9 ± 5 22 ± 8
pCT2000CAT(R) 8.4 ± 5.3 1.5 ± 0

a Shown are data from the assays described in the legend to Fig. 2. Values
are means of at least three independent experiments done in duplicate for each
construct.
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FIG. 3. Transient expression of CT-CAT constructs in DMS53 cells. A representative experiment is shown. Quantitation of the data is
given in Table 2.

The results also suggested that the first 750 base pairs (bp)
of the 5' CT gene region do not include basal enhancer
elements for TT cells. We therefore sought to determine
whether DNA sequences located further upstream confer
the high basal CT gene expression present in these cells.
pCT2000CAT, a plasmid containing a larger 5' CT gene

region, was made by replacing the DNA fragment from
BamHI at -132 to BglII at -731 in pCT750CAT (Fig. 1) with
a 1.9-kbp BamHI fragment (Fig. 1) from the human CT
gene-containing cosmid coshCT2 (30). The 1.9-kbp BamHI
fragment was inserted in both the forward and reverse

[pCT2000CAT and pCT2000CAT(R)] orientations. The basal
activity of pCT2000CAT (9.9 + 5% that of pRSVCAT) was

only slightly higher than that of pCT750CAT (6.2 + 2.5%)
(Fig. 2 and Table 1), thus ruling out the presence, within
2,000 bp from the transcription start site, of strong basal
enhancer activity for the CT gene in TT cells. pCT2000CAT
mediated a dramatic response to cAMP, comparable to that
of pCT750CAT (22 + 8-fold increase), whereas
pCT2000CAT(R) did not (Fig. 2 and Table 1), suggesting that
for optimal activity, the CREs located between -132 and
-252 need to be correctly positioned with respect to pro-
moter sequences located within the first 132 bp of the
5'-flanking region of the CT gene.
CT gene transcriptional elements in the DMS53 line of

SCLC. DMS53 is an unusual line of SCLC that produces
levels of CT peptide and CT mRNA comparable to those
produced by the MTC cells discussed above (7, 25, 29).
However, the two cell types regulate the posttranscriptional
and posttranslational processing of the CT gene differently.
DMS53 cells produce predominantly high-molecular-weight
species of immunoreactive CT peptide (7) and a much higher
ratio of CT to CGRP mRNA than do TT cells (12, 24). In this
study, we first ascertained whether these cells express the
CT gene from the same promoter and transcriptional start
site as do the TT cells. An antisense oligonucleotide primer
complementary to exon 1 (+90 to +110) was annealed to
either TT or DMS53 RNA and extended by reverse tran-
scriptase. One single transcriptional start site at position + 1
of the CT gene (18) was detected in both cell types (data not
shown).
We next tested the basal expression for the CT-CAT

plasmids transfected into DMS53 cells. The activity was

generally higher than in TT cells whether normalized to

pRSVCAT (Fig. 3 and 4A; Table 2) or to expression of a
cotransfected internal control plasmid, pRSV ,B-galactosi-
dase (data not shown). Transfection efficiencies were com-
parable in the two cell types, as judged by expression of the
3-galactosidase construct and a similar cell survival of 25 to
35% after electroporation. In DMS53 cells, unlike in TT
cells, an increase in basal activity was seen between plas-
mids pCT132CAT (16 ± 5.3% of pRSVCAT activity) and
pCT252CAT (54 + 15% of pRSVCAT activity). However,
the most striking difference between the cell types was that
in DMS53 cells, distal DNA sequences located between 750
and 2,000 bp mediated a dramatic increase in basal activity
compared with proximal regions (15.3 ± 4.7% of pRSVCAT
activity for pCT750CAT versus 148 ± 39% of pRSVCAT
activity for pCT2000CAT) (Fig. 3 and 4A; Table 2). In an
attempt to further localize the distal sequences, pCT1400-
CAT was made by replacing the BamHI (-132)-to-BglII
(-731) fragment in pCT750CAT with the BamHI (-132)-
to-HindIll (-1460) fragment from cosmid coshCT2 (30).
pCT1400CAT exhibited a basal activity as high as that of
pCT2000CAT (Table 2).
These data suggest that proximal (-132 to -252) and

particularly distal (-750 to -2000) transcriptional elements
mediate basal transcription more efficiently in DMS53 than
in TT cells. We analyzed further the relationship between

TABLE 2. Quantification of transient expression
assays in DMS53 cells'

Determination (mean + SE)
Plasmid Basal activity Fold increase in

(% of pRSVCAT value) response to cAMP

pCT132CAT 16 ± 5.3 2 ± 0.7
pCT252CAT 54 ± 15 2.5 ± 0.8
pCT380CAT 25 ± 4.3 3.5 ± 0.8
pCT500CAT 30 ± 8.7 3.3 ± 0
pCT750CAT 15.3 ± 4.7 3.3 + 0.2
pCT1400CAT 152 ± 62 ND
pCT2000CAT 148 ± 39 2.6 ± 1
pCT2000CAT(R) 41 ± 20.7 2 ± 0.8

a Data from the assays shown in Fig. 3 were generated and analyzed as
described in the legend to Fig. 2 and footnote to Table 1. An additional
CT-CAT plasmid. pCT1400CAT. not used in the assays of TF cells, was
included. ND. Not determined.
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FIG. 4. Comparison of the basal activity (A) and cAMP response (B) in TT and DMS53 cells. Shown is a graphic summary of the data
presented in Fig. 2 and 3 and Tables 1 and 2.

