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To investigate genes involved in metastatic stages of cancer, we analyzed expression of mRNAs in
three cell lines derived from murine colon adenocarcinoma 26 by means of a differential display
method. Each of these lines exhibits distinct metastatic characteristics. Among many bands represent-
ing different expression patterns in the display, we confirmed by northern analysis that a gene
corresponding to one amplified fragment, termed grm2 (gene related to metastasis 2), was expressed
more abundantly in NL4, the derivative with the lowest metastatic potential, than in cell lines NL17,
an experimentally metastatic derivative, and in NL22, a spontancously metastatic derivative. Using
the grm2 fragment as a probe, we isolated murine ¢cDINA clones and subsequently human ¢DNA clones
corresponding to the GRM2 gene. The human and mouse homologues both encode proteins of 600
amino-acid residues, which show weak homeologies to proteins belonging to the myosin family. When
we examined the expression levels of this novel gene in human colon cancers and in corresponding
metastatic foci, we found that in more than half of these tissues, expression was significantly reduced
in association with malignant potential. Our results imply that in humans the GRM2 gene product may
regulate the metastatic phenotype of some colorectal cancers.
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Invasion of malignant cells from primary tumors and
subsequent metastases critically influence mortality
among cancer patients, but the genetic and biclogical
mechanisms involved are still poorly understood. Metas-
tasis is a complex series of events in which some genes
function as stimulatory factors and others inhibit the
process; presumably, an imbalance among several such
genes induces metastasis.” Recently the nm23 and KAIl
genes were isolated as suppressors of metastasis>®; an
increase in the concentration of soluble CD44, on the
other hand, seems to be associated with metastatic activ-
ity of gastric and colon cancers.” To investigate this
multi-step process, it is useful to compare cancer cell lines
that possess differing metastatic abilities. Three cell lines
have been established from a murine colon adenocarci-
noma (colon 26)*%; one of them, NL4, shows a low
potential for metastasis to the lung in recipient mice. On
the other hand, cell lines NL17 and NL22 each produce
a large number of tumors in the lung when inoculated
intravenously, although the potency of NL22 to generate
lung metastasis through intravenous inoculation is
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slightly lower than that of NL17. However, NL22 can
form many metastatic foci in the lung after subcutaneous
inoculation, whereas NL17 cannot. We chose these three
cell lines for attempts to isolate genes related to metasta-
sis by means of differential display. This method is de-
signed to screen a defined subpopulation of transcripts
through reverse transcriptase-polymerase chain reaction
(RT-PCR) using arbitrarily selected primers, and to
display the results as-bands on a gel after electrophoretic
separation of the amplified cDNAs.™"

In the study reported here, using the differential dis-
play method we isolated a novel, possibly metastasis-
related gene, grm2, and subsequently obtained its human
homologue, GRM2. We also investigated the levels of
GRM2 mRNA expression in primary and metastatic
colonic tumors from surgical patients. The results sug-
gested that in tumor cells the GRM2 gene may function
as a negative regulator of progression.

MATERIALS AND METHODS

Cell lines Three cell lines with different metastatic
abilities, NL4, NL17 and NL22, were established earlier
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from murine colon adenocarcinoma 26.> % NL4 exhibits
a low potential for metastasis to the lung in recipient
mice. Cell lines NL17 and NL22 each produce a large
number of tumors in the lung when inoculated intra-
venously, although the potency of NL22 to generate lung
metastasis through intravenous inoculation is slightly
lower than that of NL17. However, NL22 can form a
large number of metastatic foci in the lung after subcuta-
neous inoculation and NL17 cannot.>® We cultured all
three cell lines in RPMI 1640 containing 109% fetal
bovine serum and 2 mM glutamine,

