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ABSTRACT Basic helix-loop-helix transcription factors of
the achaete-scute family are instrumental in Drosophila neuro-
sensory development and are candidate regulators of develop-
ment in the mammalian central nervous system and neural crest.
We report the isolation and initial characterization of a human
achaete-scute homolog that is highly expressed in two neuroen-
docrine cancers, medullary thyroid cancer (MTC) and small cell
lung cancer (SCLC). The human gene, which we have termed
human achaete-scute homolog 1 (hASH1), was cloned from a
human MTC c¢DNA library. It encodes a predicted protein of 238
aa that is 95% homologous to mammalian achaete-scute ho-
molog (MASH) 1, a rodent basic helix-loop-helix factor. The
57-residue basic helix-loop-helix domain is identical to that in
the rodent gene, and the basic and helical regions, excluding the
loop, are 72-80% identical to Drosophila achaete-scute family
members. The proximal coding region of the hASH1 cDNA
contains a striking 14-copy repeat of the triplet CAG that
exhibits polymorphism in human genomic DNA. Thus, hASH1
is a candidate locus for disease-causing mutations via triplet
repeat amplification. Analysis of rodent-human somatic cell
hybrids permitted assignment of hASH1 to human chromosome
12. Northern blots revealed hASH1 transcripts in RNA from a
human MTC cell line, two fresh MTC tumors, fetal brain, and
three lines of human SCLC. In contrast, cultured lines of
non-SCLC lung cancers and a panel of normal adult human
tissues showed no detectable hASH1 transcripts. Expression of
hASH1 may provide a useful marker for cancers with neuro-
endocrine features and may contribute to the differentiation and
growth regulation of these cells.

Cancers with neuroendocrine features such as small cell lung
cancer (SCLC) and the calcitonin-secreting tumor, medullary
thyroid carcinoma (MTC), frequently lose their characteristic
endocrine phenotype as tumor progression occurs (1-3). To
understand the evolution of endocrine cancers, it is important
to define, at a molecular level, both the regulation of neuro-
endocrine phenotypic features in the normal cellular precur-
sors of these tumors and the alterations in these processes
that occur during tumor progression.

In the complex regulation of neuroendocrine phenotypic
expression at a transcriptional level, there is increasing
evidence for involvement of basic helix-loop-helix (bHLH)
transcriptional enhancer factors. bHLH proteins may have
particular importance in the control of polypeptide hormone
synthesis and secretion. Our laboratory (4) and others (5)
have demonstrated that bHLH recognition elements form a
constitutive enhancer in the human calcitonin gene. Other
polypeptide hormones including insulin, gastrin, and secretin
also appear to utilize bBHLH enhancer factors that are re-
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stricted to their differentiated host tissues (6-8). Although a
role for bHLH factors in controlling the proliferation of
neuroendocrine cells in humans remains uncertain, neural
developmental pathways in Drosophila may provide useful
clues. In this organism, the four bHLH factors of the achaete-
scute complex (achaete, scute, asense, and lethal of scute)
coordinately regulate the capacity of ectodermal cells to
become developing neuroblasts in the peripheral sensory
nervous system and the central nervous system (9). Loss-of-
function mutations of these genes suppress the formation of
sensory organs, whereas ectopic expression of achaete and
scute leads to the supernumerary sense organs associated
with the hairy-wing mutation (10). The four achaete-scute
proteins contain a highly homologous bHLH domain that
permits heterodimer formation with the widely expressed
daughterless protein (11, 12) as well as inhibitory interactions
with the truncated bHLH protein extramachrochaetae (13).
Recently, two rodent achaete-scute homologs, mammalian
achaete-scute homolog (MASH) 1 and MASH-2 were cloned
from a sympathoadrenal cell line library by using a PCR-based
approach (14). MASH-1 transcripts were detected in several
neural tissues in the fetal rat, including brain, adrenal medulla,
and cervical ganglion, and fetal lung but not in adult brain or
a variety of other adult rodent tissues. MASH-1 expression
could be induced by nerve growth factor in the PC-12 rodent
pheochromocytoma cell line. Also of significance to the po-
tential involvement of MASH-1 in neuroendocrine cells, a
single rat MTC cell line was reported positive for MASH-1
expression. In light of these findings and our data (4) indicating
that bHLH enhancer sites are important for calcitonin gene
expression, we became interested in the potential of achaete-
scute homologs to regulate the differentiation of human neu-
roendocrine tissues and tumor cells. We have identified and
characterized a human achaete-scute-like factorY and find that
it is abundantly expressed not only in MTC but also in SCLC,
a lung tumor with neuroendocrine features. These observa-
tions significantly expand the range of mammalian tissues
known to express achaete-scute homologs and suggest a
broader regulatory role for these factors. In addition, we find
that this human achaete-scute homolog (hASH) contains a
polymorphic trinucleotide repeat within its protein coding
sequence, making it a candidate locus for inherited disease.

