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ABSTRACT Messenger RNA transcripts of the highly
pigmented murine melanoma B16-F1 cells were compared
with those from their weakly pigmented derivative B16-F10
cells by differential display. A novel gene called msg! (mela-
nocyte-specific gene) was found to be expressed at high levels
in B16-F1 cells but at low levels in B16-F10 cells. Expression
of msgl was undetectable in the amelanotic K1735 murine
melanoma cells. The pigmented murine melanocyte cell line
melan-a expressed msgl, as did pigmented primary cultures of
murine and human melanocytes; however, seven amelanotic or
very weakly pigmented human melanoma cell lines were
negative. Transformation of murine melanocytes by transfec-
tion with v-Ha-ras or Ela was accompanied by depigmentation
and led to complete loss of msg! expression. The normal tissue
distribution of msgl mRNA transcripts in adult mice was
confined to melanocytes and testis. Murine msg! and human
MSG1 genes encode a predicted protein of 27 kDa with 75%
overall amino acid identity and 96% identity within the
C-terminal acidic domain of 54 amino acids. This C-terminal
domain was conserved with 76% amino acid identity in
another protein product of a novel human gene, MRGI
(msgl-related gene), isolated from normal human melanocyte
c¢DNA by 5'-rapid amplification of cDNA ends based on the
homology to msgl. The msgl protein was localized to the
melanocyte nucleus by immunofluorescence cytochemistry.
We conclude that msgl encodes a nuclear protein, is melano-
cyte-specific, and appears to be lost in depigmented melanoma
cells.

Benign and malignant melanocytes represent one of the
best-characterized model systems for the study of tumor
progression (1-5) and differentiation (6-15). Close correlation
between aberrant differentiation of cultured melanocytes and
malignancy has been well demonstrated (2, 3, 6, 7, 9, 11, 16).
In human melanoma cells it has also been reported that there
is a decrease in the expression of genes that are related to cell
cycle and cell growth (e.g., cdc2, cyclin A, p53, and c-myc) with
experimentally induced terminal differentiation (15). There-
fore, it is important to understand the molecular mechanism
of melanocyte differentiation and its aberration in malignancy.
In general, pigmentation decreases with melanoma progres-
sion and/or loss of several other differentiated properties of
melanocytes (2, 6-9, 11, 16, 17). At least, loss of pigmentation
reflects some aberrations in melanocytic differentiation.
Therefore, it is reasonable to hypothesize that information on
the mechanism(s) of aberrant differentiation of melanoma
may be obtained by comparing gene expression between
well-pigmented and poorly pigmented melanoma cells.
Based upon this concept, we attempted to isolate genes that
are differentially expressed between B16-F1 and B16-F10
murine melanoma cells, which, under our culture conditions,
showed different degrees of pigmentation (B16-F1 >> B16-
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F10). We report here the isolation of a novel gene, msgl
(murine melanocyte-specific gene), expressed at high levels in
B16-F1 cells but at low levels in B16-F10 cells.

MATERIALS AND METHODS

Cell Culture. Murine melanoma cells B16-F1, B16-F10 (18),
and K1735 (19) were provided by 1. J. Fidler. Human mela-
noma cell lines (20) were provided by R. H. Byers. All
melanoma cells were maintained in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% fetal calf serum. Normal
human epidermal melanocytes isolated from neonatal foreskin
were from Clonetics (San Diego). Normal murine melanocyte
cell line melan-a (17) was provided by D. C. Bennett. Murine
primary culture epidermal melanocytes were prepared from
newborn C57BL/6 mice as described (21). Differentiated
status of normal melanocytes used was confirmed by pigmen-
tation and morphology as described (16, 17).

Northern Blot Hybridization and Differential Display. Ex-
traction of total RNA and Northern blot hybridization were
performed as described (22). Total RNA of L-B10.BR normal
murine melanocytes and those oncogene-transfected variants
(16) were gifts from C. Missero and P. G. Dotto. Poly(A)-rich
RNA blot of normal BALB/c.mouse tissues was from CLON-
TECH. Differential display was performed as described (23,
24).

Cloning and Characterization of a Full-Length cDNA of
Murine msgl. A cDNA library was constructed from poly(A)-
rich RNA of B16-F1 cells and screened with the 3’-end cDNA
fragment of msgl obtained by differential display. The tran-
scription start site of msgl mRNA in B16-F1 cells was deter-
mined both by the primer extension (25) using a primer
5'-ATAAATCGGTGGCAGTTGAT and the 5'-rapid ampli-
fication of cDNA ends (5'-RACE) (26) using a primer 5’'-
ATAAATCGGTGGCAGTTGAT. In vitro synthesis of the
protein products of human MSGI gene and murine msgl gene
was performed using an in vitro transcription/translation kit
from Promega.

