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Alternative RNA Processing:
Determining Neuronal Phenotype

Michael G. Rosenfeld, Susan G. Amara, Ronald M. Evans

Complex regulatory mechanisms re-
strict the expression in neural tissues of
genes encoding neuroendocrine peptides
to precise groups of neurons. Under-
standing the developmental mechanisms

posttranslational events (/). Because
RNA processing regulation has the po-
tential to qualitatively, as well as quanti-
tatively, alter the nature of the gene
product, it would present specific advan-

Summary On the basis of an analysis of the human and rat calcitonin genes and of
a related gene, alternative RNA processing represents a developmental strategy of
the brain to dictate tissue-specific patterns of polypeptide synthesis. This regulation
allows the calcitonin gene to generate two messenger RNA’s, one encoding the
precursor of a novel neuropeptide, referred to as CGRP, which predominates in the
brain, and the second encoding the precursor to the hormone calcitonin which
predominates in thyroid C cells. The distribution of CGRP in the central and pefipheral
nervous system and in endocrine and other organ systems suggests potential
functions in nociception, ingestive behavior, cardiovascular homeostasis, and mineral

metabolism.

responsible for such regulation is likely
to provide general insights into the mo-
lecular strategies critical for brain devel-
opment and function. Regulation of gene
expression in the brain, as in other tis-
sues, could occur during gene transcrip-
tion, RNA processing and transport,
messenger RNA (mRNA) stability, and
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tages in expression of certain genes.
Analysis of calcitonin gene expression in
neural tissues suggests that differential
RNA processing events are one type of
developmental regulation specifying the
pattern of neuroendocrine gene expres-
sion (2-6), and could represent a com-
mon strategy in expression of certain
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genes dictating neural development. Al-
ternative RNA processing occurs in a
tissue-specific fashion to produce alter-
native polypeptide products (5, 6) and,
therefore, serves to increase the diversi-
ty of neuropeptides generated from a
single genomic locus.

A Single Neuroendocrine Gene
Generates Multiple RNA Products

The preparation and DNA sequence
analysis of plasmids containing DNA
complementary to rat calcitonin mRNA
predicted the structure of the protein
precursor to calcitonin, a 32-amino acid
calcium-regulating hormone, produced
in thyroid C cells (Fig. 1) 2, 7, 8). In
addition to calcitonin, proteolytic pro-
cessing of the precursor generates in
thyroid C cells an 82—-amino acid NH,-
terminal peptide and a 16-amino acid
COOH-terminal calcitonin  cleavage
product (CCP) (Fig. 1). The production
of multiple calcitonin-related mRNA’s
was first noted during the spontaneous
and permanent ‘‘switching’’ of serially
transplanted rat medullary thyroid carci-
nomas (MTC’s) from states of high to
low or absent calcitonin production (3,
9). The unexpected explanation for the
“‘switch’” was that calcitonin gene tran-
scription continued but generated a se-
ries of new, structurally distinct tran-

M. G. Rosenfeld is a professor and S. G. Amara is
a Schering-Plough fellow of the Life Sciénce Re-
search Foundation in the Eukaryotic Regulatory
Biology Program, University of California San Die-
go School of Medicine, La Jolla 92093. R. M. Evans
is a senior member of the Molecular Biology and
Tumor Virology Laboratory, Salk Institute, San
Diego, California 92138.
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scripts, referred to as calcitonin-gene-
related peptidle mRNA (CGRP mRNA)
(4, 5). These new mRNA’s encode a
16,000-dalton (16K) protein product con-
taining no immunoreactive calcitonin (4).
On the basis of genomic DNA and RNA
hybridization (blotting) analyses, it was
suggested that both CGRP and calcitonin
mRNA’s were generated by differential
RNA processing from a single genomic
locus (4, 5). That this model is appropri-
ate has been shown by a complete analy-
sis of the two mRNA products and of the
calcitonin gene.

