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ABSTRACT Two mRNAs generated as a consequence of
alternative RNA processing events in expression of the human
calcitonin gene encode the protein precursors of either
calcitonin or calcitonin gene-related peptide (CGRP). Both
calcitonin and CGRP RNAs and their encoded peptide prod-
ucts are expressed in the human pituitary and in medullary
thyroid tumors. On the basis of sequence comparison, it is
suggested that both the calcitonin and CGRP exons arose from
a common primordial sequence, suggesting that duplication
and rearrangement events are responsible for the generation
of this complex transcription unit.

We have documented that the rat calcitonin gene can gener-
ate two mRNAs encoding discrete polypeptide products as a
result of tissue-specific alternative RNA processing (1-4).
The products of these RNAs are the precursors to the
calcium-regulating hormone, calcitonin, and to two other
peptides in the thyroidal "C" cell and are the precursors to
a novel neuropeptide and hormone referred to as CGRP
(calcitonin gene-related peptide) and two other peptides.
Histochemical analysis with antisera against a synthetic
CGRP fragment and nuclease S1 mapping have demon-
strated CGRP expression and localization in the brain and
other tissues (4). On the basis of its anatomical distribution
and initial physiological studies with chemically synthesized
peptide, CGRP is suggested to exert regulatory effects on
nociception, ingestive behavior, and cardiovascular homeo-
stasis (4, 5). In addition to its localization in neural tissue,
CGRP also is produced in the endocrine system (including
thyroid "C" cells, adrenal chromaffin cells, and bronchiolar
cells) and is distributed widely in sensory nerves and in
nerves supplying vasculature in many other organs (e.g.,
skin, genitourinary system). The molecular basis for the
alternative RNA processing appears to be selective utiliza-
tion of calcitonin- or CGRP-specific poly(A) sites present in
the transcription unit associated with different patterns of
exon splicing and ligation reactions (6). Similar RNA proc-
essing events appear to operate in expression of other
eukaryotic genes (e.g., refs. 7-13) and in a number of animal
DNA viruses (14-17). Alternative patterns of RNA splicing
in association with the use of a single poly(A) site are also
observed in expression of a number of genes, including the
rat calcitonin/CGRP gene (6, 18-22).

In this manuscript we report that the human calcito-
nin/CGRP gene can generate two mRNAs encoding the
precursors of calcitonin and CGRP as a result of alternative
RNA processing events, documenting the operation of this
type of post-transcriptional regulation in the human neuro-
endocrine system. The structure of the human CGRP pre-

cursor predicts the excision of a 37-amino acid peptide
differing in 4 amino acids from the primary sequence of rat
CGRP. The predicted peptide is identical with the structure
of a peptide from human medullary thyroid tumors in novel
fast-atom-bombardment mass spectometry (23). Both RNA
and peptide products of the human calcitonin/CGRP gene
appear to be expressed in the human pituitary gland.

MATERIALS AND METHODS
Cloning Procedures and DNA Sequence Analysis. Poly(A)-

rich RNA from human medullary thyroid carcinomas pre-
pared as described (2, 3) was used as substrate for oligo(dT)-
primed cDNA synthesis. Double-stranded DNA was di-
gested with nuclease S1 and blunt-ended by using reverse
transcriptase; EcoRI linkers were ligated, and the DNA was
inserted into the EcoRI site of the bacterial expression
plasmid pUC8 (2). Transformation of Escherichia coli DH-1
produced a library of 40,000 clonal isolates, of which 2000
were ordered and subjected to a detailed analysis. Screening
by immunological and hybridization techniques with a calci-
tonin antiserum or a rat calcitonin-coding region-specific
clonal probe revealed 78 positive clones and with a rat
CGRP-coding region-specific probe revealed 7 clones. Plas-
mids were prepared from positive colonies (24) and sub-
jected to DNA sequence analysis by the chemical proce-
dures of Maxam and Gilbert (25). All of the common region
and calcitonin- or CGRP-coding regions were present in a
single insert (pCalHl and pCGRPHL), and sequences were
confirmed by analysis of two additional clonal inserts. Plas-
mids were digested with EcoRI, Dde I, or Hinfl prior to end
labeling with [y-32P]ATP in conjunction with T4 polynu-
cleotide kinase and were digested with a second restriction
enzyme prior to electrophoresis procedures. All DNA se-
quence data were confirmed by multiple determinations of
overlapping fragments and sequencing in both strands and
were across all sites used for labeling.