MATERIALS AND METHODS

Cell Culture and Tissue Specimens. Culture conditions for
human TT and DMSS53 cells (4), NCI-H60, H82, H209, and

Abbreviations: bHLH, basic helix-loop-helix; MTC, medullary thy-
roid cancer; SCLC, small cell lung cancer; MASH mammalian
achaete-scute homolog, hASH1, human achaete-scute homolog 1;
CEPH, Centre d’Etude du Polymorphlsme Humain.
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H249 cells (15), NCI-H169 (16), and U1752 cells (17) have
been described. IMR-90 human fibroblasts (National Insti-
tute of Aging Cell Repository) were grown in Eagle’s mod-
ified minimal essential medium with 10% (vol/vol) fetal calf
serum. Human medullary thyroid cancer and pheochromo-
cytoma specimens obtained at surgical resection were rapidly
frozen in liquid nitrogen and stored up to 2 years at —70°C
prior to use.

Northern Blot Analyses. To survey initially for achaete-
scute homolog expression in human cells, Northern blots
containing the indicated amounts of total RNA or poly(A)-
enriched RNA were probed with a 1.3-kb HindIII-Xba I
insert from pNjl containing a full-length rodent MASH-1
cDNA insert (generously provided by D. Anderson, Califor-
nia Institute of Technology), labeled by random priming, to
survey achaete-scute homolog expression. Subsequent stud-
ies employed a human cDNA insert probe described below.
RNA isolation, poly(A)* selection, and hybridization condi-
tions were as described (18). A Northern blot containing 2 ug
of poly(A)* RNA . from various normal adult tissues and
poly(A)* RNA from human fetal brain were purchased from
Clontech.

Library Screening. A random hexamer-primed cDNA li-
brary was constructed from TT-cell poly(A)* RNA and
cloned into A Zap II (Stratagene) as described (19). A total of
400,000 phage plaques in the XL-1 Blue strain of Escherichia
coli (Stratagene) was screened using the random-labeled
MASH-1 insert (10° cpm/ml). Hybridization of duplicate
nitrocellulose filter lifts was performed at 55°C in Blotto [1%
SDS/powdered milk (5 mg/ml)/PEG (60 mg/ml)/5 x SSPE/
10% (vol/vol) formamide/sonicated salmon sperm DNA (0.2
mg/ml) (1 X SSPE = 0.18 M NaCl/10 mM sodium phosphate,
pH 7.4/1 mM EDTA)]. Washes were performed in 2 X
standard saline citrate (SSC)/0.1% SDS at room temperature
and then in 0.5 X SSC/0.1% SDS at 55°C. Plaques that
continued to hybridize through three rounds of screening
were subjected to in vivo excision according to the manu-
facturer’s protocol (Stratagene).

DNA Sequencing and Analyses. A series of overlapping
cDNA clones was obtained in pBluescript SK +/— (Strata-
gene) and sequenced on both strands using the Sequenase
Version 2.0 kit (United States Biochemical). An EcoRlI insert
from a plasmid designated pHASH4.1 containing a 1.3-kb
human achaete-scute homolog cDNA was used for further
hybridization studies. Comparisons with existing nucleotide
and amino acid sequences from GenBank/EMBL Release 71
and NBRF-PIR Release 32 were analyzed using Wilbur &
Lipman and Needleman-Wunsch algorithms (DNAStar,
Madison, WI).