Examination of the sequences of the
two genes products reveal that CGRP
and calcitonin mRNA’s share sequence
identity through nucleotide 227 of the
coding region, predicting that the initial
72 NH,-terminal amino acids of each
precursor are identical (Fig. 2). Each
mRNA subsequently diverges entirely in
nucleotide sequence, encoding distinct
COOH-terminal domains (5). Protein
processing signals within the COOH-ter-
minal region of CGRP predict the exci-
sion of a 37-amino acid polypeptide con-
taining an amidated phenylalanine resi-
due at the COOH-terminal domain (5)
(Fig. 1). On the basis of the structure of
the calcitonin-CGRP gene (Fig. 1), pro-
duction of calcitonin mRNA involves
splicing of the first three exons, present

in both mRNA’s, to the fourth exon,
which encodes the entire calcitonin-CCP
sequence. Alternative splicing of the first
three exons to the fifth and sixth exons,
which contain the entire CGRP coding
sequence and the 3’ noncoding se-
quences, respectively, results in produc-
tion of CGRP mRNA. In this case the
fourth exon is excised along with the
flanking intervening sequences.

The discovery of CGRP mRNA and its
encoded products necessitated a plan to
determine if CGRP is physiologically ex-
pressed and, if so, to ascertain its poten-
tial functions. An approach that could
resolve these questions regarding CGRP
biology would then be a prototype for
studying the large number of unknown
neuropeptides that are likely to be dis-
covered with the use of current molecu-
lar biological techniques.

The initial evidence of CGRP mRNA
expression in the brain was provided by
hybridization of CGRP exon-specific
probes hybridized to poly(A)-rich (pol-
yadenylated) RNA from rat trigeminal
ganglia and hypothalamus (6). To pro-
vide evidence for the production of the
predicted peptide in the brain and to
determine the precise sites of synthesis,
a strategy that combined histochemical
and molecular biological approaches was
used. Antibody to a synthetic peptide

corresponding to the 14 COOH-terminal
amirio acids of CGRP was generated and
used to determine the distribution of
CGRP in neural tissues (6). Immunoreac-
tive CGRP was present in a characteris-
tic distribution in a large number of cell
groups and pathways in the central ner-
vous system distinct from that of any
known neuropeptide (Fig. 3). The distri-
bution of CGRP in pathways and neu-
rons believed to serve specific sensory,
integrative, and motor systems (6, 10)
suggests several possible physiological
roles for the peptide. The localization of
CGRP immunoreactivity in the olfactory
and gustatory systems, including taste
buds, the hypoglossal, facial, and vagal
nuclei, and in the hypothalamic and lim-
bic regions strongly suggests that it may
have a functional effect in ingestive be-
havior (6). Additional studies have re-
vealed the presence of CGRP at the
neuromuscular junctions in the striated
muscle of upper esophagus (/1) and in
certain skeletal muscles, the first peptide
identified at neuromuscular junctions in
mammalian species. CGRP is present in
small trigeminal and spinal sensory gan-
glion cells which relay thermal and noci-
ceptive information to the brainstem and
spinal cord (6). In the spinal ganglia
CGRP-positive cells represent 30 to 50
percent of the total population of small
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Fig. 1. Schemiatic diagram of rat calcitonin and CGRP ¢cDNA’s (mRNA) and their encoded peptides. The triangle indicates the point of sequence
divergence between the two cDNA’s. The two mRNA’s share a 5’ region of identity (indicated by the dark bar); the initiator codon, stop codon,
and canonical poly(A) signal sequence is indicated for each RNA. The structural organization of the encoded peptides, and the proteolytic
processing signals are indicated in the boxed schematic diagrams of the precursor proteins.