Isolation and Sequence Analysis of the Human Calcitonin
Genomic Clone. A library of human genomic DNA [partial
Alu I/Hae III-digested DNA cloned into a phage X Charon
4A (26) library; the generous gift of T. Maniatis] was
screened by using calcitonin and CGRP cDNA clones by the
method of Benton and Davis (27). Positive plaques were
rescreened at low density until pure; reactive regions were
identified by restriction enzyme mapping with DNA blot
analysis. For sequencing of clone XhCal1, a series of
oligonucleotides based upon human calcitonin and CGRP
cDNA sequences were synthesized (28) and used as primers
to sequence genomic fragments subcloned into phage M13 in
both orientations by the chain termination method of Sanger
et al. (29).

Abbreviation: CGRP, calcitonin gene-related peptide.
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Y Met Gly Phe Gln Lys Phe Ser
human CGRP cDNA 5'-GGGGCTCTGGCTGGACGCCGCCGCCGCCGCTGCCACCGCCTCTGATCCAAGCCACCTCCCGCCAGAGAGGTGTC ATG GGC TTC CAA AAG TTC TCC

rat CGRP cDNA CCTCGCAACCACC C TGGCT CATCAG ACC G A T A C T T G T A G CA T TG
Leu

Pro Phe Leu Ala Leu Ser Ile Leu Val Leu Leu Gin Ala Gly Ser Leu His Ala Ala Pro Phe Arg Ser Ala Leu Glu Ser Ser Pro Ala Asp
CCC TTC CTG GCT CTC AGC ATC TTG GTC CTG TTG CAG GCA GGC AGC CTC CAT GCA GCA CCA TTC AGG TCT GCC CTG GAG AGC AGC CCA GCA GAC

T G C AC T G G TT T G A T A A GC ATG
Val Val Leu Tyr Cys Gly Gln Val Leu Thr Gly Met

50
Pro Ala Thr Leu Ser Glu Asp Glu Ala Arg Leu Leu Leu Ala Ala Leu Val Gin Asp Tyr Val Gin Met Lys Ala Ser Glu Leu Glu Gln Glu
CCG GCC ACG CTC AGT GAG GAC GM GCG CGC CTC CTG CTG GCT GCA CTG GTG CAG GAC TAT GTG CAG ATG AAG GCC AGT GAG CTG GAG CAG GAG
G T A A T A A A A T G
Ala Glu Asn Met Val Arg

Gln Glu Arg Glu Gly Ser Arg Ile Ile Ala Gin Lys Arg Ala Cys Asp Thr Ala Thr Cya Vat Thr Rio Arg Leu Ala Gly Leu Leu Ser Arg
CAA GAG AGA GAG GGC TCC AGA ATC ATT GCC CAG AAG AGA GCC TGT |GAC ACT GCC ACC TGT GTG ACT CAT CGG CTG GCA GGC TTG CTG AGC AGA

G GCT T TG C T A C G
Ala Ser Vai Thr [Serl Asn

100
Ser Gly Gly Vat Val Lys Asa Asa Phe Vat Pro Thr Asa Vat Gly Ser Lysj Ala Te Gly Arg Arg Arg Arg Asp Leu Gln Ala Stop
TCA GGG GGT GTG GTG AAG AAC AAC TTT GTG CCC ACC AAT GTG GGT TCC AAA GCCC TTT GGC AGG CGC CGC AGG GAC CTT CAA GCC TGA GCA-3'

G A G C T G C C C T A
Asp [GJ

FIG. 1. Sequence of human CGRP and calcitonin cDNAs. The sequence of pCalHl exhibited complete identity with pCGRPHi over the
region indicated by the arrowheads. The bold-faced sequence is the predicted CGRP-excised peptide; the boxed amino acids are those that
differ from rat CGRP. Nucleotide divergences between rat and human CGRP cDNAs are listed below the human sequence.

RNA Analyses and Histochemical Procedures. RNA blot
analysis was performed by using denaturing formaldehyde-
agarose gels as described (2). Histochemical analyses with
anti-CGRP and anti-calcitonin antisera were performed as
described (4).

