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Mouse monocytic Mm-A, Mm-P, Mm-S1, and Mm-S2 cells sequence of 201 amino acids from the C-terminal NOR1 was
completely identical to that of TRA1, whereas the remainingare sublines of mouse monocytic and immortalized Mm-1

cells derived from spontaneously differentiated, mouse my- N-terminal amino acids (33 amino acids) were longer than
that (3 amino acids) of TRA1 and the N-terminus of NOR1eloblastic M1 cells. Although these subline cells retain their

monocytic characteristics in vitro, Mm-A and Mm-P cells are protein contained proline-rich sequence. A similarity search
against current nucleotide and protein sequence databaseshighly leukemogenic to syngeneic SL mice and athymic nude

mice, whereas Mm-S1 and Mm-S2 cells are not or are only indicated that the NOR1/TRA1 gene(s) is conserved in a wide
range of eukaryotes, because apparently homologous genesslightly leukemogenic. To better understand the molecular

mechanisms of these levels of leukemogenicity, we investi- were identified in Caenorhabditis elegans and Saccharo-
myces cerevisiae genomes. Northern blotting using TRA1-gated putative leukemogenesis-associated genes or onco-

genes involved in the maintenance of growth, especially in specific and NOR1-specific probes indicated that TRA1
mRNA is exclusively expressed in leukemogenic but not invivo, by means of differential mRNA display. We isolated a

fragment clone (15T01) from Mm-P cells. The mRNA probed nonleukemogenic Mm sublines and normal tissues and also
indicated that NOR1 mRNA is expressed in normal tissues,with 15T01 was expressed at high levels in leukemogenic

Mm-P and Mm-A cells but not in nonleukemogenic Mm-S1 especially in kidney, lung, liver, and bone marrow cells but
not in any Mm sublines. After leukemogenic Mm-P cellsand Mm-S2 cells. The gene corresponding to 15T01, named

TRA1, was isolated from an Mm-P cDNA library. The longest were induced to differentiate into normal macrophages by
sodium butyrate, the normal counterpart, NOR1, was ex-open reading frame of the TRA1 clone predicts a peptide

containing 204 amino acids with a calculated molecular pressed, whereas the TRA1 level decreased. Furthermore,
transfection of TRA1 converted nonleukemogenic Mm-S1weight of 23,049 D. The predicted TRA1 protein is cysteine-

rich and contains multiple cysteine doublets. A putative nor- cells into leukemogenic cells. These results indicate that the
TRA1 gene is associated at least in part with the leukemo-mal counterpart gene, named NOR1, was also isolated from

a normal mouse kidney cDNA library and sequenced. NOR1 genesis of monocytic Mm sublines.
q 1997 by The American Society of Hematology.cDNA predicts a peptide containing 234 amino acids. The

Studies on the characteristics of Mm variants may provideC us with valuable information about how the malignant
ELL LINES ESTABLISHED from transformants of a
variety of tissues provide excellent tools with which to

growth of monocytic leukemia cells is controlled.study malignancy as well as the properties of corresponding
A polymerase chain reaction (PCR)-based procedurenormal cells in a homogeneous cell population. Several mu-

termed differential mRNA display has been proven to berine and human monocyte/macrophage-like cell lines have
very useful in rapidly identifying genes that are differentiallybeen isolated.1-9 Because the biochemical and physiologic
expressed under a variety of conditions. Many genes subjectfunctions of these cell lines seem to represent different stages
to growth factor induction as well as those involved in tumor-of arrest of development within the monocyte and macro-
igenesis or metastasis were thus identified.18-27 We appliedphage series of cells, these monocyte/macrophage-like cell
the differential mRNA display to RNA prepared from leuke-lines are useful in studies of the relationships between cell
mogenic (Mm-A and Mm-P) and nonleukemogenic mono-functions and differentiation stages. However, little is known
cyte sublines (Mm-S1 and Mm-S2). We identified and char-about the relationship between the in vitro characteristics
acterized a gene designated TRA1 that was exclusivelyof these monocyte/macrophage-like cells and their in vivo
expressed in the leukemogenic monocytic sublines. The nor-leukemogenicity.10-12