Chromosomal Localization and Analysis of Trinucleotide
Repeat Polymorphism. Genomic DNA from a panel of hybrid
rodent-human somatic cell lines (20) was amplified using

-hASH1-specific PCR primers to determine the chromosomal
location of the gene. The sequence of the forward (sense
strand) primer was CAGCCTGTTTCTTTGCCACGG:; the
sequence of the reverse primer was TTGCTTGGGCGCT-
GACTTGTG. PCRs were performed in a total volume of 5 ul
containing PCR buffer (10 mM Tris-HCI, pH 8.3/50 mM
KCl/1.5 mM MgCl,/5 mM NH,CI), 50 ng of genomic DNA,
all four NTPs (each at 800 uM), 2.0 uM forward primer, 2.0
MM reverse primer, 10% (vol/vol) dimethyl sulfoxide, and
0.25 unit of Taq polymerase. Reaction mixtures were incu-
bated at 94°C for 30 sec at 63°C for 30 sec, and at 72°C for 1
min for 25 cycles. A trinucleotide repeat sequence detected
in the hASH1 cDNA was analyzed for polymorphism in
genomic DNA, obtained from a set of parents from the CEPH
(Centre d’Etude du Polymorphisme Humain) reference ped-
igree collection, using PCR primers specific for sequences
flanking the repeat. The forward (sense strand) primer se-
quence was AGCCCTTCCTGCCGCCCGCA; the reverse
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primer sequence was GGCGCTGACTTGTGACCGCC.
PCRs were performed in a total volume of 5 ul containing
PCR buffer, 50 ng of genomic DNA, all four dNTPs (each at
800 uM), 0.25 uM 5’'-[32P}JdATP-end-labeled reverse primer,
1.5 uM unlabeled reverse primer, 2.0 uM forward primer,
10% dimethylsulfoxide, and 0.25 unit of Taq polymerase.

RESULTS

Isolation and Characterization of hASH1. To screen initially
for the presence of MASH expression in human neuroendo-
crine cells, we used a rodent MASH-1 cDNA insert to probe
Northern blots from two calcitonin-producing tumor cell
lines, the TT line of MTC and the DMS53 line of SCLC. Both
tumor cell RN As contained 3.0-kb transcripts that hybridized
to the rodent cDNA under stringent conditions (data not
shown). Southern blot analyses of human genomic DNA at
slightly reduced stringency with the same probe also revealed
significant hybridization (data not shown). Based on evi-
dence for hybridizing human achaete-scute-like transcripts
from these cells, we proceeded to screen a cDNA library to
isolate a human homolog of rodent MASH-1.

A random hexamer-primed cDNA library prepared from
TT cell RNA was screened with the rodent MASH-1 probe.
Of 400,000 recombinant plaques screened, 5 clones hybrid-
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‘CCCGAGACCCGGCGCAAGAGAGCGCAGCCTTAGTAGGAGAGGARCGCGAG

RSOGO OODGAAGOCAAODCSCRAAGGRAGGACSOAGCACEAGS

|

B Alsnine Repeat
MESSAKMESGGAGQQPQPQPQQPFLPPAACFFATAAAAAAAAAAAARQSA 50 HUMAN
VOUE DEEEE FEEEEE LR T i
MESSGKMESG-AGQQPQP--PQPFLPPAACFFATAAAAAARAAAARAAQSA 47 RAT
Ghstamine Repeat
20000000000000A POLRPAADGQPSGGGHKSAPKOVKRORSSSPELMR 100 HUMAN
TR R
--Q0Q0000QAPOOQAPQLSPVADGQPSGGGHKSARKQVKRQRSSSPELMR 95 RAT
Basic Heollx | Loop
CKRRLNFSGFGYSLPQQQPANARENERERNRVICVNLGEATLERIHVENG 150 HUMAN
T
CKRRLNFSGPGYSLPQQQPAAVARRNERERNEVIAVNIGEATLEEHVENG 145~ RAT
Hotx
WMHISMS 200 HUMAN
VOLLRLETTRRINY TR
AANKIMSKVETLRSAVEYIRALOOLLDEHDAVSARFQAGVLSPTISENYS 195 RAT
NDLNSMAGSPVSSYSSDEGSYDPLSPEEQELLDFTNWF 238 HUMAN