RESULTS
Sequence of Human CGRP and Calcitonin cDNAs. Several

cDNA clones exhibiting calcitonin- and CGRP-specific re-
activity were subjected to mapping and DNA sequence
analysis. DNA sequence analysis confirmed that both
calcitonin or CGRP mRNAs are expressed in a human
medullary thyroid tumor (Fig. 1). Both mRNAs contain
identical 5' noncoding and coding regions, with the sequence
of the first 225 nucleotides of coding information being
identical in both mRNAs, predicting a common 75-amino
acid NH2-terminal region between the peptides encoded by
CGRP and calcitonin mRNAs. This region differs in 20-
amino acid residues from the comparable rat calcitonin/
CGRP "common region" sequence. A partial sequence of
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pCalH

,_

cONA

predicted
peptide NH2 i LUMMUN HtbIUN

(75 aa)

human calcitonin cDNA was first reported by Craig et al.
(30), and the sequence reported here agrees entirely with
that sequence and almost entirely with the additional se-
quence recently reported by Le Moullec et al. (31). After the
region of sequence identity, the human calcitonin and CGRP
mRNAs diverge entirely in sequence (Fig. 1), although both
continue with open reading frames, and the encoded proteins
exhibit comparable structural organization (Fig. 2). Thus,
both calcitonin and CGRP sequences are flanked by paired
basic amino acid residues signaling proteolytic excision from
the primary translation product, and they contain a carboxyl-
terminal glycine residue directing amidation of the excised
peptide. The sequence of CGRP mRNA predicts a precursor
peptide that will be proteolytically processed to generate a
37-amino acid COOH-terminally amidated peptide similar to
rat CGRP except that the 1st, 3rd, 25th, and 35th amino acids
(alanine, aspartic acid, asparagine, and lysine, respectively;
Fig. 1) differ from the rat primary sequence. Therefore, the
CGRP-coding region is better conserved between human and
rat than is the "common region."
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FIG. 2. Schematic representation of pCalHl and pCGRPHl cDNA cloned inserts and the structures of the protein precursors that they
encode. Restriction sites used for DNA sequence analyses are those indicated, and regions of identical nucleotide sequence are thick black
lines. The structures of the predicted protein precursors are represented below the cDNA, and the potential proteolytic processing sites and
the resultant cleavage products are noted. aa, Amino acid(s); CCP, calcitonin C'-terminal peptide; bp, base pairs.
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There Are Two Genes with Calcitonin- and CGRP-Related A B
Sequences in the Human Genome. To determine the origin of
the two mRNAs, we subjected human placental and fetal FIG. 3. Restriction enzyme analysis
liver genomic DNA to restriction map analysis. In a series of of calcitonin- and CGRP-reactive human
restriction digests, two bands were visualized, each hybrid- genomic DNA. EcoRI/BamHI-digested
izing to both calcitonin- and CGRP-specific probes (Fig. 3). human placental DNA was fractionated

izngtoe basisot cton and CGRpspeciftcproes . 3) by electrophoresis, transferred to nitro-
On the beasis of these analyses, it appears thtat thWere are at 4.1 £ * cellulose,andhybridized toa clonal rat

least two genomic loci containing sequences related to W calcitonin-specific (550 bp) (lane A) or
CGRP- and calcitonin-encoding exons. Two structurally 3.0 Aq CGRP-specific (220 bp) (lane B) probe as
distinct human calcitonin-related genes were isolated from a described (2). HindIll-digested phage X
human genomic library (26), and a partial structural organi- DNA provided DNA size standards
zation of each insert was established by restriction enzyme (shown in kilodaltons). A number of
mapping and DNA sequence analysis. By using fragments other restriction enzyme digests
prepared from rat and human calcitonin and CGRP cDNA (BamHI, EcoRI, and Bgl II) revealed
clonesasprobes,it was established that both genomic clones two separable bands, each hybridizing

clones as psmit wst estuablise that bo genomic cloes both cDNA probes. Each of the two
exhibit a similar structural organization with regardto genomic clones (XhCall and XhCal2)gen-
calcitonin- and CGRP-related sequences, with calcitonin- erate EcoRI/BamHI fragments, which
reactive sequences being located 5' to CGRP-reactive se- comigrate with one of the two reactive
quences in both genomic clones. DNA sequence analysis bands observed in liver genomic DNA.