mal-type of TRA1, named NOR1, was also isolated from aThe mouse monocytic Mm-1 cell line was derived from
mouse kidney cDNA library and characterized. Both TRA1spontaneously differentiated mouse myeloblastic M1 cells.3

and NOR1 are novel genes and the predicted TRA1 proteinWe obtained variant sublines of Mm-1 cells with high (Mm-
was a truncated form (30-amino acid deletion from the N-A and Mm-P) and little or no (Mm-S1 and Mm-S2) leukemo-
terminus) of the NOR1 protein. We examined whether thegenic potential in syngeneic SL mice.10 These differences

were also evident in athymic nude mice. There were no
significant differences in the proliferation rates of these cells From Department of Chemotherapy, Saitama Cancer Center Re-
in vitro in liquid medium containing 10% calf serum. Fur- search Institute, Ina, Saitama, Japan.
thermore, all the variants retain their monocytic characteris- Submitted December 18, 1995; accepted November 27, 1996.
tics in vitro; they phagocytize latex beads and sensitized Supported by a grant from the Ministry of Health and Welfare,

Japan.sheep erythrocytes, produce lysozyme, and adhere to culture
Address reprint requests to Takashi Kasukabe, PhD, Departmentdishes. We used these Mm-1 sublines as models in studies

of Chemotherapy, Saitama Cancer Center Research Institute, Ina,on the growth and differentiation of leukemic cells in the
Saitama-362, Japan.intermediate stage of differentiation and models in studies
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on the development of new strategies for the control of
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monocytic leukemias that are refractory to conventional cy- ‘‘advertisement’’ in accordance with 18 U.S.C. section 1734 solely to
totoxic antileukemic drugs.10,13-17 However, the reasons for indicate this fact.
the different leukemogenic potentials between Mm-A and q 1997 by The American Society of Hematology.
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from the bacteriophage ZAP-cDNA library prepared from poly(A)/expression of TRA1 and NOR1 mRNAs could be modulated
RNA of Mm-P cells. Positive clones were isolated and rescued asduring the induction of normal differentiation of leukemo-
plasmids. The partial 3* cDNA fragment was also used to screengenic Mm-P cells. We also examined whether the TRA1-
normal mouse kidney cDNA library (Clontech, Palo Alto, CA) totransfected Mm-S1 or Mm-S2 cells became leukemogenic
obtain its normal counterpart.in syngeneic mice.

Assay of lysozyme activity. Lysozyme activity was determined
by using lysoplates as described.10 Lysoplates contained 1% agar,

MATERIALS AND METHODS 67 mmol/L sodium phosphate buffer (pH 6.6), 40 mmol/L NaCl,
and 0.5 mg/mL of heat-killed Micrococcus lysodeikticus. The ly-Cells and cell culture. Mm-A, Mm-P, Mm-S1, and Mm-S2
soplates were incubated for 24 hours at 277C, and then the diameterscells10 are mouse monocytic sublines of monocytic and nonleukemo-
of the clear zones on the plates were measured.genic Mm-1 cells3 that originally developed spontaneously from

DNA transfection. The TRA1 cDNA was subcloned into pRc/mouse myeloblastic leukemia M1 cells.28 Mm-A and Mm-P are
cytomegalovirus (CMV) expression vector plasmid (Invitrogen) car-leukemogenic in syngeneic SL mice, whereas Mm-S1 and Mm-S2
rying CMV promoter and neoR genes. Nonleukemogenic Mm-S1cells have little or no leukemogenicity.10 These subline cells adhere
and Mm-S2 cells were transfected with 50 mg of linearized (Bgl II)to culture dishes and have similar monocytic properties. They were
plasmid DNA by electroporation using a Bio-Rad Gene Pulser (Bio-cultured in Eagle’s minimum essential medium containing 10% heat-
Rad, Hercules, CA) with voltage and capacitance set at 320 V andinactivated calf serum and twice the normal concentrations of amino
960 mF, respectively. After 48 hours, the cells were subjected toacids and vitamins.
selection in growth medium containing 400 mg of geneticin (GIBCO,RNA extraction and Northern blotting. RNA was extracted as
Grand Island, NY) per milliliter. Within 4 weeks, surviving cellsdescribed by Chomczynski and Sacchi29 using guanidium thiocya-
were detected. As judged from the frequency of positive wells, eachnate. Poly(A)/ RNA was purified with oligo(dT)-cellulose chroma-
well contained a clonal population of transfectants that were main-tography. Fifteen micrograms of total RNA or 1 mg of poly(A)/
tained in 200 mg of drug per milliliter. Cells (0.5 to 1 1 107) wereRNA was size-fractionated on a denaturing formaldehyde agarose
injected intraperitoneally (IP) into SL mice. Leukemogenicity was(1%) gel and transferred onto a nitrocellulose membrane
determined as the survival time of animals with leukemia.10(Schleicher & Schuell, Dassel, Germany). Northern hybridization