LLLELLEEERE ety
NDLNSMAGSPVSSYSSDEGSYDPLSPEEQELLDFTNWE

F1G.1. (A) hASH1 cDNA sequence is shown with two candidate
translation start sites and one terminator codon (underlined) and a
CAG trinucleotide repeat (boldface type). (B) Predicted hASH1
amino acid sequence, compared to rat MASH-1 (14), with conserved
residues (vertical bars), the human polyglutamine tract (boldface
type), and the conserved bHLH domain (double underlined) indi-
cated.



5650 Medical Sciences: Ball et al.

Proc. Natl. Acad. Sci. USA 90 (1993)

hASH1
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MASH-2

achaete (T15) :8Q::Q:1:AAVIADLS: sRRGIGPG: ss:L222S:2 :KM:

scute  (T4) 1:QSIITOLTK: - -G-GRGPH 7%
lethal (T73) L:QTVVNSLS::-~--GRGSS:: 76
asense (T8) 1 :EEVSEAFEAQ- -GAGRG:S:: 80
Achaete-scute  V*RRNARERNRVKQVNNGF**LRQH*P G**KK*SKV*TLR*AVEY |R*LQwewae

Consensus E L LS EK A K E

Fi1G.2. bHLH domain of hASH1 is shown in comparison to other related proteins. Colons indicate conserved residues; identities listed under
‘“bHH”’ indicate sequence identity excluding the loop. Sequence data were obtained from NBRF-PIR Release 32 and GenBank/EMBL Release
71. ¢‘Achaete-scute Consensus’’ indicates residues common to all seven known Drosophila and mammalian achaete scute homologs.

ized strongly through three rounds of plaque purification.
Dideoxynucleotide sequencing revealed that 4 of the 5 clones
were overlapping and had substantial homology to the rat
MASH-1 sequence. The overlapping sequence data from
these 4 clones defined a 1.6-kb cDNA with an open reading
frame of 714 bp, predicting a 238-aa peptide that we desig-
nated hASH1 (Fig. 1). Two in-frame ATG sequences are
present at positions 433 and 451. The context of the down-
stream ATG more closely matches the consensus initiator
sequence of Kozak (21). A TGA stop codon is present at
position 1147. Comparison at the amino acid level indicated
95% overall identity with rat MASH-1 and 40% identity with
MASH-2. The hASH1 amino acid sequence exhibits 100%
conservation of the MASH-1 bHLH domain, as shown in Fig.
2. As expected, hASH]1 also shares a high degree of conser-
vation with MASH-2 across this domain. Parallel compari-
sons with the four Drosophila achaete-scute proteins versus
a variety of other mammalian and Drosophila bHLH proteins
reinforce the relatedness of mammalian and Drosophila acha-
ete-scute homologs suggested by Johnson et al. (14). Exclud-
ing the nonconserved loop sequence, all four of the Drosoph-
ila achaete-scute peptides share 72-80% amino acid identity
with hASH1 across this region (Fig. 2), whereas no other
bHLH protein has >51% identity to hASH1. Thirty-one of
the bHLH residues are absolutely conserved among the
seven known mammalian and Drosophila achaete-scute fam-
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Fi1G. 3. hASHI expression in TT cells and in human lung cancer
cell lines. Estimated loading of poly(A)* RNA and exposure times
were as follows: Lanes: 1, 3.5 ug, 14 h; 2, 4 ug, 24 h; 3, 1 ug, 24 h;
4,4 ug,24h;5,2 ug,72h;6,4 ug,24h; 7,3 ug,48 h; 8,1 ug, 16
h. All B-actin exposures were 6 h except lane 4, which was 15 h.

ily members, with particular conservation of the basic and
helix II domains. Significantly, all three mammalian achaete-
scute proteins diverge from the Drosophila family outside of
the bHLH region. The hASH1 protein shares 32-52% overall
identity with the Drosophila proteins, comparable to
MASH-1.