Differential display Each preparation of total mRNAs
(2.0 #g) from the three cell lines was mixed with 25 pmol
of 3’-anchored oligo-dT primer (GTisMG, GTisMA,
GTsMT, GT:sMC, where M represents a mixture of G,
A, and C) in 8 ml of diethylpyrocarbonate(DEPC)-
treated water, and heated at 65°C for 5 min. To this
solution were added 4 1 of 5 X first-strand buffer (0.25 M
Tris-HCl, pH 7.5, 0.375 M KCl, 0.05 M DTT, 0.015 M
MgCL), 21 of 0.1 M DTT, 1 gl of 250 uM dNTPs, 1 ¢l
of ribonuclease inhibitor (40 units; Toyobo, Tokyo) and
1 ¢l of Superscript II reverse transcriptase (200 units;
BRL, Gatthersburg, MD), to a final volume of 20 gl
This RT reaction mixture was incubated at 37°C for 1 h,
diluted 2.5-fold by addition of 30 gl of DEPC-treated
water, and stored at —20°C until use. The cDNAs were
amplified by PCR in the presence of [a-*S]dATP (10
mCi/ul; Amersham, Buckinghamshire, England), as fol-
lows: each 20-z1 PCR mixture contained 2 yl of the RT
reaction mixture, 2 gl of 10XPCR buffer (100 mM
Tris-HCI, 15 mM MgCl,, 500 mM KCJ, 1 mg/ml gelatin,
pH 8.5), 1.2 ul of 25 uM dNTPs, 1 ¢l of [@-**S]dATP,
0.25 ul of Tag DNA polymerase (5 units/ul; Boehringer
Mannheim, Mannheim, Germany), 25 pmol of 3’-an-
chored oligo-dT primer, and 25 pmol of 5'-primer (10-
mer deoxy-oligonucleotide primer with arbitrary se-
quences). Reactions were performed under the following
conditions: one cycle of 3 min at 95°C, 5 min at 40°C, and
5 min at 72°C, then 40 cycles of 30 s at 95°C, 2 min at
40°C, and 1 min at 72°C, foliowed by 5 min at 72°C.
Samples were precipitated with ethanol, resuspended in
formamide sequencing dye, and electrophoresed on a 6%
acrylamide/7.5 M urea sequencing gel. The gel was dried
without fixation and autoradiographed overnight.
Cloning and DNA sequencing of amplified fragments
The autoradiogram and the dried gel were oriented with
radioactive ink, and ¢cDNA bands showing different in-
tensities among the three cell lines were located by mark-
ing with a pencil. Each selected gel slice, along with the
3 mm paper, was shaken in 300 g1 of dH,OQ for 1 h. After
the polyacrylamide gel and paper were removed, cDNA
was recovered by ethanol precipitation in the presence of
0.3 M NaOAC with 1 gl of 10 mg/ml glycogen as a
carrier, and redissolved in 10 gl of dH;O. For reamplifi-
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cation, 5 ul of the solution was used for PCR under the
same conditions and with the same primers as used for
the first PCR. The second PCR products were electro-
phoresed, dried without fixation, and subjected to over-
night autoradiography. Amplified products of the appro-
priate sizes were recovered in the same manner as the
first PCR products. The reamplified DNAs were cloned
into the EcoRYV site of pBluescript SK.( - ). Both strands
were sequenced by the dideoxy chain-termination
method, using T7 DNA polymerase.

Screening of ¢cDNA A cDNA library of NIL.4 was
constructed with oligo(dT) primer, and cloned in Uni-
ZAPTMXR (Stratagene, La Jolla, CA). A total of 5X
10° clones was screened with an [a-*P]dCTP-labeled
cDNA fragment isolated by differential display. Positive
clones were selected and their insert DNAs were excised
in vivo in pBluescript II SK{—) according to the sup-
plier’s recommendation. A human testis cDNA library
was constructed using oligo(dt)-primed human testis
c¢DNA and Uni-ZAPTMXR. (Stratagene). Finally, 13X
10° clones were screened with an [a-*P]dCTP-labeled
¢DNA fragment that had been isolated by screening the
murine NL4 cDNA library.

Tissue samples Specimens of 10 colorectal cancers that
had metastasized (two to the lung and eight to the liver)
and the adjacent normal mucosae were obtained from
patients undergoing surgery. The materials were immedi-
ately snap-frozen in liquid nitrogen and stored at —80°C.
Northern blot analysis

Expression of transcripts in colon 26 cell lines: Samples of
poly(A)-containing RNA (5.0 ug) from colon 26 deriv-
ative cell lines were analyzed by electrophoresis on 19
agarose gels containing 6% formalin. Separated RNAs
were transferred onto charged-nylon filters. Prehybridi-
zation and hybridization were performed in a solution
containing 50% formamide, 5 X Denhardt solution, 6 X
SS8C and 19 salmon sperm DNA. ¢cDNA fragments that
had been isolated in the differential display were labeled
with [¢-P]dCTP using the random oligonucleotide
priming method, Filters were washed twice for 20 min in
0.1 X saline sodium citrate/0.1% sodium dodecyl sulfate
at 50°C. Radioactivity was measured with a BAS 1000
Bioimage Analyzer (Fujix, Tokyo).