1316

SCIENCE, VOL. 225



ganglion cells, a percentage significantly
greater than that for any other neuropep-
tide; for example, neurons stained with
antiserum to substance P co-localize
only to a subset of CGRP-containing
small cells (/7). CGRP is present in a
subset of cells in one of the vagal motor
nuclei (nucleus ambiguus) and is widely
distributed in fibers in vascular muscula-
ture and in veins of virtually all organs,
suggesting a role in cardiovascular ho-
meostasis. Finally, CGRP-containing
nerve fibers are widely distributed to
most other organ systems, located main-
ly in the adventitia around arteries and
veins, and in sensory fibers derived from
the sensory ganglia or dorsal root gan-
glia. Consistent with certain features of
its anatomical distribution, administra-
tion of synthetic rat CGRP produces
profound effects on blood pressure, a

characteristic pattern of catecholamine
release in dogs and rats, and gastric
hypoacidity (12). CGRP is also widely
distributed in the endocrine system, in a
subset of adrenal medullary cells, in
bronchiolar cells, intestinal cells, and in
fiber baskets which innervate the pan-
creatic islets and, interestingly, in thy-
roid C cells (6, 11).

S1 nuclease protection assay, mRNA-
directed cell-free translation, and com-
plementary DNA (cDNA) clonal se-
quence analyses confirmed the produc-
tion of bona file CGRP mRNA in the
brain, and identified the sites of its bio-
synthesis. Gel filtration analysis of brain
immunoreactive peptide suggests that
this precursor is processed in brain to
generate the predicted peptide product
(CGRP) (6), and primary cultures of rat
trigeminal ganglia appear to secrete au-

thentic CGRP peptide (/3). Tissue speci-
ficity of the RNA processing events is
suggested because calcitonin mRNA is
present at less than 0.5 percent of the
level of CGRP mRNA in the brain (Table
1), while calcitonin and CGRP mRNA’s
and their encoded peptides are present in
a ratio of 95:1 to 98:1, respectively, in
thyroid C cells (/4, 15). Histochemical
analysis and radioimmunoassay indicate
that in thyroid C cells small amounts of
CGRP are present and that both calcito-
nin and CGRP can be coproduced within
the identical cell (16).

Additional analyses revealed a distinct
RNA bearing homology to CGRP
mRNA. This mRNA encodes a 134-
amino acid precursor peptide which, on
the basis of the presence of excision
signals, should generate five separate
polypeptide products, one of which dif-
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Calcitonin-CGRP % 87 1 [ 1
transcription unit i r%7-Q*oly(;\) sitel L——4——Poly(A) site
“Initiation” Alternate splice AATAAA ATTAAA
Donor site Transcription
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Thyroid C cells RNA processing
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(thyroid) UMPOW(A)
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peptide
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Fig. 2. Diagram of the rat calcitonin-CGRP gene and the alternative pattern of RNA processing of the primary transcript. The relative
transcription rates in a calcitonin mRNA—producing tissue are indicated in parentheses (counts per minute per kilobase per 10° counts); analysis
was performed with clonal probes under conditions of DNA excess. The thyroid actually contains calcitonin and CGRP mRNA’s in a ratio of 95:1
to 98:1. In medullary thyroid tumors, the relative production of CGRP increases dramatically. In brain most, or all, of the mature transcript is

present as CGRP mRNA.
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fers in primary sequence from CGRP by
only a single internal amino acid residue
(Lys instead of a Glu at residue 35) (Fig.
4) (16). This mRNA is therefore referred
to as B-CGRP mRNA. In contrast, the
RNA is quite divergent from CGRP
mRNA in both 5’ and 3’ noncoding re-
gions, and these regions do not cross-
hybridize to CGRP and calcitonin
mRNA’s. When labeled restriction frag-
ments from these 5’ and 3’ noncoding
regions are used as hybridization probes,
B-CGRP mRNA is detected in poly(A)-
rich RNA prepared from trigeminal gan-
glia and midbrain areas. Because of
structural differences, S1 nuclease map-
ping readily distinguishes CGRP and B-
CGRP mRNA’s.