Human MSGI Clones. Plasmids harboring partial human
MSG1 cDNA were IMAGE (Integrated Molecular Analysis of
Genomes and their Expression) Consortium (Lawrence Liv-
ermore National Laboratory) cDNA clones (ID no. 265596
and 270311) (27). A complete human MSGI cDNA sequence
was reconstituted from expressed sequence tag (EST) se-
quences of GenBank (accession nos. EST-N21409, -N21574,
-N27472, -N29413, -N31118, -N31365, -N38759, and -N41476).
Accuracy of the coding sequence was confirmed by at least
three EST sequences listed above and sequences of the plas-

Abbreviations: msgl, murine melanocyte-specific gene 1; msgl, pro-
tein product of msgl; MSG1, human melanocyte-specific gene 1;
MSG]1, protein product of MSGI; 5'-RACE, rapid amplification of
cDNA ends; HA, influenza virus hemagglutinin; IMAGE, Integrated
Molecular Analysis of Genomes and their Expression.

Data deposition: The sequences reported in this paper have been
deposited in the GenBank data base (accession nos. U65091-U65093).
*To whom reprint requests should be addressed.
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mids. We found several mutations in the IMAGE plasmids and
repaired those by site-directed mutagenesis.

Western Blotting and Immunoprecipitation. Rabbit poly-
clonal antibody I51904K was raised against a synthetic peptide
for a part of the msgl protein (NH,-LGQNEFDFTADFPSG)
and affinity-purified using an antigen-fixed column. Western
blot analysis was performed following a standard protocol
(28). For immunoprecipitation, normal human epidermal me-
lanocytes were metabolically labeled with [>*S]Met and sub-
jected to a standard protocol (28). Rabbit anti-human von
Willebrand factor polyclonal antibody (Sigma) was used for a
negative control.

Immunofluorescence Cytochemistry. Cells were fixed by 4%
paraformaldehyde, permealized by 1% Nonidet P-40, and
subjected to immunostaining. The primary antibody was
I51904K anti-msg] antibody (0.6 pg/ml), and the secondary
antibody was goat anti-rabbit IgG antibody conjugated with
Rhodamine (Jackson ImmunoResearch; 1.3 ug/ml). Intracel-
lular localization of the msgl protein was determined by
fluorescence microscopy. For influenza virus hemagglutinin
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(HA)-tagging, a part of the HA sequence (NH,-MAYPYD-
VPDYASLGI) was fused to the N terminus of msgl. The
expression plasmid for HA-tagged msgl protein with cyto-
megalovirus promoter was transiently introduced into COS-1
cells. The HA-tagged msgl protein was detected 48 h after
transfection with anti-HA monoclonal antibody (12CAS) and
goat anti-mouse IgG antibody conjugated with Rhodamine
(Jackson ImmunoResearch) by fluorescence microscopy.

RESULTS

Isolation of Transcripts That Are Differentially Expressed
Between Highly and Weakly Pigmented B16 Melanoma Cell
Variants by Differential Display. Under our cell culture
conditions, B16-F1 and B16-F10 murine melanoma cells were
highly and weakly pigmented, respectively (Fig. 14). To isolate
transcripts that are differentially expressed in these cells, we
used the differential display technique (23, 24). By comparing
about 15,000 displayed cDNA fragments, 54 differentially
expressed bands were identified. cDNA fragments were iso-
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FiG. 1.

Expression of msgl mRNA transcripts in melanocytes and melanoma cells. Expression of msgl mRNA transcripts was analyzed by

