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A genomic locus in man (CALC-III) containing nucleotide sequences highly homologous to both exon 2 and exon 3 
of the CALC-I and -II genes, is described in this paper. The CALC-I gene produces calcitonin (CT) (encoded by exon 
4) or calcitonin gene-related peptide (CGRP) (encoded by exon 5) in a tissue-specific fashion. The CALC-II gene produces 
a second human CGRP, but probably not a second CT. The CALC-III gene does not seem to encode a CT- or CGRP- 
related polypeptide hormone and is probably a pseudogene. Like the other two CALC genes, the CALC-III gene is lo- 

cated on human chromosome 1 I. 

Calcitonin; Gene duplication; CALC-III (pseudo)gene; Chromosomal localization; (Man) 

1. INTRODUCTION 

Analysis of  rat calcitonin (CT) gene expression 
has provided the first example of  tissue-specific 
regulation of  RNA processing pathways in the en- 
docrine and nervous systems, determining which 
of  two polypeptide hormone precursors is pro- 
duced [1,2]. In the thyroid gland CT mRNA is 
almost exclusively produced, whereas in most 
neuronal tissues mRNA encoding the precursor of  
calcitonin gene-related peptide (CGRP) is almost 
exclusively produced from the rat C T / C G R P  gene. 
Exons 1-3 of  this gene are represented in both CT 
and CGRP mRNA. In addition, CT mRNA con- 
tains exon 4 (CT-encoding) and CGRP mRNA 
contains exon 5 (CGRP-encoding) and exon 6 se- 
quences. 

Structural analysis of  the human CT gene has 
revealed a similar organization and mode of  ex- 
pression to that of  the corresponding rat gene 

Correspondence address: J.W.M. H6ppener, Institute of 
Molecular Biology, State University of Utrecht, Padualaan 8, 
3584 CH Utrecht, The Netherlands 

[3,4]. In medullary thyroid carcinoma (MTC; a 
tumour of  the CT-producing thyroidal C-cells), 
both CT mRNA and CGRP mRNA are produced 
from the human C T / C G R P  gene (or 'CALC-I  
gene', [5]). In addition, a structurally related gene 
has been identified in the human genome, en- 
coding a second CGRP (CGRP-II) differing from 
the previously known human CGRP (CGRP-I) in 
3 of  the 37 amino acids. This second human 
C T / C G R P  gene (or 'CALC-I I  gene', [5]) is 
probably a pseudogene for a second human CT 
[6,7]. CGRP-II  mRNA has been detected in MTC 
[81 and in Ewing sarcoma cell lines [91. A gene en- 
coding a second CGRP (/3-CGRP) has also been 
identified in rat, but as in man a second CT- 
encoding exon has not been reported for this gene 
II0]. 

CGRP-I  has been isolated and sequenced from 
MTC [11] and both CGRP-I  and CGRP-II  have 
been isolated and sequenced from spinal cord [12]. 
CGRPs have been shown to stimulate the rate and 
force of  contraction of  the heart and to be potent 
vasodilators (for reviews see [ 13,14]). 

Here we report the characterization and 
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chromosomal localization of  a locus in the human 
genome containing nucleotide sequences highly 
homologous to both exon 2 and 3 of  the known 
CALC genes. However, this third CALC locus 
does not seem to encode a CT- or CGRP-related 
polypeptide hormone and is probably a 
pseudogene. 

2. MATERIALS AND METHODS 

2.1. Phage A fibrary of human genomic DNA 
An amplified human genomic DNA library in phage 

AEMBL3 [15] was obtained from Dr G. Grosveld (Erasmus 
University, Rotterdam, The Netherlands). It was prepared from 
high molecular mass chromosomal DNA from chronic myeloid 
leukemia cells. 

2.2. Southern blotting and hybridizations 
Restriction enzyme-digested DNA was size-fractionated by 

electrophoresis in 0.8% agarose gels. Blotting was performed 
overnight as described [16] onto Hybond-N membranes, using 
20 × standard saline citrate (20 × SSC). 

Double-stranded (ds) DNA probes were labeled using 
[ce-32p]dCTP by random priming [17] with the Klenow frag- 
ment of DNA polymerase I. Hybridizations were performed in 
the presence of 50% formamide and 6 x SSC at 42°C over- 
night. Filters were washed twice at 65°C in 2 x SSC/0.5% SDS 
for 30 min and exposed to Fuji-RX films. 