In order to examine the potential oper-
ation of RNA processing regulation oc-
curring in other species, the human calci-
tonin gene and gene products were
cloned and sequenced. Human calcito-
nin mRNA (/7-19) and CGRP mRNA
share sequence identity through nucleo-
tide 222 of the coding region, then di-
verge entirely to encode either calcitonin
or CGRP. The predicted sequence of
human CGRP differs from that of the rat
in four amino acids. Interestingly, one of
the alterations (the Lys for Glu in posi-
tion 35) is identical to the single amino
acid substitution between rat CGRP and
B-CGRP. The structure of human CGRP
predicted by the cDNA analysis concurs
with the sequence of the peptide recently
purified from human MTC tumors and
determined by a novel fast atom bom-
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Table 1. Relative distribution of CGRP
mRNA in the rat brain, based on S1 nuclease
analysis (6). The relative levels of CGRP are
proportional to the percentage of cells that
contain histochemically detectable material
reactive with antiserum to CGRP. No calcito-
nin mRNA or immunohistochemically stain-
ing peptide was detected.

Relative mRNA (%)
Tissue Calci-
CGRP tonin
Terminal ganglion 100 0.1
Trigeminal tract nucleus S 0.005
Midbrain 1 ~0
Hypothalamus 1 ~0
Amygdala <0.02 ~0
MTC clonal cell line 4 3

bardment mass spectrometry (20). Anal-
ysis of human genomic DNA clones con-
firmed that all of the coding information
for both calcitonin and CGRP mRNA’s
are present within a single genomic lo-
cus, and that the point of divergence of
these two mRNA’s corresponds precise-
ly to intervening sequence, exon bound-
aries. A second human gene which con-
tains exons related to both common re-
gion, calcitonin, and CGRP exons has
been identified, but its potential expres-
sion is, as yet, unproved.

Analysis of the sequence of human
and rat CGRP shows a statistically sig-
nificant relation to salmon calcitonin
(19), suggesting that the calcitonin and
CGRP exons arose from a common pri-
mordial genomic region. It is suggested

Fig. 3. Immunohistochemical demon-
stration of CGRP-containing neurons
and fibers in the nucleus ambiguus
and the spinal tract of cranial nerve V

6).

that the complex calcitonin-CGRP gene
arose either by duplication and sequence
divergence of either the primordial calci-
tonin-like exon itself or via gene duplica-
tion and rearrangement. Because of this
homology it is possible that a subset of
the known actions of salmon calcitonin
in humans results from its interaction
with CGRP receptors.

Human and monkey calcitonin and
CGRP mRNA'’s and their encoded pep-
tides are expressed in the pituitary gland,
and in the monkey it was shown to be
localized to pars intermedia on the basis
of immunocytochemical (/9) analysis
and radioimmunoassay (/5). These data
suggest that observations of histochemi-
cally detected material in rat pituitaries
with antiserum to calcitonin (2/-23), de-
spite the very low or undetectable levels
of calcitonin mRNA (2, 24), are likely to
reflect actual expression of the calcitonin
gene, even though there may be wide
variation between species. We have de-
termined that the content of CGRP
mRNA in human pituitary is approxi-
mately 3 percent that of thyroid gland;
therefore, the contribution of the pitu-
itary to circulating CGRP would be ex-
pected to be proportionally small. On
this basis, it would appear likely that, if
the production of calcitonin and CGRP
in the pituitary has functional signifi-
cance, it might act within the pituitary
gland itself.

Possible Mechanisms of Alternative
RNA Processing

Several possible mechanisms could
account for the production of multiple
mRNA'’s from a single genomic locus.
First, there could be two overlapping
transcription units with alternative pro-
moters that would generate mRNA'’s
with different 5’ ends which might in turn
dictate differential splicing pathways.
Similarly, multiple mRNA’s could derive
from one transcription unit having a sin-
gle site for initiation of RNA synthesis,
but two or more poly(A) addition sites.
The use of a particular poly(A) signal
could be determined by alternative splic-
ing events or by selective endonucleoly-
tic cleavage adjacent to a poly(A) site.
Finally, there could be differential regu-
lation of splicing of the product (or prod-
ucts) of a single transcription unit, with
both products having common initiation
and poly(A) sites.