Northern blot hybridization using a msgl cDNA probe. (4) Pigmentation of murine melanoma cells. Cells were pelleted to the bottom of
microcentrifuge sample cups. (B) Expression of msgl mRNA transcripts in murine melanoma cells. Open and narrow arrows indicate 1.0 kb and
1.3 kb msgl mRNA transcripts, respectively. (C) Expression of msgl mRNA transcripts in the normal murine melanocyte cell line, melan-a, and
primary culture murine epidermal melanocytes (Primary), compared with those in B16-F1 and B16-F10 cells. (D) Expression of MSGI mRNA
transcripts in normal human epidermal melanocytes (NHEM) and melanoma cells (PM, primary melanoma; RPM, recurrent primary melanoma;
MM, metastatic melanoma; followed by patients’ initials). Two molecular species of MSG1 mRNA transcripts [1.3 kb (arrow) and 1.0 kb (dot)]
were detected in normal human epidermal melanocytes. (E) expression of msgl mRNA transcripts in L-B10.BR murine melanocytes transfected
with neo control vector, expression plasmid for v-Ha-ras, or adenovirus E1A4. Open and narrow arrows indicate the 1.0 kb and 1.3 kb msgl mRNA
transcripts, respectively. Methylene blue staining of RNA fixed on the blot is to show equal amounts of RNA loading.
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lated and examined by Northern blot hybridization to confirm
differential expression (i.e., greater than 10-fold) between
B16-F1 and B16-F10 cells; 13 such transcripts were found to be
differentially expressed. Positive cDNA fragments were sub-
jected to an additional Northern blot hybridization to RNAs of
B16-F1 and B16-F10 cells that had been maintained in two
other independent laboratories (R. Tepper and 1. Stamenco-
vic, Massachusetts General Hospital Cancer Center) to elim-
inate candidates with poor reproducibility. A gene, denoted as
msgl, which reproducibly showed differential expression
(B16-F1 > B16-F10), was selected for further characteriza-
tion.

Expression of msgl mRNA Transcripts in Melanocytes and
Melanoma Cells. Messenger RNA transcripts of msgl were
present at a high level in B16-F1 cells, but at only a low level
in B16-F10 cells, and undetectable in K1735 amelanotic mu-
rine melanoma cells (Fig. 1B); this correlated with the degree
of pigmentation of the three cell types (Fig. 14). Neither
12-O-tetradecanoylphorbol 13-acetate (TPA) nor culture cell
density affected msgl mRNA levels in these cells. Two mo-
lecular species of msgl mRNA transcripts, a prevalent species
of 1.0 kb and less-abundant species of 1.3 kb, was observed. No
gross DNA rearrangement was noted by Southern blot analysis
(data not shown).

Messenger RNA transcripts of msgl were detected in a
pigmented murine melanocyte cell line, melan-a (17), as well
as in the pigmented primary culture epidermal melanocytes
isolated from C57BL/6 mice, at a level comparable to B16-F1
cells (Fig. 1C).

Messenger RNA transcripts of MSGI (the human homolog
of the murine msgl gene) were also detected in the pigmented
normal human epidermal melanocytes, while no human mel-
anoma cells tested by us expressed detectable amounts of
MSGI mRNA transcripts by Northern blot hybridization (Fig.
1D). The human melanoma cells studied were all amelanotic
except MM-AN cells, which were very weakly pigmented. The
mRNA transcripts of MSGI in human melanocytes consisted
of the 1.3-kb minor species and the 1.0-kb major species.

Expression of msgl mRNA transcripts in the L-B10.BR
pigmented murine melanocyte cell line was completely lost by
transfection with either v-Ha-ras or adenovirus E14 (Fig. 1E).
Rapid and drastic depigmentation of L-B10.BR melanocytes
by these transfections were described by Dotto ef al. (16).

Cerebellum
Testis
Kidney
Muscle
Liver
Lung
Spleen
Brain
Heart

g
(2]
=2l e >c 2 @
TR Lt S E @ 8 E T
- 29 98 58§28 3 ¢
- - $2 9 @ 2 a =z 2
© o O 2 O = % 0 = B
° W "

(kb)

ol . 9.5 =
.\. 75 —

Rutsradiogran]

Wﬁé é‘!:ue Stain

FiG. 2. Tissue distribution of msgl mRNA transcripts in mice.
Total RNAs (10 ug per lane) from tissues of C57BL/6 mice (4) or
poly(A)-rich RNAs (2 ug per lane) from tissues of BALB/c mice (B)
were analyzed by Northern blot hybridization using a full-length
murine msgl ¢cDNA probe. Open arrows indicate the 1.0-kb msg!
mRNA transcript, and dots indicate positions of ribosomal RNAs. The
autoradiogram of A4 was overexposed to show the absence of msg!
mRNA transcripts in any murine tissues.
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Expression of msgl /MSG1 mRNA transcripts and pigmen-
tation of melanocytes and melanoma cells are summarized in
Table 1. Based on these results we concluded that expression
of msgl /MSGI mRNA transcripts is associated with pigmen-
tation.