Expression of transcripts in human tissues: Northern blot
analyses were performed using Multi-tissue blots ob-
tained from Clontech Labs. (Pale Alto, CA). Prehybrid-
ization, hybridization and probe labeling were performed
in the same manner as in the northern analyses of the
colon 26 cell lines. Almost full-length GRM2 cDNA. was
used as the probe,

Expression of transcripts in metastatic tumors: From each
resected specimen frozen in liquid nitrogen, total RNA
was prepared by using TRIZOL (BRL). Ten micrograms
of isolated RNA was transferred onto nylen filters.



Almost fuil-length GRM2 ¢cDNA labeled with *P was
used as the probe. The filter was reprobed with glycer-
aldehyde 3-phosphate dehydrogenase to control for in-
tegrity and quantity of the RNA loaded.

Fluorescence in situ hybridization (FISH) We isolated a
cosmid clone by colony hybridization of a human geno-
mic cosmid library, using the [a-*P]dCTP-labeled
GRM2 ¢DNA as a probe. The cosmid clone was con-
firmed to contain the actual gene by Southern blot anal-
ysis, We applied direct R-banding FISH, a technique
based on FISH combined with replicated prometaphase
R-bands as described previously.!*™ Provia 100 film
(Fuji, ISO 100) was used for the microphotography
(filter combination, Nikon B-2A).

RESULTS

Differential display and cloning of an amplified fragment
To detect genes that might be involved in metastatic
processes of cancer, we used the differential display
method, using as templates mRNAs isolated from the
three derivative murine cell lines, NL4, NL17 and NL22.
By using 120 different primer sets, we identified a large
number of bands that were likely to represent different
levels of expression among the three cell lines. One band

Fig. 1.

Isolation of a Novel Metastasis-related Gene

that was detected more intensely in NL4 than in the
other two cell lines, as shown in Fig. 1A, was isolated,
cloned, and sequenced. The cloned PCR product, desig-
nated grm2-1, consisted of 285 nucleotides. Differences in
grm2 expression among the three cell lines were con-
firmed by northern-blot analysis using the cloned PCR
fragment as the probe (Fig. 1B). Although a transcript
of about 2.2 kb long was seen in all three cell lines, it was
most abundant in NL4; expression of this gene in NL17
cells was hardly more than half that of NL4, and that in
NIL.22 was scarcely more than one-fourth,

Isolation of ¢cDNA clones in mouse and human We
screened a ¢cDNA library (5X 10° plaques) constructed
from mRNA isolated from the NL4 cell line, using the
amplified fragment obtained from the differential display
as a probe, and isolated five positive clones. The cDNA
clone with the largest insert that represents the murine
grm2 consisted of 2102 bp, encoding a protein of 600
amino acids with a calculated molecular weight of 69,112
Da. Subsequently, we screened a human testis cDNA
library (1X10° plagques) to isolate a human homologue
using the murine cDNA insert as a probe, and identified
two positive clones. Sequencing of these two overlapping
cDNA clones revealed that the GRM2 gene consisted of
1,983 bp, with an open reading frame of 1,800 bp encod-

NL4
NL17
NL22

kb

A, Differential display pattern using mRNAs isolated from three cell lines derived from murine colon 26 ad-

enocarcinoma. The arrowliead indicates a band that is more intense in NL4 than in either of the other two cell lines. The length
of this fragment is approximately 285 bp. The primers used for this experiment were 5'-"-TCGGTCATAG-3’ (5 primer) and 5'-
GTsMC-3’, where M represents a mixture of G, A, and C (3° primer). B, Northern analysis of grm2 expression in the three
derivatives of colon 26 adenocarcinoma. A size marker is shown on the left. As a quantity control, expression of the beta-actin
gene was examined using the beta-actin cDNA to probe the same blot (lower). Radioactivities were measured with a BAS 1000