The proximal 500 bp of the hASH1 cDNA is unusually
G+C-rich (61%), with a relatively high ratio of CpG to GpC
dinucleotides (0.7), and sites for the methylation-sensitive
rare-cutting enzymes Not 1 (1), BssHII (3), Nae I (3), and Nar
1(3), suggesting that the proximal hASH1 cDNA may overlap
with a CpG island (22).

Presence of a Trinucleotide Repeat in hASH1. A striking
feature of the hASH1 coding sequence, shown in Fig. 14, is
a 14-copy repeat of the trinucleotide CAG (bp 583-624),
coding for glutamine. In contrast to hASH1, the rodent
homolog MASH-1 contains an interrupted series of glu-
tamines and no trinucleotide repeat. Trinucleotide repeats of
this length are relatively uncommon in eukaryotic coding
sequences. Amplification of C + G-rich trinucleotide repeat
sequences is associated with at least four human diseases,
fragile X syndrome, myotonic dystrophy, Kennedy disease,
and Huntington disease (for review, see refs. 23 and 24). The
normal function of the CAG repeat sequence in hASH1 is
unclear. However, glutamine-rich regions have been impli-
cated as transcriptional activator domains in Spl (25), an-
tennapedia (26), and other transcriptional regulatory pro-
teins. Thirteen alanine residues, located proximal to the
glutamine repeat, are shared by the rat homolog. This pattern
of alanine residues adjacent to glutamine-rich segments is
also reminiscent of the Spl transactivation domain (25).

hASH1 Maps to Human Chromosome 12. Physical local-
ization of the hASH1 gene was achieved by PCR amplifica-

Pheochromocytoma-1
Pheochromocytoma-2

S
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3.0kb»
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FiG. 4. hASH1 expression in human MTC and pheochromocy-
toma tumor specimens. Estimated loading of poly(A)* RNA and
exposures are as follows. Lanes: MTC-1, 5 ug, 48 h; MTC-2, 2.5 ug,
72 h; pheochromocytomas 1 and 2, 2.5 ug, 72 h. B-actin exposures
were 6 h.
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Fi1G.5. hASHI1 expression in normal adult tissues and fetal brain.
Poly(A)* RNA (2 ug or 5 ug for fetal brain) was loaded per lane and
exposed for 48 h (72 h for fetal brain). B-actin exposures were 3 h.

tion of a portion of the gene sequence using genomic DNA
from a panel of rodent-human somatic cell lines representing
the entire human DNA complement (mainly as monochro-
mosome hybrids) (20). The amplified product included the
trinucleotide repeat elements and flanking unique sequences.
Only hybrids containing human chromosome 12 (e.g.,
GM10792 and GM10868; NIGMS Mutant Cell Repository,
Camden, NJ) yielded PCR products of the expected length
(188 bp). In addition, the repeat element was found to be
polymorphic when tested against a set of parents from the
CEPH reference pedigree collection. Thus far, nine alleles
have been observed, with one allele dominant, at a frequency
of 65%. The heterozygosity of the polymorphism in the
CEPH families is 51%. Subregional localization and incor-
poration of the hASH1 locus within a genetic linkage map of
chromosome 12 will be described elsewhere (D.C., S.D., and
H.D.-K., unpublished data).

hASH1 Expression in Neuroendocrine Tissues. We studied
expression of hASH1 in a variety of cultured cell lines, tumor
specimens, and normal human tissues by using Northern blot
analyses. The TT line of human MTC, from which the hASH1
gene was cloned, exhibited an abundant 3.0-kb transcript
(Fig. 3). Two fresh MTC tumors also had detectable hASH1
expression (Fig. 4). Tumor MTC-1 exhibited a signal com-
parable in intensity to the TT line, whereas the transcript
from tumor MTC-2 was only faintly visible after 72 h. In
addition, the calcitonin-producing SCLC line DMS53 also
produced an intense transcript (Fig. 3). Two classic SCLC
lines, NCI-H209 and H249, also had significant hASH1
expression, whereas NCI-H82, a variant SCLC line that lacks
neuroendocrine features such as L-dopa decarboxylase ac-
tivity (16), had no demonstrable hASH1 expression. NCI-
H60, a classic SCLC line with low to intermediate L-dopa
decarboxylase, lacked readily detectable hASH1 transcripts.
In addition, two non-SCLC lines that lack neuroendocrine
features, the NCI-H157 line of large cell lung cancer and the
U1752 line of squamous cell lung carcinoma, also had no
detectable hASH1 transcripts. Interestingly, two fresh pheo-
chromocytoma tumor specimens lacked apparent hASH1
expression (Fig. 4). A panel of poly(A)* RNA from adult
heart, brain, placenta, liver, skeletal muscle, kidney, pan-
creas, and lung failed to show any distinct transcripts (Fig. 5),
nor did cultured IMR-90 human fibroblasts (data not shown).
A 72-h exposure of 5 ug of poly(A)* RNA from midgestation
human fetal brain revealed a very faint hybridizing signal for
hASH1 (Fig. 5).