Several strategies, including primer
extension and S1 nuclease resistance
analyses, were used to demonstrate that
calcitonin and CGRP mRNA’s shared an
identical transcriptional start (cap) site.

SCIENCE, VOL. 225



Therefore, both RNA’s are products of a
single transcription unit (25). As part of
this analysis, a cryptic splice site was
identified that generated a 24-nucleotide
extension of the first exon in the case of
both calcitonin and CGRP mRNA’s. The
utilization of this site appears to be a
nonregulated event in all tissue in which
the calcitonin-CGRP gene is expressed;
it occurs in untranslated region of the
message, and thus does not alter the
encoded protein products (Fig. 2). Simi-
lar variations in RNA splicing patterns
have been observed in the case of other
transcripts, including those of the genes
encoding human growth hormone, vy-fi-
brinogen, «-A crystallin (26-28), and
possibly substance P (29).

The 3’ end of calcitonin and CGRP
mRNA’s were determined by S1 nucle-
ase mapping experiments and confirmed
by identifying the appropriate polyaden-
ylation sequences in rat calcitonin cDNA
and genomic clones (25). The polyade-
nylation site of calcitonin mRNA ap-
pears to be 18 or 19 nucleotides 3’ to a
sequence AATAAA (A, adenine; T, thy-
mine) located 226 nucleotides down-
stream of the calcitonin termination co-
don. CGRP mRNA utilizes a recognition
sequence, ATTAAA, and the CGRP po-
ly(A) addition signal and site are situated
1.9 kilobases downstream from the anal-
ogous region for calcitonin mRNA, de-
fining the terminus of the large 3'-CGRP
noncoding exon (the sixth genomic
exon). Thus, production of calcitonin
and CGRP mRNA’s is associated with
the selective polyadenylation of tran-
scripts at one of two alternative poly(A)
sites. The two mRNA’s appear to have
similar cytoplasmic stabilities so that
their relative amounts are apparently re-
flective of their production, rather than
differential turnover.

Two mechanisms may be considered
for the selective utilization. First, tran-
scripts for calcitonin mRNA could termi-
nate at or adjacent to the calcitonin po-
ly(A) site, while antitermination or read-
through would allow polymerase to con-
tinue to the next poly(A) site generating
a primary transcript for CGRP. Second,
transcripts could always terminate at or
beyond the second poly(A) site, and spe-
cific RNA production could be deter-
mined by selective poly(A) addition and
splicing patterns. To distinguish between
these two possibilities, the distribution
of nascent nuclear RNA transcripts
across the calcitonin-CGRP transcrip-
tion unit was quantitated. The apparent
transcription rate across all regions from
the cap site through to a fragment 0.64
kilobase downstream of the CGRP po-
ly(A) site were essentially equivalent
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Fig. 4. Schematic diagram comparing the structures of the precursor of rat CGRP and CGRP-
related peptide (3-CGRP) based on sequence analysis of cDNA clones.

with marked decrease in transcription
occurring approximately 1 kilobase
downstream of the CGRP poly(A) site
(see Fig. 1) (25). The results of these
experiments indicate that selective RNA
splicing and polyadenylation, and not
alternative RNA transcriptional termina-
tion, are the regulated events.

The ability to introduce purified genes
into heterologous eukaryotic cells pro-
vides an approach to further characterize
the molecular events underlying alterna-
tive splicing and poly(A) site selection.
Transfer of the calcitonin gene into sev-
eral cell lines results in the appearance of
both calcitonin and CGRP mRNA’s in
approximately equal ratios. In contrast,
transfer of the rat calcitonin gene into
terminally differentiated plasma cells re-
sulted in clear patterns of selective
mRNA production, suggesting that the
machinery necessary to direct alterna-
tive RNA processing is operative in spe-
cific cell types, and is probably mediated
by a trans-acting factor.