2.3. Nucleotide sequence analysis 
DNA restriction enzyme-generated fragments were labeled 

3'- or 5'-terminally using [te-32p]ddATP and terminal de- 
oxynucleotidyl transferase, or [y-32p]ATP and T4 poly- 
nucleotide kinase, respectively. After a second restriction 
enzyme digestion, fragments labeled at only one of their 3'- or 
5'-termini were isolated from polyacrylamide gels or agarose 
gels and sequenced using the chemical modification technique 
[18]. Fragments subcloned in M 13 vectors were sequenced using 
the dideoxynucleotide chain termination method [19]. 

2.4. Chromosomal assignment 
Chromosomal assignment of the CALC-II1 gene was per- 

formed as described previously [20]. Chromosomal DNA was 
isolated from a panel of 23 human-Chinese hamster and 
human-mouse somatic cell hybrids and their parents and 
digested with Taql. A Southern blot prepared from these DNA 
digests was hybridized to a probe recognizing the CALC-III 
gene and hybrids were analyzed for the presence of the CALC- 
111 gene-specific restriction fragment of 3.2 kb. 

3. RESULTS AND DISCUSSION 

Analysis of  human genomic DNA with probes 
derived from the CALC-I or CALC-II genes, in 
combination with the known structural organiza- 
tion of  these genes, provided evidence for the ex- 
istence of  a yet unknown CALC-related gene in the 

human genome. The possibility that this gene en- 
codes a CT- or CGRP-Iike polypeptide was not 
ruled out. As shown in figs 1 and 2, a genomic 
3.2 kb TaqI fragment (previously termed 3.0 kb in 
[8,20]) was identified which hybridized to probes 
containing exon 2 and /or  exon 3 sequences of  the 
CALC-I gene or the CALC-II gene, but which 
does not belong to either one of  these two genes. 
The 8.0 kb and 6.5 kb fragments in fig.1 are the 
two alleles of a CALC-I gene-specific restriction 
fragment length polymorphism for TaqI [21] and 
the 2.3 kb TaqI fragment is derived from the 
CALC-II gene [6]. 

An amplified human genomic DNA library in 
phage AEMBL3 was screened with a probe contain- 
ing exon 2 plus 3 sequences from the CALC-I gene 
(BgllI-PstI fragment from phC36 [3]), in order to 
isolate a stretch of  chromosomal DNA comprising 
the 3.2 kb TaqI fragment. Of the 300000 plaques 
tested, 12 positive clones were selected for a second 
screening. Because a specific probe for the 
genomic locus containing the 3.2 kb TaqI frag- 
ment was not available, clones containing this 
fragment were selected by virtue of  the fact that 
they do not hybridize to gene-specific probes (both 
upstream and downstream of  the exon 2 plus 3 
region) from the CALC-I or the CALC-II gene. 
One clone of  the 12 selected (later termed ATG3) 
did not hybridize to probes containing either exon 
1 or exon 4 of  the known CALC genes (probes d - g  

kb 1 2 

Fig.1. Southern blot hybridization analysis of Taql-digested 
human placenta DNA to.' (lane 1) plasmid phC36, containing 
exons 2, 3 and 4 of the CALC-I gene [3]; (lane 2) plasmid 
pTT1062, containing the 3'-terminal 475 bp of exon 4 (CT- 

encoding) of the CALC-I gene [29]. 
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Fig.2. Schematic representation (not drawn to scale) of  the CALC-I and the CALC-I!  gene, with the locations of Taql restriction 
enzyme recognition sites (T) and the distances between them (in kb) indicated above. In addition, the locations of a BamHI site (B) 
in the CALC-I gene and three Pstl sites (P) in the CALC-I!  gene are represented. Exons are numbered from l to 6 and the locations 
of  probes (a -h)  which do ( + ) or do not ( - ) detect the 3.2 kb genomic Taql fragment are indicated. The location and the maximum 
size of  a fragment derived from the CALC-I or the CALC-II  gene which could hypothetically be contained within the genomic 3.2 kb 

TaqI fragment (which hybridizes to exon 2 and exon 3 probes), is indicated below the gene structures. 
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Fig.3. (A) Comparison of  the exon 2-like nucleotide sequence of ATG3 with that of  exon 2 of  the CALC-I gene. The nature of the 
nucleotide at position 48 in the exon 2-like sequence could not be determined unambiguously. The ATG  initiation-codon in exon 2 
of  the CALC-I gene is underlined. Gaps ( - ) were introduced to maximize homologies,  asterisks (*)  indicate differences in nucleotide 
sequence. Exon-intron boundaries are indicated by arrows. (B) Comparison of the exon 3-like nucleotide sequence of ,~TG3 with that 
of  exon 3 of the CALC-I gene. An insertion of 3 nucleotides (corresponding to an alanine-encoding triplet) in exon 3 of  the CALC-I 

gene is boxed. 
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in fig.2) and was shown to contain a TaqI frag- 
ment of  3.2 kb containing both exon 2- and exon 
3-related nucleotide sequences. Restriction map- 
ping of  ATG3 DNA placed the 3.2 kb TaqI frag- 
ment at a distance of  approx. 12 kb f rom the 
downstream insert/AEMBL3 junction in ATG3 
(not shown). 