Bioimage Analyzer (Fujix, Tokyo).
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GGCCTGAGAGCCGAGGAARACTGAGCETGGGCCTCAGARAGAAGTT 46
AAGGCACCCECGAGCCGEECAACTGLCCTCCITCCOCGRCCGUGGAGCGATTARAGTGARGANACH 112
ATGGCCAGCAATCACAARTCTTCAGCAGCTCGCCCTGTTTL ACLGER 178

M A 5 N HK S5 8§ AARPVSRGGVY &L TG 22
AGGCCTCCTTCTGGEATACGACCCCTATCAGEAAATATTCCACTEGUAACTGCAATGCCACCTEGE 244
R PP S GIRPILSGNTIRVYATA AMNTETPG 44
ACAGCAAGACCAGGTTCTCCTGETTGTCCCATACCEACTGRTEGASTECTCTC TTCTCARATCARR 310
T AR P E S RGE6CPICTE GV IL S S QI K 66
GTTGCCCATCECCCTCTAARCACARCARGGTT TGACT GEARTEARARCTEGEACGARAGGTCOCCAG 376
vV AERP?PVTQOQGIL TG K KTOGTZ XSG P Q 88
AGGCAARTTTTAGACARATCT TRCTATA TGO TTCTTAGAAGTAAAATAAG TGAACTTACARCT 442
R Q I L DX & Y YL GDLL®RSIKTISETTT 110
GAAGTTAATARRCTTCAGRAGGGARATAGARATGTACAATC AAGAGAATTCAGTATATTTGTCATAT 508
E VM XLQ KGIEHMTY®NQEUNSTVYULS Y 132
GAARAGAGGGCTGAGACTTTAGCTGTTGAGATAAARGCGCTTC ARGGACARCTACCAGACTACRAC 574
EEKRAMETILAYVEIXKALTGOQGOQTLATDTY N 154
ATGTTGETAGATARAC TTAATACCARCACTGAAATGGARGARGTRATGAATGATTACAATATGCTT 640
M L ¥ DKL KXKTNTEMHMETEVMNTEDTYU WML 176
AARGOTCAMAATCATCGAGAARCACAN RO T I CGATGTCATATTTACTGARAGACAAGCGAARGAR 706
K A Q ND RETOQ S L PV IVFTEZRTGA ATEKE 198
AARCARATCAGRAGTGTCGARGRAGARATTGAACAGGAAR AACARGCARCABATGACATTATCAAR 772
XK ¢ I RS Y EEETLIEG QEZ X QATTDTDTITIZE 220
BATATGTCTTTTGAARACCAAGTCARGTACCTAGAGATGARRACCACAAATGAGAARCTETTACAG 838
¥ M 5 F E N QVEKYTLEUHI KXTTUNETE KTLTLQ 242
GAATTAGATACACTTCARCAACAATTGGATTCACAGARCATGAAARRAGRGAGCCTGGARCCAGAR 904
ELDTTGSL®OQO¢L DS Q N KM KEKESLER SE 264
ATAGCTCACTCCCAGGTGARACAGGAGGCGGTATTGCTGCATGARRARCTTTATCACTTCCAGTCC 970
I 2 H 38 Q VXK QEAVLLTETETZ KTELTYETLE 8 286
CATCGAGATCARATGATTGCAGARGACARAAGCATAGGATCTCCAATGGANGAGAGAGAGAAATTA 1036
H R D Q M I AETDEKSTIGSTEMETEHRTETZ KTL 308
CTTAACCACATTARACATCATANTCAGCARATAGCCAGCATGGARAGACAGTTAACACATACARAR 1102
L K Q I KDOD®GQEETIA ASUHMKET RTUGQTILT®TODTEK 330
CARRACATAAATCACTTTATTCAACAAATTAGACARC TTCACATCGATTTAGAGGAACACCAAGET 1168
E R INCQPFIETETIRUOTLTDHODTLETZ®RESCGCSES 352

GARATGARCCAGAAATACAAGGAGCTAAAGARARGGEAGCAAC ATATGEACACTTT TATTGAGACT 1234
E ¥ N QX Y KR ELI XK X® RETEHUHHMKDTTFTIZET 374
TTTGAGGARARCAARGAATCAGGARCTCAARCGAAAGGCACAGATAGAAGCCARCATTGTTGCACTC 1360