-~~~~ 1 o
- --gatcctccaggt tctggaagcatgagggtgacgcaacccaggggCaaaggaCsCtCCgCC

-50
cat tggttgctgtgcatggcggaactttccgaccBcagcggcggg~aatsagagcagtcgc

EXON 1
tggcgctgggagGCATCAGAGACATGCCCAGCCCAAGTGTCGCCGCCGCTTCCACAGGGG
50 100

CTCTGGCTGGACGCCGCCGCCGCCGCTGCCACCGCCTCTGATCCAAGCCACCTCCCGCCA

Gg t gag ccc c gag at c t g g c - -a 0 8 kb - - - atCctca t t c t t ccc tag a gAGAGGT

EXON 2 1050
MetGl yPheGlnLysPheSerProPheLeuAlSLSUSO I leLeuyalLeuLeuGln

GTCATGGGgCTGTCCAAAAGTTCTCCCCTTCCTGGCTCTCAGCATCTTGGTCCTGTTGCAG
Al aG IySe rLa uH isA IaA IaProPh eAr
GCAGGCAGCCTCCATGCAGCACCATTcAGgtSgacagcctgaTgccag-C--0C65 kb-

EXON 3 1800
a SerAlaLeuGluSerSorProAlaAPProAlaThrL

--agtttgcttcccctccacag TCTGCCCTGGAGAGCAGCCCAGCAGACCCGGCCACGC
1850

euSerGluAspGluAlaArgLeuLeuLauAlaAlaLeuVaIGInAspTyrValGlnMetL
TCAGTGAGGACGAAGCGCGCCTCCTGCTGGCTGCACTGGTGCAGGACTATGTGCAGATGA

1 900
ysAlaSerGluLeuGluGlnGluGln(luArgluGlySerAr
AGGCCAGTGAGCTGGAGCAGGAGCAAGAGAQAGAGGGCTCCAGgtgaggctccccaagcg

1950 EXON 4
8LeuAapSerProArgSerLysArctc---1.04 kb---ggtatgtgttttccCtCCag CTGGACAGCCCCAGATCTAAGCG

2000
aCysGlyAsnLeuSerThrCysaleLeuGI ThrTyrThrGlnAspPheAsnLysPheHi8T CGGTAATCTGAGTAOTTGCATCCTGGGCACATACACGCAGGACTTCAACAAGTTTCA

2050
sThrPheProGlnThrAlalleGlyValGlyAlaProGlyLysLysArgAspMetSerSe
CACGTTCCCCCAAACTGCAATTGGGGTTGGAGCACCTGGAAAGAAAAGGGATATGTCCAG

2100
rAspLeuGluArgAspHi'sAr gProHisValSerMetProGlnAsnAlaAsnStop 2150
CGACTTGGAGAGAGACCATCGCCCTCATGTTAGCATGCCCCAGAATGCCAACTAAACTCC

2152 2200
TCCCTTTCCTTCCTAATTTCCCTTCTTGCATCCTTCCTATAACTTGATGCATGTGGTTTG

2250
GTTCCTCTCTGGTGGCTCTTTGGGCTGGTATTGGTGGCTTTCCTTGTGGCAGAGGATGTC

2300
TCAAACTTCAAGATGGGAGGAAAGAGAGCAGOACTCACAGGTTGGAAGAGAATCACCTGG

2350
GAAAATACCAGAAAATGAGGGCCGCTTTGAGTCCCCCAGAGATGTCATCAGCGCTCCTCT

2400 2450
GTCCTGCTTCTGAATGTGCTGATCATTTGAGGAATAAAATTATTTTTCCCCAAAGATCct

EXON 5
IllelleAlaGlnL

ctagagtcgacc---0.59 kb---tctccatccttgcaaatcag ATCATTGCCCAGA

3200 3250
ysArgAlaLysAspThrAlaThrCysValThrHisArgLeuAlaGlyLeuLeuSerArgS
AGAGAGCCTGTGACACTGCCACCTGTGTGACTCATCGGCTGGCAGGCTTGCTGAGCAGAT

3300
erGlyGlyValValLysAsnAsnPheValProThrAsnValGlySerLysAlaPheGlyA
CAGGGGGTGTGGTGAAGAACAACTTTGTGCCCACCAATGTGGGTTCCAAAGCCTTTGGCA