The exon 2-like sequence of  ATG3 consists of  95 
nucleotides with approx. 80°70 homology to exon 2 
of  both CALC genes (figs 3A and 4). The 3 '-splice 
site is considerably mutated. The ATG initiation- 
codon is mutated to AAA and no other ATG se- 
quence is present within or immediately preceding 
the exon 2-like sequence. The 5'-splice site is very 
well conserved. 

The exon 3-like sequence of  ATG3 consists of  
136 nucleotides with approx.  90070 homology to ex- 
on 3 of  both CALC genes (figs 3B and 4). The 3 ' -  
and 5'-splice sites are very well conserved. Three 
nucleotides encoding an alanine residue in exon 3 
of  the CALC-I  gene are absent in both the CALC- 

II gene and in ATG3. An additional dinucleotide 
deletion located at a position 8 and 9 nucleotides 
upstream of  the 5 '-splice site in ATG3 is not pre- 
sent in either the CALC-I  gone or the CALC-I I  
gene (and would have caused a shift in the transla- 
tional reading frame used for the precursors pro- 
duced from these two genes). 

In both CALC genes, exon 4 (-like) sequences 
(encoding CT in the CALC-I  gone) start at a posi- 
tion located about  1 kb downstream of  the 3 ' -end  
of exon 3. CGRP-encoding exon 5 sequences start 
another 1.2 kb further downstream in both of  
these genes [3,6]. Nucleotide sequence analysis of  
a region of  approx. 4 kb downstream of  the 3 ' -end 
of  the exon 3-like sequence in ATG3 did not reveal 
significant homologies with either exon 4 or exon 
5 of  the known CALC genes. The existence of  a 
salmon CT (SCT)-like polypeptide has been 
demonstrated immunochemically in man [22,23] as 
well as in several other species [24,25]. In addition, 
in vitro translation of  RNA isolated f rom human 
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Fig.4. Schematic representation illustrating comparisons between the exon 2- and exon 3-like regions in ATG3 with the corresponding 
regions in the CALC-1 and the CALC-II gene, respectively. Exons 2 and 3 are represented as open boxes. The size [in nucleotides (N)] 
of  exon and intron sequences (as far as sequence data were available) is indicated in the boxes and above the genomic structures, 
respectively. The percentage of  homology in nucleotide sequence between corresponding regions is indicated underneath the genomic 
structures in (A) for the comparison of  the ATG3 insert with the CALC-I gone, in (C) for the comparison of  the ATG3 insert with 
the CALC-II gone, and in (D) for the comparison of  the CALC-1 and the CALC-II genes to one another. The position and (estimated) 

size of  deletions within the insert of  ATG3 are also indicated (see text for further explanation). 
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and murine MTCs directed the synthesis of  
polypeptides which could be specifically 
precipitated with antibodies raised against SCT 
[26]. However, no significant homology with the 
nucleotide sequence of  a cDNA encoding SCT [27] 
was detected in the 4 kb downstream of  the exon 
3-like sequence in ATG3. Also, DNA probes 
specific for human CT (exon 4) or CGRP (exon 5) 
or probes comprising exon 1 or 6 of  the CALC-I 
or -II gene did not hybridize to ATG3 DNA under 
non-stringent conditions. 

A comparison between nucleotide sequences of  
the ATG3 insert with corresponding regions of  
both CALC genes is presented in rigA. In the 
region upstream of  the exon 2-like sequence in 
ATG3, no significant homology with either one of  
the CALC genes is found. Nucleotide sequences 
immediately downstream of  the exon 2-like se- 
quence in ATG3 are clearly more homologous to 
the CALC-II gene than to the CALC-I gene. In- 
tron 2 in both CALC genes is at least 300 
nucleotides longer than the intron 2-like sequence 
in ATG3. Nucleotide sequences immediately 
downstream of  the exon 3-like sequence in ATG3 
are about 80% homologous to both CALC genes, 
up to a position about 290 bp downstream of  exon 
3 in the CALC-I gene. From that point onwards, 
homology with either one of  the two CALC genes 
decreases very rapidly, although intron 3 in the 
CALC-I and -II genes stays about 80% 
homologous over the next 168-173 nucleotides se- 
quenced from both genes (unpublished). A stretch 
of  60 bp within intron 3 of  the CALC-II gene 
(starting at a position 226 bp downstream of  exon 
3) is missing from both the CALC-I gene and from 
ATG3. These results suggest that, during the course 
of  evolution, a part of  the sequences represented in 
ATG3 (comprising a region of  approx. 770 bp) was 
generated by duplication of  only part of  the 
CALC-II gene and subsequent integration 
elsewhere in the genome (the 3.2 kb TaqI fragment 
is not present in two cosmid clones containing the 
CALC-I gene, nor in two other cosmid clones con- 
taining the CALC-II gene). Thereafter,  an inser- 
tion of  60 bp in intron 3 of  the CALC-II gene has 
occurred. The duplicated DNA segment might 
start at a position close to the intron 1/exon 2 
boundary and terminate in intron 3 at a position 
located about 280 bp downstream of  exon 3 (ex- 
cluding the 60 bp insertion). 