Melanocyte-Specific Expression of msgl mRNA Tran-
scripts. We analyzed the tissue distribution of msgl mRNA
transcripts in C57BL/6 mice (Fig. 2). Messenger RNA tran-
scripts of msgl were not readily detectable in any major murine
organs or tissues except testis. Prolonged exposure of the
poly(A)-rich RNA blot revealed very low levels of msgl mRNA
transcripts in the brain. Messenger RNA transcripts of msgl!
were not detected in BALB/3T3 murine fibroblasts. Thus,
these data demonstrate the melanocyte-specific expression of
msgl (melanocyte-specific gene).

Molecular Cloning of Murine msgl cDNA. We constructed
a cDNA library for B16-F1 cells and screened it with the 3’-end
fragment of msgl cDNA obtained by differential display. Two
independent cDNA clones were isolated that contained the
full-length murine msgl cDNA (Fig. 34) which was 883 nt long
with an open reading frame encoding a polypeptide of 203
amino acids (estimated molecular weight of 20,787). The
peptide sequence of the msgl protein did not correspond to
any previously described proteins or contain described func-
tional domain structures in various data bases. The transcrip-
tion start site of the murine msgl gene (shown as —195 nt in
Fig. 34) was confirmed by both sequencing nine independent
5'-RACE clones (26) and by primer extension. The first Met
codon (nt 196-198) was assigned as the translation initiator
because (i) it was the first ATG codon in the cDNA occurring
in the context of the Kozak consensus initiation site of
eukaryotic mRNA translation (29), and (ii) it was conserved in
the human MSGI cDNA sequence (Fig. 3B).

Identification of Human MSG1 cDNA Clones. By data base
searching for genes homologous to murine msgl cDNA, we
could identify two human genes that were deposited to Gen-
Bank data base without information of the encoded proteins.
One of those genes revealed it to be MSGI, the human
homolog of murine msgi gene; and the other was a related but
different gene described below. The human MSG1 cDNA was

Table 1. Expression of msgl in melanocytes and melanoma cells

Transfor- Pigmen- msgl /IMSG1
Cells mation* tation mRNA¥
NMEMS$ - +++ +++
melan-a - +++ +++
B16-F1 + +++ +++
B16-F10 + + +
K1735 + - -
L-B10.BR/neo - +++ +++
L-B10.BR/ras + - -
L-B10.BR/E14 + - -
NHEMT - ++ +++
PM-WK + - -
PM-SM + - -
RPM-MC + - -
MM-LH + - -
MM-AN . + +/- -
MM-RU + - -
MM-SM + - -

*Data from refs. 16, 17, and 20.

TEvaluated by the color of cell pellets. L-B10.BR cell variants data
were from ref. 16. +++, Black; ++, dark gray; +, light gray; +/—,
brown; —, white.

#Northern blot hybridization of total cellular RNA. —, Undetectable;
+, weak expression less than 10% of that in B16-F1 cells; +++,
stiong expression comparable to that in B16-F1 cells.

$Normal murine epidermal melanocytes (C57BL/6 mice).

TNormal human epidermal melanocytes.
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-195 agtgcgctgccgagcetgeggtgaggaagetagetccgeccggetgetecteccacaacct
-135 atcggcg gacgcgaggaaggcacagcacccact
=75 cngccctccaccaacaqgcccaqctggcqgcatcaactqccaccqatttatcggacr.tc
-15 tgcccaggctctqaaA‘mcc CTATGTCGAGGCCTGCACTTGATGTCAAGGGTGGCACC