FP EETU XNG CETLI XRIEKAQTIEG B ATNTIVY AL 396
TTGGAGCACTGCAGTCGARATATAARTCGTATAGAACAGATATCCICTATCACCARTCRAGRGCTA 1366
L BEEC S RMNIUSN®RTIETG TISSTI® S GOET 418
BAGATGATCCAGEATCACCTCAATTTTARATCTACTGARGTGCAGARATCACAARGTACRGCTCAG 1432
K # M Q D P L NF K STEJVQQXKSQS8TASZQ 440
ARTTTEACTTCAGACATT CAACETCTGCAGT TGGATC TECACRARATCGACCTTCTAGRAAGTARG 1498
N L T 8 DI QRTUILQEZILDTILOQTZXUHETLTETE 8K 162
ATGACTGARGAACAGUATTCTCTARARAGCAARATTARGCAAATGACARC TGATCTCGAGATATAT 1564
¥ T EE Q HS LK SZXKTIEKG QM®TTDTLETILT®Y 484
ARTGATTTGCCAGCTTTARARTCATCACGTGAAGAAARGATAAAGAAATTACATCAGGAGAGAATG 1630
N P L PALYXSSGETETZ KTTE ERTETELHTGQZEHZRS®H 506
ATAETATC AACCCACAGARRTGCC TITARGAAARTANTCGACAAGCARARCATAGACTATGACECA 1696
I L ST HRUNA ATPFJEUETMEZ KT QNTIEJYE & 528
CTAARAACGCAATTGCARGARRATGAGACACATTCTCAGCTTACAAATTIIGGRGAGARAGTGGCAR 1762
L KTQ L QENETIBHS QLTNTELTETRTEKTWZQ 550
CACCIMICACCARARTAATTTTGCGATGARRGAATTCATAGCARCCAAGAGTCARGAGAGTGATTAC 1828
H L EQ NNF A MNXETPF®¥IATZ RS SOGQETSTDTY 572
CRAGCCAATTARGARA RATGTGACCALGCAGATTECAGAGTACANTAARACCATCOTGGATGCTITA 1894
Q@ P I K E ¥V TZRXQTIAETENZIXKTIUVD AL 594
CATAGCATCAGCGOAARCTGAGTT TAAGTCCACTGARAGTCTCTAAGCAACTATCCTCTTCCTACT 1960
H 5 I 5 &6 K * 600
AAACTTGETACAAGTTGACTACC 1983

grm2 pal A SNHRSSALY TGRPPSGIRP .‘-IP{—‘ﬁTARPGS 50
GRM2 bR A SNHKSSAR W TGRFPSGIRE] HMEFETARPGS 50
grm2 51 i3 OETLDES Y YLGL I
GRM2 51 4§ I ¢ pafngoygeded 100
:pe VIR RO T REK TSELTT MYNOENSVYLESYERRAETLA 150
GRM2 101 pMExgeaslgy MYNOEWNSVYLESYEKRAETLA 150
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[ VI YWy 1 LY DKL U TR TEMEE VR DY NMLK ACHDRE TSI DV I [ FTER OAKEE.Q P
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grmz 501 WHLTSD|
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Fig. 2, A, Alignment of nucleotide and deduced amino acid sequences of human GRM?2. The initiation methionine (ATG) of
this gene is underlined. The termination codon (TGA) is indicated by an asterisk. B, Comparison of the predicted amino acid
sequences of the GRM2 cDNA with the deduced product of murine (grm2) ¢DNA. Identical residues are marked by shading.

ing a protein of 600 amino acids with a calculated molec-
ular weight of 69,144 Da (Fig. 2A). The deduced amino
acid sequence of human GRM2 product showed 88%
homology to that of the murine homologue (Fig. 2B).
Screening for homology of the GRM2 amino acid se-
quence with known sequences in the public database
using the FASTA program'? detected a low degree of
homology (249% identity) between human GRM?2 and
nonmuscle myosin heavy chain.