Chromosomal localization of  the genomic locus 
containing the ATG3 insert [henceforth termed the 
CALC-III (pseudo)gene or CALC-III locus] was 
performed using the somatic cell hybrid technique. 
As are the CALC-I and -II genes [20,21], the 
CALC-III (pseudo)gene is located on human 
chromosome 11 (table 1). For the other 
chromosomes, the discordance is between 30°70 
and 7 8 o .  Limited regional localization, using 
somatic cell hybrids containing translocation- 
derived chromosomes, placed the CALC-III  locus 
in the q l2-p 12 or p l 5.1-pter region of  chromosome 
11 (fig.5). The CALC-II gene has been assigned to 
the same region [28]. These data support the 

Table 1 

Segregation of the CALC-III locus with human chromosomes 
in 23 human-rodent somatic cell hybrid clones 

Chromosome Chromosome/CALC-III  locus 
number of  clones a 

+ / +  + / -  - / +  - / -  % discordance 

1 l0 2 7 4 39 
2 2 3 15 3 78 
3 l0 4 7 2 48 
4 II  3 6 3 39 
5 II  4 6 2 43 
6 8 3 9 3 52 
7 7 2 10 4 52 
8 11 5 6 1 48 
9 8 5 9 1 61 

10 7 2 10 4 52 
l l  b 10 0 0 4 0 
12 6 5 11 1 70 
13 7 2 10 4 52 
14 7 5 10 1 65 
15 9 4 8 2 52 
16 13 4 ~ 2 35 
17 II  4 6 2 43 
18 9 1 8 5 39 
19 9 2 8 4 43 
20 11 4 6 2 43 
21 15 5 2 1 30 
22 14 5 3 1 35 
X 12 4 5 2 39 
Y 3 0 14 6 61 

a Numbers in columns indicate the number of  hybrid clones 
tested which contain both the numbered chromosome and the 
CALC-III locus ( + / +  ), the numbered chromosome but not 
the CALC-III locus (+  / - ), the CALC-Ill  locus but not the 
numbered chromosome ( - / + ) ,  or neither the CALC-III 
locus nor the numbered chromosome ( - / -  ) 

b Hybrids containing chromosome 1 l-derived fragments (see 
fig.5) were excluded from these data 
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Fig.5. Regional localization of the CALC-III locus using 
somatic cell hybrids containing translocation-derived fragments 
of human chromosome 11 (represented as vertical bars). + and 
- indicate the presence and absence, respectively, of the 
CALC-III gene-specific 3.2 kb Taql fragment as revealed by 
Southern blot hybridization analysis of chromosomal DNA 
from these hybrid clones. The A3RS hybrids (breakpoint 
1 lq23) [30], the WEGLI hybrids (breakpoint l lq12) [31] and 
the A3Bi hybrids (deletion llp12-11p15,1) [28] have been 
described previously. The SRO (shortest region of overlap) for 

the CALC-III locus is llq12-11p12 plus llpl5.1-11pter. 

hypothesis that all three CALC genes arose by 
local duplications of  a common ancestral gene. 

As yet we cannot exclude the possibility that the 
exon 2- and/or  exon 3-like sequences in ATG3 are 
expressed at the RNA level, ligated to exons not 
related to either exon 4 or exon 5 (and/or  exon 1) 
of  the CALC-I  or -II genes. In that case, an ATG 
initiation-codon might be present in an exon 
upstream of the exon 2-like sequence, and the 
dinucleotide deletion just upstream of the 5' -splice 
site in the exon 3-like sequence might not have to 
cause a frame-shift in translation of  that RNA 
hypothetically transcribed from the CALC-II I  
gene. The fact that the exon 3-like sequence is bet- 
ter conserved (as compared to the CALC-I  and -II 
genes) than the exon 2- and intron 2-like sequences 
might indicate that this sequence has (or had) a 
biological function. However, as yet we have no 

data to support this hypothesis and at present it 
seems most likely that CALC-II I  is a pseudogene. 
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