DISCUSSION

bHLH proteins form a large family of transcriptional regu-
latory proteins, including tissue-specific transcriptional acti-
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vators, widely expressed ‘‘partner factors,’” and a number of
transcriptional inhibitors. The mammalian achaete-scute ho-
mologs may constitute an important structural and functional
subclass within the larger family of bHLH proteins. In
analogy to the Drosophila achaete-scute complex, the ex-
pression of rodent MASH-1 appears to be restricted to
several regions of the developing rodent nervous system
including portions of the central nervous system, peripheral
sensory nervous system, and neural crest (27). In these
tissues, MASH-1 expression generally precedes the appear-
ance of markers of neuronal differentiation such as tyrosine
hydroxylase and neurofilaments and, like achaete-scute,
appears to be extinguished shortly prior to terminal neuronal
differentiation (9, 14, 15). To date, the transcriptional targets
for mammalian achaete-scute homologs are unknown, as are
the effects of overexpression or inactivation of these pro-
teins.

We have now isolated a human achaete-scute homolog,
hASH], that is expressed in a subset of tumors manifesting
distinct neuroendocrine properties. Our findings extend an
initial report of expression of the rodent homolog, MASH-1,
in a single cultured line of rat MTC (14). The presence of
hASH1 mRNA in human MTC tumors and cell lines has
potential significance for understanding the function of this
protein in neuroendocrine cell development. MTC arises
from thyroid parafollicular C-cells, which are derived from
embryonic neural crest (28). Although the expression pattern
of achaete-scute homologs in normal C-cells is still unknown,
it is reasonable to expect that hASH1 may be expressed in
embryonic C-cell precursors migrating from neural crest, in
analogy to the demonstration of MASH-1 in migrating rat
sympathoadrenal precursors by Lo et al. (27). In addition,
hASH1 may be a candidate transactivating factor for the
human calcitonin gene. This polypeptide hormone is the
predominant secreted product of C-cells and MTC. An es-
sential constitutive enhancer site in the 5’ flanking region of
the human calcitonin gene contains paired E-box motifs, both
capable of binding bHLH proteins (4, 5).

The detection of hASH1 expression in SCLC may have
particular importance for understanding both the evolution of
this common form of lung cancer and the role of achaete-
scute homologs in neuroendocrine cell differentiation. In the
series of lung cancer cell lines that we investigated, the
expression of this transcription factor appears to correlate
with the presence of characterized endocrine features of
SCLC such as L-dopa decarboxylase activity (15), dense core
secretory granules, and the production of polypeptide hor-
mones such as calcitonin (29). Lung cancer cell lines that are
relatively or absolutely deficient in these endocrine markers
(NCI-H60, NCI-H82, NCI-H157, and U1752) also lacked
detectable hASH1 expression. The presence of this transcrip-
tion factor in endocrine-rich SCLC tumors suggests a poten-
tial role for mammalian achaete-scute homologs outside of
classic neural and neural crest-derived tissues.