3350
r8Ar Ar Ar AspLeuGlnAlaStop
GGCGCCGCAGGGACCTTCAAGCCTGAGCAGCTGAATGACTCAAGAAGgtgactgcccttg
tat ga t g - - -

FIG. 4. DNA sequence of XhCall. The locations of the "TATA" box and the cap site are inferred from the striking homology with
comparable rat genomic sequence data (2, 6); the genomic sequence corresponds precisely to the sequence of the two cDNA clones.
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revealed that one genomic clone (XhCal2), although contain-
ing regions with homology to the "common region,"
calcitonin, and CGRP exons, differs in sequence from the
comparable regions in the mature calcitonin or CGRP
mRNAs. Therefore, this gene encodes neither the calcitonin
nor CGRP mRNA. Analysis of a genomic clone (XhCall)
corresponding to the second gene detected by analysis of
genomic DNA revealed that the genomic clone contains all
of the primary sequence of both calcitonin and CGRP
cDNAs shown in Fig. 1, and the point of divergence of
calcitonin and CGRP mRNAs corresponds to intron/exon
junctions (Fig. 4). The calcitonin- and CGRP-encoding exons
are the fourth and fifth exons, respectively, while the second
and third exons encode the NH2-terminal sequences in
common with the precursor of both polypeptides. Therefore,
these data suggest that alternative RNA processing events
do occur in expression of the human calcitonin/CGRP gene
in a fashion analogous to events in rat calcitonin/CGRP gene
expression and that a single genomic locus does generate
both mature transcripts.

Calcitonin and CGRP mRNAs Are Expressed in the Human
Pituitary Gland. The possible expression of the calcitonin
gene in primate and human pituitary gland was analyzed in
light of the previously ambiguous data in the rat. Although
calcitonin immunoreactive material has been reported in the
rat pituitary, the nature of the reactive material was un-
certain (32-36), and calcitonin mRNA was not detected in
the rat pituitary gland in RNA blotting analyses (4, 32). More
sensitive analyses with nuclease Sl-resistance procedures
(3) did detect minimal amounts of CGRP mRNA in rat
pituitaries (data not shown); however, the levels were so low
that they could reflect either initial hypothalamic contamina-
tion of the collected pituitaries or the fact that the levels of
calcitonin mRNA in pituitary are minimally above limits of
detection by this method. Recently, calcitonin- and CGRP-
like material have been reported by radioimmunoassay in the
human pituitary (37, 38).
To investigate the possible identity of the reactive species

as the products of calcitonin gene expression, we analyzed
RNA from human autopsy pituitary gland specimens (24-48
hr postmortem). Although the poly(A)-rich RNAs prepared
exhibited the expected considerable degree of degradation,
calcitonin- and CGRP-reactive sequences were clearly and
invariably demonstrable in each human pituitary gland ex-
amined. The major calcitonin cDNA-reactive mRNA mi-
grated as a 1-kilobase RNA species, and the CGRP mRNA
migrated as a 1.3-kilobase species; however, a smear of
degraded RNA was observed below these bands. Quantita-
tion by DNA-excess hybridization of immobilized RNA
using a "nick-translated" clonal CGRP-coding region probe
(2 x 108 cpm/,tg) (39) revealed that the levels of CGRP
mRNA in the pituitary glands were 2-4% of the extremely
small amounts of CGRP mRNA present in the rat thyroid
gland, while CGRP was not detected in human liver RNA
[assay background, 10 ,ug of tRNA = 30 cpm; human liver
RNA, 10 ,ug of poly(A)+ RNA = 32 cpm; human pituitary
RNA, 10 ,g of poly(A)+ RNA = 140 cpm; rat thyroid RNA,
10 ,tg of poly(A)+ RNA = 2900 cpm]. The predicted expres-
sion of calcitonin- and CGRP-encoded peptides in pituitary
is further supported by the observation of immunostaining of
monkey pars intermedia cells by anti-CGRP (see Fig. 5) and
anti-calcitonin antisera (data not shown). Coproduction of
both peptides within individual cells has not yet been estab-
lished. In conjunction with the extensive literature in this
area (e.g., refs. 32-38), it would appear that the
calcitonin/CGRP gene is expressed in specific cells within
the pituitary gland.