proximal and distal elements in DMS53 cells as follows. The
BamHI-to-AatII (-132 to -252) and BglII-to-HindIII (-731
to -1460) CT fragments were separately excised from
pCT2000CAT and inserted into the multiple cloning site of
pBLCAT2, a CAT plasmid containing the herpes simplex
virus thymidine kinase gene promoter (22). These constructs
increased thymidine kinase expression by 1.7 + 0.4- and 17
+ 7-fold, respectively (Fig. 5), suggesting that although both
elements contribute to enhancing CT gene expression in
DMS53 cells, the distal element is the more powerful.
Potential interaction between the proximal and distal ele-
ments was studied by selectively deleting the proximal
element (-132 to -429) from pCT2000CAT. This resulted in
a marked decrease in activity (to 13.7 ± 2.4% that of
pCT2000CAT) (Fig. 5), strongly suggesting a cooperative
interaction between the two elements, perhaps involving
DNA looping and DNA-binding protein contact. In turn,
these two elements appear to be orientation dependent, or at
least to require a correct positioning with respect to CT
promoter sequences, since the plasmid containing the 1.9-
kbp BamHI fragment in the reverse orientation, pCT2000-
CAT(R), had 30% of the activity of pCT2000CAT (41 +

20.7% versus 148 ± 39% of pRSVCAT activity) (Fig. 3 and
Table 2).

In addition to the differential use of basal cis-acting DNA
elements, TT and DMS53 cells differed by the magnitude of
their cAMP responses. The cAMP response of each of the
CT-CAT constructs in DMS53 cells ranged only from a 2- to
3.5-fold increase (Fig. 3 and Table 2). No increase in cAMP
response was observed between nucleotides -132 and -252,
as seen in the TT cells (Fig. 4B). This result suggests that the

CREs located in this region, which mediate a 20- to 30-fold
increase in transcriptional activity in response to cAMP in
TT cells, are less active in DMS53 cells or that the higher
basal activity in the lung carcinoma cells is not further
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FIG. 5. Analysis of proximal and distal DNA elements in DMS53
cells. A representative experiment is shown. The means and stan-
dard errors of at least three independent experiments done in
duplicate were as follows: the CAT activity of CT2000(A132 to
429)CAT normalized to pRSVCAT activity was 13.7 + 2.4% that of
CT2000CAT; the ratios of CT(132 to 252)TKCAT and CT(731 to
1460)TKCAT to pBLCAT2 were 1.7 ± 0.4- and 17 + 7-fold,
respectively.
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inducible. This difference in cAMP induction of the CT gene
constructs between the TT and DMS53 cell lines paralleled
induction of the endogenous CT gene, as judged by Northern
(RNA) analysis (data not shown) of endogenous mRNA in
control and cAMP-treated cells (eightfold increase for TT
cells and twofold increase for DMS53 cells).

In conclusion, these data show that the transcriptional
activity of the human CT gene is regulated by differential
utilization of 5' DNA sequences in two human tumor cell
lines of different embryological origin, MTC and SCLC. This
may reflect quantitative or qualitative differences in the
trans-acting factors that interact with these DNA sequences.
Thus, proteins interacting with proximal CREs in the 5'
region of the CT gene (-132 to -252) may be more abundant
or more active in TT than in DMS53 cells. By contrast,
cellular factors recognizing proximal (-132 to -252) and
distal (-750 to -1400) elements in the 5'-flanking region of
the CT gene may be more abundant or more active in the
basal state in DMS53 than in TT cells. Alternatively, TT
cells may contain negative factors interacting with the distal
region. It is interesting that both cell types use the proximal
(-132 to -252) CT gene region for different functions: in TT
cells it mediates a dramatic cAMP response, whereas in
DMS53 cells it serves as a modest basal enhancer. Delinea-
tion of the exact DNA sequences mediating these two
functions is currently being pursued.
The diversity of cis-acting DNA elements utilized by MTC

and SCLC lines may reflect the separate embryological
origins of these tumor cells. Thus, by maintaining high levels
of CT gene transcription through constant activation of
signal transduction pathways such as those mediated by
cAMP, TT cells could be mimicking the normal function of
their parent thyroid C cells, programmed to respond acutely
to physiological regulators such as calcium or gastrin (3).
DMS53 cells, of bronchial epithelial origin, may similarly
reflect the function of their parent cells, which may express
the CT gene predominantly in a constitutive fashion. Re-
cently, a few eucaryotic genes in which different DNA
sequences control expression in different cell types have
been reported. These include the human apolipoprotein Al
(28), rat phosphoenolpyruvate carboxykinase (5), and mouse
alpha-fetoprotein (16) genes. The human CT gene may
represent an additional example in which the differential
utilization of DNA sequences contributes to a diversity of
patterns of cell-specific and developmental expression.
We and others (6) have sequenced the first 1,460 bp of the

5' region of the CT gene and identified several consensus
binding sites for known transcription factors, including AP-2
(17) and CRE-binding protein (27). Deletion mutagenesis
studies and DNase I footprinting analysis are under way to
demonstrate the importance of these and other DNA se-
quences for basal and induced CT gene expression in TT and
DMS53 cells. Isolation of the trans-acting factors mediating
CT gene expression in MTC and SCLC should provide
valuable tools for understanding the differential expression
of polypeptide hormone genes between normal cells of
diverse tissue origins and between tumors arising from these
different sites.
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