Although the cellular origins of SCLC remain to be defin-
itively proven, data from several groups (for review, see ref.
1) suggest an ultimate derivation of this cancer not from
neural crest but rather from endoderm-derived bronchial
epithelia, possibly via an immature pulmonary endocrine
cell. This concept is supported by both clinical data indicating
that SCLC can evolve into tumors that have the non-SCLC
phenotype (30) and gene insertion experiments indicating
phenotypic plasticity in lung cancer cell lines. For example,
coexpression of the c-myc and v-Ha-ras oncogenes can alter
the phenotype of several classic SCLC cell lines toward that
of non-SCLC (31), whereas v-Ha-ras gene insertion leads to
partial endocrine differentiation of the DMSS53 line (32). If
SCLC is indeed understood to originate in endodermally
derived bronchial epithelium, the current study provides an
indication that achaete-scute homologs may be expressed
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outside of the nervous system or neural crest. hASH1 might
thus act as a regulator of neuroendocrine differentiation in
normal and neoplastic cells of diverse lineage. In this context,
hASH1 expression may provide a useful marker for delin-
eating the control of neuroendocrine phenotypic features in
cultured SCLC and may have potential as a clinical marker
for differentiated SCLC tumors.

The absence of detectable hASH1 transcripts in two clin-
ically benign pheochromocytomas is somewhat surprising.
Pheochromocytomas arise from neural crest-derived chro-
maffin cells of the adrenal medulla. Although the migrating
precursors of rodent adrenal medulla and sympathetic ganglia
express MASH-1 peptide, there is apparently no MASH-1
expression in the adult rodent adrenal medulla (27). How-
ever, MASH-1 transcripts are readily apparent in the rodent
PC-12 pheochromocytoma cell line and are further induced
by treatment with nerve growth factor (14). Examination of
additional benign and malignant sporadic pheochromocyto-
mas, as well as inherited pheochromocytomas, is necessary
for a firm conclusion regarding patterns of hASH1 expression
in these disorders.

An outstanding structural feature of the hASH1 cDNA is
a multiply repeated copy of the trinucleotide CAG. C +
G-rich trinucleotide repeats of this size are frequently poly-
morphic (33) and may exhibit meiotic instability through an
incompletely understood process termed ‘‘dynamic muta-
tion™’ (23, 34). This process is exemplified by the progressive
increase in CGG triplet number observed in the FMR-1 gene
in kindreds with the fragile X syndrome (35). Genomic
instability at a CAG repeat in the human androgen receptor
is associated with Kennedy disease, an X chromosome-
linked form of spinal and bulbar muscle atrophy that also
results in mild androgen resistance (36). Normal individuals
have a range of 17-26 CAG repeats in the androgen receptor
proximal coding sequence, whereas individuals affected with
Kennedy disease have a repeat number ranging from 40 to 52
(36).

The possibility that structural alterations in the hASH1
CAG repeat may also play a role in human disease, including
the endocrine tumors shown to express the factor, awaits
further study. The hASH1 CAG repeat resembles the human
androgen receptor trinucleotide repeat in terms of its size,
spatial orientation within the coding sequence, polymor-
phism, and potential to code for a transcriptional activation
domain. Although glutamine-rich sequences are known in
several genes to function as transcriptional activation do-
mains (25, 26), it is unclear whether amplification of a
polyglutamine tract would enhance or impair the transacti-
vating function of hASH1 or the androgen receptor, and in
turn how such alterations would result in disease. The
hASH1 CAG repeat sequence, like the human androgen
receptor repeat, is unique to the human gene and is not
conserved in its rodent counterpart. Precise subchromo-
somal localization and linkage analysis of hASH1 will be
useful to demonstrate whether dynamic mutation of this motif
is associated with human disease.

We thank David Anderson (California Institute of Technology) for
MASH-1 and MASH-2 probes, Olive Pettengill and George Sorenson
(Dartmouth College) for the DMS53 cell line, and Robert Udelsman,
Mack Mabry, and Robert Casero (Johns Hopkins University) for
contributing tissue and RNA samples. This work was supported in
part by a Physician-Scientist Award (K12-DK01298) and a Daland
Fellowship from the American Philosophical Society (D.W.B.), by
American Cancer Society Grant PDT417H (S.B.B. and B.D.N.), and
by National Institutes of Health Grants RO1 CA47480 (B.D.N.) and
RO1 CAS53524 (H.D.-K.).
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