1 P TM S R P A LDV KGG T

45 ACCN'IGGGAAGGAGGA'IGCCAACCAGGAGANMC'IC'I\C'IGGCCTACTCCMCC'I'IGGA
16 T S G K E D A Q E N S L A Y S N L G

105 G'IGMGGA'ICGCAAGGCAG'IGAC'ICNC'ICCACTACCCCGGGG‘ICACCGCAM'ICGAGCC
36 V K D R K T V L G A N G A

165 MAGCCMCGGAG'I'!CCCACTAGCTCC‘IC‘KGGA'KZGACA‘IC‘ICCMTAGGC‘KC'ICCTACT
56 K A N G V P T S S S S T S G s P

225 GCCACCCC’K'ICTNCMACCCCCA‘I‘CCT'ICMCCNCATCCTACCCCTCACC‘IGANGCC
76 A T S K P S F NL HPTUPHILMABA

285 AGCATGCAGCTTCAGAAGCTTAATAGCCAGTACCAAGGGGCTGCGGCTACTGCTGCTGCT
96 S M Q L Q K L NS QY QG A AATAARA

345 GCCC'ICAC‘!GG’!GCAGGCCTACCAGGGGAGGMGAGCCCA’IGCAAAACNGG‘ICACCGCC
116 G L PG EETEUPMOQNUWUV

405 CC'IC‘KGGTAG’KGGGAGGGN’ICCGGGA‘ICN‘IC'IC‘KCC'KZC'!GC'IGG'IGCCCAGAGCCCT
13 P L VV GG S PG S V S P PAGAQ S

465 GC'lC‘lCAmAT’lCmACCCGGNGA'I\SAGGAGG’ICCNA’ICTCN'KCG’ICGTTGMT’!G
156 A L I D S D P V E VLM S L V V EL

525 GGGCTAGACCGAGCCMNAGCTNCCGAGCTGTGGClGGGGCAGMmGTPPGAm
176 G R E L|IP E L WL G QNETF DF

585 ACTGCAGATTTTCCCTCTGGCTGCTGAtggcaagtgcccctaaaaaaatgcggaaaaaaa
196 T A D F P S c * 203

645 gccaccgattctgttgtaaataaaagttaacttgcaaagagat 687|

B

-187 cgctgactgccqagaqgaagctcgcctctqcccggctgccctcttgtagcccgccggcga

-127 ggggcagttctcggt agcggacggcacage

-67 cccacaacaqctccaqctggcagcatcacttcccqccaatttatccaacttccqccaagq
-7 ctctgaaATGCCAACAACGTCGAGGCCTGCACTTGATGTCAAGGGTGGCACCTCACCTGC
1 M P T TSR PALUDVKGGT S P A

53 GAAGGAGGATGCCAACCAAGAGATGAGCTCCGTGGCCTACTCCAACCTTGCGGTGAAAGA
19 K E D A NQEM S S V A Y S NUILAV KD

113 TCGCAAAGCAGTGGCCATTCTGCACTACCCTGGGGTAGCCTCAAATGGAACCAAGGCCAG
3 R K AV A I LHYUPGVASNGTTZKAS

173 'lGGGGC'ICCCACTAG'I'ICC‘I‘CGGGA‘IC‘I’CCMTAGGCN'ICCTACMCCACCCC'KCCCAC
59 G P T S S § G s P I G P T

233 TMACCCCCA‘ICC'I'!CMCC‘IGCACCCCGCCCC‘ICAC'l"lGC'!GGCTI\GTA’lGCAGC'l’GCA
79 P S F N L H P S M QL Q

293  GAAACTTAATAGCCAGTATCAGGGGATGGCTGCTGCCACTCCAGGCCAACCCGGGGAGGC
99 K L N S Q Y Q G M A A ATUPGOQUPGE A

353 AGGACCCCTGCAAAACTGGGACT AGGC AGAATCACTCTCTCC
119GPLQNHDFGAQAGGAESLSP

413  TTCTGCTGGTGCCCAGAGCCCTGCTATCATCGATTCGGACCCAGTGGATGAGGAAGTGCT
139 s A G A Q S PAI I DSUDZPVDETETUVTL

473 GATGTCGCTGGTGGTGGAACTGGGGTTGGACCGAGCCAATGAGCTTCCGGAGCTGTGGCT
P

159 M S L VVELGTLUDURANTETL E L W L
533 GGGGCAGMNAGTH‘GACTNACTGCGGM’HCCAMAGCK;CTMCgccaagtgtc
179 G Q E F T A DF P S s C 193

593 cccaaagatgqagqaataaagccaccaattctgttqtaaataaaaataaaghtacttaca
653 aagag 657

Fic. 3. Sequences of murine msg/ and human MSGI cDNA
clones. Underlining indicates putative polyadenylylation signals, and
stars indicate the stop codons. (4) Full-length murine msg/ cDNA
clone. The 3’-end fragment of msgl ¢cDNA isolated by differential
display (box) was used for screening a cDNA library of B16-F1 cells.
(B) Human MSGI cDNA clone.