FIG. 5. Histochemical analysis of primate pituitary gland with
anti-rat CGRP antisera: a section of monkey pituitary (pars
intermedia) exhibiting staining with rat anti-CGRP antisera per-
formed as described (4). Staining is specifically blocked by addition
of excess CGRP. A similar pattern of staining was observed with
anti-human calcitonin antiserum.

DISCUSSION
The data presented in this manuscript document several
predictions concerning human neuroendocrine gene expres-
sion, based upon the precedent of alternative RNA process-
ing events in rat calcitonin gene expression. The generation
of discrete mRNAs encoding different hormonal products
from a single transcription unit appears to occur in expres-
sion of the human and rat calcitonin gene. Therefore, the
underlying mechanism is likely to involve factors that are
evolutionarily highly conserved. Alternative RNA process-
ing events appear to be important in expression of a wide
variety of genomic loci (e.g., 2, 3, 7-22, 40, 41). The
underlying molecular mechanisms include use of alternative
transcriptional initiation sites (37, 38), the stochastic use of
alternative splice donor sites (6, 18-22), and the use of
alternative poly(A) sites (2, 9-13, 16). In the case of the
human calcitonin/CGRP gene, the peptide products encoded
by the alternative RNA species are quite similar to the
structures of the rat mRNA products. Both RNA products of
the human calcitonin/CGRP gene appear to be expressed in
the pituitary gland and appear to generate the expected
peptide products. These data are in concert with previous
reports of immunoreactive calcitonin-like (32-35, 37, 38) and
CGRP-like material (38) in rat and human pituitary. Because
the levels of CGRP mRNA in the pituitary gland appear to
represent only a fraction (<5%) of the low levels of CGRP
mRNA present in thyroid gland, it is tempting to speculate
that if pituitary CGRP and/or calcitonin exert any physio-
logical functions, they might well occur within the pituitary
gland itself. A wide biological variation in CGRP and
calcitonin production in pituitary might account for the
apparently discrepant data in the case of calcitonin/CGRP
gene expression in rat pituitary (3, 31, 33).
To understand the evolutionary mechanisms that generate

complex transcription units producing more than one mRNA
product, we attempted to elucidate the genomic origins of
the calcitonin and CGRP exons in the calcitonin/CGRP
gene. Structural comparison of the human (or rat) CGRP and
human calcitonin peptides reveals highly suggestive, but not
statistically significant, homologies between the two pep-
tides (see Fig. 6). A statistical analysis for evolutionary
relatedness of peptides devised and performed by Doolittle

Biochemistry: Jonas et al.
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FIG. 6. Comparison of the primary sequences of human CGRP with human and salmon calcitonin by using computer-generated preferred
alignment (39). Conserved amino acids between human CGRP and salmon calcitonin are boxed; human calcitonin and human CGRP also share
homology at CGRP amino acids 27 and 36.

et al. (42) reveals potentially significant structural homology
between salmon calcitonin and human CGRP (3.48 standard
deviations from the mean by "jumble" analysis), albeit with
caveats based on the small size of the peptide (Fig. 6). Rat
CGRP is even more related to salmon calcitonin (Fig. 6).
Therefore, it is suggested that calcitonin and CGRP exons
are derived from a common primordial gene and that the
calcitonin/CGRP gene arose by duplication and sequence-
divergence events. The intriguing consequence of these
evolutionary events was the generation of a gene with
structural and/or sequence information conferring in rat and
potentially in human a tissue-specific pattern of RNA-
processing regulation; these data imply that there may be a
biological advantage to production of CGRP, rather than
calcitonin, in specific tissues.
The biological basis for the observation that salmon

calcitonin is more potent in humans than is authentic human
calcitonin (43) has not been established. Administration of
salmon calcitonin has been reported to exert effects on
eating behavior and pain perception (44 46). These effects
appear, in a sense, to be paradoxical because in the rat it is
CGRP and not calcitonin that is expressed in sensory ganglia
and in the sensory, motor, and integrative areas subserving
ingestive behavior (4). Detailed analysis of the tissue distri-
bution and the biological actions of the CGRP molecule and
proof of the predicted patterns of protein processing events
are required to determine which, if any, of the potential
physiological actions this novel peptide exerts in the human.
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Doolittle for comparing human CGRP and salmon calcitonin struc-
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