Detection of transfected TRA1 mRNA by reverse transcriptase-was performed as described.30 To determine the relative amounts of
PCR (RT-PCR). Total RNA (0.2 mg) from TRA1 cDNA-trans-mRNAs, the intensities of individual mRNA bands were quantified
fected and mock-transfected cells was converted to first-strandusing a Fujix BAS 2000 Bioimaging analyzer (Fuji Film Co, Ltd,
cDNA primed with random hexamer using the GeneAmp RNA PCRTokyo, Japan) and then normalized to that of b-actin mRNA.
kit (Takara Shuzo, Ohtsu, Japan). The oligonucleotides used in PCRDifferential display of mRNA. Differential mRNA display was
amplification were as follows: for transfected TRA1: sense strand,performed using RNAmap Kits A, B, C, and D (GenHunter Corp,
5*-GACTCACTATAGGGAGACCC-3*; and antisense strand, 5*-Brookline, MA) according to the manufacturer’s recommendations.
GCTACTGCATCTCAGAGGTC-3*; and for GAPDH: sense strand,Briefly, 0.2 mg of DNase-treated total RNA from four Mm subline
5*-TGGTGAAGGTCGGTGTGAAC-3*; and antisense strand, 5*-cells was reverse transcribed with T12MA, T12MG, T12MC, or T12MT
GCCTTGACTGTGCCGTTGAA-3*. The PCR comprised 30 cycles(where M may be dG, dA, dT, or dC) as a primer, followed by PCR
for transfected TRA1 and 25 cycles for GAPDH, with denaturingamplification in the presence of [35S]dATP (Amersham, Bucking-
at 947C for 30 seconds, annealing at 607C for 30 seconds, andhamshire, UK) using the corresponding T12MN (downstream) and
extension at 727C for 1.5 minutes. The reaction was performed in aan arbitrary 10 mer (AP1-20, upstream) as a primer (1 primer set
GeneAmp PCR system 9600 (Perkin Elmer, Norwalk, CT). The PCRper reaction). PCR-amplified fragments of four Mm sublines were
products were then subjected to 2% agarose gel electrophoresis.resolved by electrophoresis on a 6% denaturing polyacrylamide gel,

which was then dried and exposed to Amersham Hyperfilm-bmax.
The reaction showing differentially expressed fragments between

RESULTSleukemogenic (Mm-A and Mm-P) and nonleukemogenic (Mm-S1
and Mm-S2) sublines was repeated (reverse transcribed followed Differentially expressed mRNAs in leukemogenic and non-
by PCR) to confirm the findings. The fragments that reproducibly leukemogenic Mm sublines detected by differential mRNA
expressed among the sublines were excised from the dried gels and display. We used leukemogenic (Mm-A and Mm-P) and
reamplified by PCR using the corresponding set of primers. The nonleukemogenic Mm sublines (Mm-S1 and Mm-S2)10 to
amplified PCR fragments were purified from agarose gels using a isolate putative leukemogenesis-associated gene(s) and/or
Qiaex kit (Qiagen, Chatworth, CA) and used as probes for Northern

oncogene(s) sustaining in vivo growth. For each subline, 80blotting. The probes detecting differentially expressed mRNAs
combinations of primer sets consisting of four degenerateamong Mm sublines on a Northern blot were subcloned into the
anchored oligo(dT) primers, T12MA, T12MG, T12MC, orPCRII vector by the TA cloning system (Invitrogen, San Diego, CA)
T12MT, where M refers to mixture of A, G, C, and T, andaccording to the manufacturer’s instructions. Subcloned fragments