found in two plasmids of the IMAGE. cDNA clones (ID nos.
265596 and 270311) (27) that are derived from a cDNA library
from human foreskin melanocytes. The human MSG1 cDNA
was 845 nt long with a complete open reading frame encoding
a polypeptide of 193 amino acids (estimated molecular weight
of 19,865) (Fig. 3B). Estimated amino acid sequences of human
MSG1 and murine msgl proteins showed 75% overall identity
and 96% identity in the C-terminal 54 amino acids (Fig. 4).
This highly conserved C-terminal sequence showed remark-
able acidity with 22% of the amino acids being Asp or Glu.
Molecular Cloning of Human MRG1 cDNA, an msgl-related
Gene. As mentioned above, we identified another gene with
significant homology to murine msgl cDNA and deposited in
the GenBank data base without protein information [accession
nos. Z46096 and EST-17101 (27)]. This gene, C-2J411 (280 nt)
showed 77% nucleotide sequence identity with the 3’ end of
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MSG1Mouse 1 - - - - - - - - - - - -[MPTMSR|- - - - - PALDVKGGT|TS 17
MSG1 Human 1 —---PALVKGGTSW
MRG1 Human 1 NG LHHH[PANRMGMGIQ FP| 34
MSG1 Mouse 18 A G[VKDRKAV|TV[CHYPGV|T s
MSG1 Human 18 A AlVKDRKAVIAI[LHYPGVA s
MRG1 Human 35 A MGIEH - - - - - - IHYJGAGN s
MSG1 Mouse s2 - -[G]v SS STSPIGSPTATPSSS:
MSG1 Human sz - -|G|A S - -SSP P T[TIT PIP TIK] 78
MRG1 Human 63 X H A MGIP NGIGIH PP SAL AIPJAJAJRFNNTS 9
MSG1 Mouse &2 ---[PPSENLHPT MASMOLQKLNSOYQGAm
MSG1 Human s0 - - - -[PPSFENLHPA LIASMQLQKLNSQYQGIMAA| 100
MRGT Human 7 QFMGIPP[VASQGGS - -ILIPlASMQLQKLNINIQY[FNHHP 12
MSG1 Mouse 112 T AAAA TGAE PGE MVTAPLVVGESPG\A;
MSG1 Humantio ATP - - - - - - LNWDF——AOA‘GAESms
MRG1 Humanizs Y PH - - - - - - - - - DLHPAAIG- - - - - HQMNG s
MSGiMouse 4s V[SPIP[AGAQSPA|L[TDSDPVDEEVLMSLVVELGLDR| 17
MSG1 Human13s L[S PIS|AG A PAII[IDSPPVDEEVLMSLVVELGLDR| e
MRG1 Humani4s TNGH FRDBC NIPIN v DITIDIF IIDIEEV L MS L V[TIEMIG L DR
MSG1 Mouse 180 [ANELPELWLGQONEFDFTADFPS|- - - -« - - Glc 203
MSG1 Humanto [ANELPELWLGQNEFDFTADFPS|-------[5C 193
MRG1 Humaniss | KIEL PELWLGQNEFDFMTIDF[VCKQQPSRVI[SC 21

FiG. 4. Comparison of estimated amino acid sequences of human
MSG1 and murine msgl proteins'and human MRG1 protein. Amino
acid sequences were aligned by PILEUP software. Identical amino acids
are framed, and acidic amino acids are shaded.

the murine msgl cDNA. A ¢cDNA clone that contained a
complete estimated open reading frame and the C-2J411
sequence was cloned from cDNA of human melanocytes by
5'-RACE. The resulting human cDNA clone was denoted as
MRG]1 (msgl-related gene). The details of the cloning proce-
dures and the nucleotide sequence of the MRG1 cDNA will be
described elsewhere. The predicted amino acid sequence of
MRG1 (estimated molecular weight of 23,715) is shown in Fig.
3B together with the human MSG1 and murine msgl proteins.
There are two highly conserved regions between them (Fig. 4);
a region between amino acids 110-123 (numbers of the MRG1
protein; 86% identity) and the C-terminal acidic region de-
scribed above for the MSG1 and msgl proteins (amino acid
161-209 of MRG1, 82% identity). Data base searching for the
human MRG1 revealed no homologous proteins or functional
domains. Messenger RNA of MRG1 was detected ubiquitously
in murine tissues, and at high levels in B16-F1, B16-F10, and
K1735 cells.