Alternative RNA Processing Generality

in Eukaryotic Gene Expression

Multiple mRNA’s can be generated
from single transcription units of several
viral and eukaryotic genes (30-417). Both
adenovirus and simian virus 40 (SV40)
utilize alternative RNA splicing to gener-
ate a larger number of gene products
than might be predicted from the length
of their genomic DNA and the small
number of transcription promoters,
thereby maximizing the functional utili-
zation of the limited genetic information.
For adenovirus, this RNA polymor-
phism results, in part, from the use of 3’
polyadenylation sites that can be used to
direct alternative splicing choices (32).
Analysis of the expression of immuno-
globulin heavy chain genes suggests that
the biological demands of the immune
system are partially met by differential
posttranscriptional events in addition to
the developmentally determined DNA
rearrangements. During development of

B cells, it appears that alternative po-
ly(A) site selection, in association with
alternative RNA processing dictate pro-
duction of mRNA’s encoding the mem-
brane form (wy) or secreted form (ug),
respectively, of immunoglobulin M (34—
36) or immunoglobulin D (38) and the
simultaneous synthesis of immunoglob-
ulin heavy chain p and 8 (37). Similar
events may occur in expression of sever-
al developmental genomic loci in Dro-
sophila (40—41). Furthermore, the use of
multiple transcriptional promoters is
proposed to lead to alternative splicing
patterns of the yeast invertase gene (42),
the a-amylase gene (43—46), the myosin
light chain gene (47), and the kininogen
gene (39). The similarity of the alterna-
tive RNA processing events in genes of
the neuroendocrine system (calcitonin-
CGRP gene) and of the immune system
(immunoglobulin heavy chain gene) sug-
gest that the underlying mechanisms
may operate in expression of other eu-
karyotic transcription units,

It is likely that multiple levels of regu-
lation will be utilized in the developmen-
tal regulation of gene expression in the
brain, as in other tissues. The calcitonin-
CGRP gene is an example of a complex
transcription unit able to generate two
distinct gene products in a tissue-specific
fashion. Our observations indicate that
the RNA processing dictating poly(A)
site selection may be an important mech-
anism for determining specificity of
neuropeptide production and thus in es-
tablishing the phenotype of specific
groups of neurons. Production of CGRP
mRNA in the brain appears to result
from the effects on a trans-acting regula-
tory factor. The control of poly(A) site
selection in calcitonin-CGRP gene
expression might be analogous to the
mechanism regulating the formation of
the 3’ termini of sea urchin histone H3
mRNA (48), which appears to involve
the action of a 60-nucleotide RNA pres-
ent as a small ribonucleoprotein particle
(49). Therefore a nonabundant species of
ribonucleoprotein expressed in neurons
is a potential candidate for the putative
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regulatory factor dictating the observed
pattern of the processing of the calcito-
nin-CGRP transcript.

Identification of the factor (or factors)
which determines the tissue-specific pat-
tern of splicing and poly(A) site selection
should allow for its isolation and detailed
characterization, a prerequisite for un-
derstanding the mechanisms of its ac-
tions. On the basis of the potential utili-
zation of this type of control in certain
developmental loci of Drosophila, it is
possible that alternative RN A processing
is, in fact, a critical mechanism for con-
trol of neuronal development. While one
consequence of such developmental reg-
ulation is that a single neuroendocrine
gene can generate distinct, tissue-specif-
ic mRNA’s, each encoding a different
neuropeptide, there could be additional,
widespread consequences with regard to
productive or nonproductive processing
of the transcripts of a large number of
active brain transcription units. In such a
case, one might envision that, in certain
transcription units, selection of alterna-
tive poly(A) sites might result in (or
from) a splicing pattern generating an
unstable or an unproductive transcript.
Only by evaluating the expression of
genes encoding the factor (or factors)
responsible for alternative RNA process-
ing events in the brain, such as that
required in the case of calcitonin-CGRP
gene expression, can these questions be
systematically addressed.
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