Expression of GRM2 in human cancers Expression of
GRM?2 was examined using mRNAs isolated from vari-
ous human tissues (Fig. 3A). A 2.5-kb transcript was
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observed in all human tissues examined but it was rela-
tively abundant in testis and also, although to a lesser
extent, in skeletal muscle. To investigate whether expres-
sion of the GRM2 gene is altered in human carcinomas or
in their metastatic foci, we performed northern blot
analyses of tissues from ten colorectal cancers and corre-
sponding normal colorectal mucosae; two of these tu-
mors had mctastasized to the lung and eight had metasta-
sized to the liver. Among the ten cases examined, four
showed no differences in expression of GRM2 but six,
including one with lung metastasis, revealed a significant
reduction of GRM2 expression in primary tumors and
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Northern blot analysis of GRM2. A, Expression of GRM?2 in various normal human tissues. Size markers are shown on

the left. For control purposes a beta-actin probe was used to measure expression of beta-actin on the same blot (lower). B,
Expression of the GRM2 gene in normal colonic tissue (N), corresponding primary colorectal tumor (P), and metastatic liver
tumor (M) in cases 2 and 3. GAPDH cDNA was used as a control of the amount of RNA (lower).

Table I. GRM2 mRNA Expression in Colorectal Cancer
with Metastasis

" Expression pattern”!
No.”’ Metastasis — - S =—=- i
Normal tissue Primary tumor Metastatic tumor

1 Liver 100 21 14
2 Liver 100 51 24
3 Liver 100 44 10
4 Liver 100 46 37
5 Liver 100 43 29
6 Lung 100 68 58
7 Liver 100 121 89
8 Liver 100 93 104
9 Liver 100 70 65
10 Lung 100 94 76

a) Cases in which >40% reduction of GRM2 expression in
primary or metastatic tumor was judged as reduction of the
expression.

b) Comparison of expression by northern analysis.

Shown is the ratio of GRM2 to GAPDH. Expression in
normal tissue among the three samples of the same patient
was standardized as 100. Radioactivity was determined with a
BAS 1000 Bioimage Analyzer (Fujix, Tokyo).

metastatic foci in comparison to corresponding noncan-
cerous tissues. Fig. 3B shows two examples, and Table I
summarizes the results of these experiments in all 10
cases examined. In half of the metastatic tissues, we
detected reductions of 63-90% in expression of GRM2,
FISH To determine the chromosomal location of
GRM2, we performed a direct R-banding fluorescence in

Fig. 4. Localization of GRM2 on metaphase chromosomes
by fluorescence in situ hybridization. The arrows indicate the
signals on 9p21.1.

situ hybridization with the genomic cosmid clone as the
probe, More than 100 typical R-banded (pro)metaphase
plates were examined. The visible signals were localized
to the p21.1 band of chromosome 9 (Fig. 4).

DISCUSSION

We attempted to identify metastasis-related genes by
analyzing mRNA expression profiles of three derivatives
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of a murine colon cancer, each with distinct metastatic
characteristics. By means of the differential display
method we identified a candidate gene related to metasta-
sis, and subsequently isolated its human counterpart,
GRM?2. This approach is very powerful for identification
of genes that are expressed differently among various
tissues and cell lines. For example, human breast cancer-
specific genes, a human prostate cancer-specific gene, and
a mouse developmental stage-specific gene have been
isolated through differential display.''® Expression of
murine grm2 in NL17 and NL22, cell lines with high
metastatic potential, was significantly reduced in compar-
ison to that in NL4, a colon cancer 26 derivative with a
much lower metastatic potential. Expression of grm2 in
NL22, a derivative with spontaneous metastatic charac-
teristics, was lower than that in NL17, an experimentally
metastatic derivative. These results suggested that ex-
pression of grm2 could be correlated with the metastatic
potentials and phenotypes of murine colon-cancer cell
lines. A similar tendency was evident in human colon
cancers as well, since primary tumors and metastatic
tissues excised from six of ten colorectal-cancer patients
showed reduced expression of the GRM2 gene while
three of ten cases without metastasis showed reduced
expression of the GRM2 gene (data not shown). Expres-
sion levels were lower in metastatic tissues than in pri-
mary tumors, a result which supported the notion that
the GRM2 gene product may play a role in suppressing
metastasis of colorectal cancers. However, as expression
of the GRM2 gene was reduced to some degree in the
primary foci as well, information concerning GRM2 ex-
pression levels in primary tumors might be a useful
predictor for their metastatic potential. Although no
significant differences with respect to GRM2 expression
were detected in four of the ten cases, those tumors may
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