Immunological Detection of Cellular msgl and MSG1 Pro-
teins. A rabbit anti-msgl polyclonal antibody (I51904K) was
raised against a synthetic peptide as described in Materials and
Methods. Using this antibody, the msgl/MSG1 proteins in
melanocytes and melanoma cells was analyzed by Western
blotting (Fig. 5 A and C) and immunoprecipitation (Fig. 5B).
Both methods revealed the molecular mass of the cellular
msgl/MSG1 proteins to be 27 kDa, which was similar to that
obtained by in vitro translation of murine msg! ¢cDNA and
human MSG1 cDNA. Differential expression of the msgl
protein in B16-F1 and B16-F10 cells (Fig. 5C) was consistent
with the levels of msgl mRNA transcripts in those cells (Fig.
1B). The anti-msgl antibody 151904K cross-reacted with mu-
rine msgl protein and human MSGI1 protein (Fig. 5C). The
high specificity of this antibody for the msgl/MSG1 proteins
was confirmed by staining human melanoma cells and K1735
murine melanoma cells transiently transfected with expression
plasmids for human MSG1 protein and murine msgl protein,
respectively. Absence of cross-reactivity to the MRG1 protein
was confirmed by staining MM-SM human melanoma cells
that express very high levels of MRGI mRNA transcripts.

Intracellular Localization of the msgl/MSG1 Proteins. As
an initial step in the characterization of the msgl/MSG1
proteins, their intracellular localization was determined by
immunofluorescence cytochemistry using 151904K anti-msgl
antibody. Murine melan-a melanocytes showed either den-
dritic, spindle-shaped morphology or flattened shape in the
presence or absence, respectively, of phorbol ester in the
culture medium as described (17). Both cell phenotypes clearly
showed nuclear staining of the msg1 protein. Only the staining
of the flat-shaped cells is shown in Fig. 6 to demonstrate the
predominant nuclear staining of the msgl protein; there was
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FiGg. 5. Immunological detection of the msgl/MSG1 proteins
expressed in melanocytes and melanoma cells. The msgl/MSG1
proteins were detected by an anti-msg1 polyclonal antibody (151904K).
(A) Western blot analysis of B16-F1 cell lysate for the msgl protein.
Arrow indicates the 27-kDa msgl band. (B) Immunoprecipitation of
the MSG1 protein from lysate of normal human epidermal melano-
cytes. Cellular total proteins were metabolically labeled by [3S]Met
and subjected to immunoprecipitation using anti-msgl antibody (lane
1) or unrelated control antibody (lane 2). Arrow indicates the 27-kDa
MSG1 band. (C) Comparison of expression levels of the msgl /MSG1
proteins in melanocytes and melanoma cells. The same amount (10 ug)
of the whole cell lysates were subjected to Western blot analysis as
described in 4. Lanes: 1, B16-F1 cells; 2, B16-F10 cells; 3, C57BL/6
murine primary culture epidermal melanocytes; 4, normal human
epidermal melanocytes.

no staining of melanosomes. The nuclear localization of the
msgl protein was confirmed with B16-F1 cells, normal human
epidermal melanocytes, and primary culture murine epider-
mal melanocytes. B16-F10 cells showed weaker but detectable
nuclear staining of the msgl protein compared with B16-F1
cells, and there was no significant staining for K1735 cells.
Nuclear staining was not observed with nonimmunized rabbit
IgG nor with anti-msg1 antibody in the presence of the antigen
peptide (4 pg/ml), which was confirmed for all cells mentioned
above. '

Nuclear localization of the msgl/MSG1 proteins was con-
firmed by transiently transfecting human melanoma cells and
K1735 murine melanoma cells (negative for msgl mRNA) with
expression plasmids for human MSG1 protein and murine
msgl protein, respectively, followed by immunofluorescent
staining with anti-msg1 antibody. All cell lines tested accepted
the expression plasmids and revealed nuclear staining of the
msgl/MSG1 proteins above the clear background of nontrans-
fected cells (data not shown).

To further confirm the nuclear localization of the msgl/
MSG1 proteins, COS-1 cells and RPM-MC human melanoma
cells were transiently transfected with expression plasmids for
the msgl/MSG1 proteins fused to the HA-tag at its amino
terminus. The HA-tagged msgl/MSG1 proteins were de-
tected in the transfected cells by an anti-HA monoclonal
antibody, again demonstrating the nuclear localization of the
msgl/MSG1 proteins. Based on these data, we concluded that
the msgl/MSG1 proteins were localized in the nuclei.

Proc. Natl. Acad. Sci. USA 93 (1996)

F1G. 6. Nuclear localization of the msgl protein in melan-a murine
melanocytes. Cells were immunostained with the anti-msgl antibody
151904K (B). Intracellular localization of the msgl protein was visu-
alized with Rhodamine-conjugated secondary antibodies against rab-
bit or mouse IgG. (4) Phase contrast image of the same cells shown
in B, exhibiting well-developed melanosomes as black dots in the
cytoplasm. Arrows indicate the nuclei.

DISCUSSION

We have isolated a novel gene, msgl, whose expression is
confined to melanocytes and testis and is associated with
pigmentation of melanocytes and melanoma cells. The protein
product, msgl, is a 27-kDa nuclear protein.

Because pigmentation is a highly characteristic and distin-
guishing property of differentiated melanocytes, loss of pig-
mentation should, at least, reflect some aberrations in the
mechanism of melanocytic differentiation. Therefore, the fact
that the loss of msgl expression correlated with the loss of
pigmentation (Fig. 1 and Table 1) suggests that it may con-
tribute to the differentiated properties of melanocytes. The
confined expression of msgl mRNA transcripts to melanocytes
and testis (Fig. 2) lends support for this hypothesis. Since testis
expresses some mRNAs without apparent biological signifi-
cance, one needs to be cautious in interpreting the significance
of the presence of msgl mRNA transcripts in the testis.

The expression of the msgl gene in normal melanocytes was
completely suppressed by transfection of these cells with the
activated ras oncogene (Fig. 1E). Frequent mutation of ras has
been reported for spontaneous human melanoma lesions, and
the potential contribution of activated ras to melanoma pro-
gression has been suggested (8, 30-32). Analyzing ras activa-
tion and differentiation markers for many human melanoma
cell lines, Albino ez al. (8) specifically emphasized the corre-
lation between ras activation and loss of pigmentation associ-
ated with a shift of cell surface markers from the late (well
differentiated) to the early-intermediate (less differentiated)
set of the differentiated antigens. Therefore, together with
other markers of late-stage melanocytic differentiation, msg!
expression in melanoma lesions may be lost concomitantly
with ras activation. However, we have not yet characterized the
status of ras activation in the human and murine melanoma cell
lines used in the present study.

To our knowledge, the msgl protein is the first example of
a nuclear protein whose expression is confined predominantly
to melanocytes. Two genes have been reported that encode
nuclear proteins and regulate expression of several melano-
cyte-specific genes—namely, mi and brn-2. Messenger RNA of
mi encodes a basic helix-loop-helix-zipper transcription factor
mi (33-35), which binds to the “M-box” element that is
conserved in the promoters of the genes of the major pigmen-
tation-related enzymes and trans-activates the transcription of
those genes (35, 36). Although it has been speculated that mi
provides a melanocyte-specific signal that activates the pig-
mentation program (35), its expression is not confined to
melanocytes but is also found in the uterus, lung, and heart
(33). The other gene, brn-2, encodes N-Oct-3 and N-Oct-5
octamer-binding transcription factors that have the POU
DNA-binding domain (37), and it has been demonstrated
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recently that mi gene expression is downstream of brn-2
expression (37). Although the importance of brn-2 in mela-
nocytic differentiation has been clearly demonstrated (37), its
expression also is not restricted to melanocytes but is widely
distributed within the central nervous system (38). Recently,
Eisen et al. (39) have shown that the Brn-2/N-Oct3 transcrip-
tion factor suppressed the tyrosinase promoter instead of
activating it, suggesting that the regulation of melanocyte-
specific gene expression is complex. Therefore, it will be
desirable to investigate whether misgl gene expression is down-
stream of brn-2 expression and/or mi expression.

The msg1 protein does not contain any described functional
domain structures such as nuclear import signals (40) or
DNA-binding domains (41). To obtain insights about possible
functional domains in the msgl protein, we compared its
amino acid sequence with the MRG1 protein. We found that
the strong homology between the msgl protein and the MRG1
protein was confined to two regions, while the other regions
showed only marginal similarity (Fig. 4). Interestingly, all
acidic amino acids in the C-terminal region were strictly
conserved in human MSG1 protein, murine msgl protein, and
human MRG1 protein, suggesting their possible importance.
By the Chou and Fasman algorithm (42) and the helical wheel
projection (43), it was predicted that a part of the conserved
C-terminal acidic region forms an amphipathic a-helical struc-
ture, where all acidic amino acid residues face one side of the
helix with the hydrophobic amino acids residing on the other
side. Because some transcription factors have so-called “acid-
ic” activator domains whose structures are predicted to be
amphipathic a-helices (reviewed in refs. 41 and 44), it is
tempting to speculate that the msgl protein might be able to
activate transcription.

In summary, we have isolated a novel gene msgl that
encodes a nuclear protein whose expression is confined to
pigmented melanocytes. Our current studies are aimed at
elucidating the function(s) of this gene and specifically its
possible role in melanocyte differentiation.
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