were again used as probes for Northern blotting. One (15T01) mRNA 20 short arbitrary 10 mers (AP1-20) were used for RT-PCR
was sequenced using the ALF DNA Sequencer II and an AutoRead to obtain differential displays. The reactions showing differ-
Sequencing kit (Pharmacia LKB, Uppsala, Sweden). The novelty of entially expressed bands among the sublines in sequencing
the isolated clone was confirmed by a computer search against the gels were repeated to ensure reproducibility. The profiles of
EMBL/Genbank/DDBJ DNA databases by BLASTN (BLAST ser- the amplified cDNA species among Mm sublines were
vice at the Human Genome Center of the University of Tokyo, largely identical (data not shown). A total of eight fragments
Tokyo, Japan) program.31

were reproducibly and differentially expressed among thecDNA library screening. Because the expression of TRA1 was
sublines. These fragments were PCR-reamplified and usedhighest in Mm-P cells among Mm sublines, we constructed an Mm-
as probes for Northern hybridization. Two (15T01 andP cDNA library using a ZAP-cDNA synthesis kit (Stratagene, La
15C01) of eight were confirmed to be differentially ex-Jolla, CA) according to the manufacturer’s instructions. The cloned

15T01 cDNA fragment was used to screen about 1 1 106 plaques pressed among the sublines, whereas the remaining six were
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false-positives. The differential display of PCR-amplified
15T01 and 15C01 fragments is shown in Fig 1.

Differentially expressed mRNAs between leukemogenic
and nonleukemogenic Mm sublines detected by Northern
hybridization. The 15T01 PCR fragment was subcloned
into the TA cloning vector. Six pure clones from the subclon-
ing reaction were again used as probes for Northern blotting
to identify the clone that detected differentially expressed
mRNA. All probes from the six clones showed the same
Northern blot pattern and one (15T01 Cl. 9) of them is shown
in Fig 2A. Although the signal was quite broad, a 1.4-kb
mRNA transcript was expressed in Mm-A and Mm-P cells
but scarcely evident in Mm-S1 and Mm-S2 cells. The 15C01
fragment was also subcloned into the TA cloning vector.
Only one (15C01 Cl. 24) of five clones from the subcloning
reaction showed the same Northern blot pattern (Fig 2B),
and the others did not have any signal in the blot. 15C01
was clearly homologous to a human randomly cloned cDNA
(accession no. D14660 in the EMBL/Genbank/DDBJ DNA
databases) from human myeloblastic leukemia KG-1 cells
(data not shown). Because the 15T01 probe showed more
obvious differences between the leukemogenic macrophage-
like cells (Mm-A and Mm-P) and nonleukemogenic cells
(Mm-S1 and Mm-S2) on Northern blots, we further analyzed
the 15T01 fragment.

Cloning the TRA1 cDNA corresponding to 15T01 from an
Mm-P cDNA library. The differentially expressed 15T01
clone was sequenced (Fig 3A, bold underline). A computer
search using the BLAST service at the Human Genome Cen-
ter of the University of Tokyo (Tokyo, Japan) was performed
against the daily updated Nonredundant DNA databases,
consisting of sequences from EMBL/Genbank/DDBJ data-
bases. It indicated that 15T01 (266 bp) had no significant
homology to any sequences deposited in these databases.
The clone was flanked by the sequences of the primer set
(Fig 3A and data not shown). It also had a putative polyade-
nylation signal ATTAAA, which is relatively common to
eukaryotic mRNAs, upstream of the putative poly A tail,
suggesting that it was located in the 3* untranslated region.

We constructed a cDNA library from poly(A)/ RNA of
Mm-P cells to obtain full-length cDNA clones corresponding
to 15T01 cDNA. We screened approximately 1 1 106

plaques of the Mm-P cDNA library with the 15T01 cDNA
fragment. Ten cDNA clones that gave highly positive signals
with the probe were isolated from the library by plaque
hybridization. The two clones carrying the largest cDNA
insert of about 1.1 kb, including a poly A tail, were se-
quenced. The nucleotide sequences of the two clones were
completely identical and we named this new gene TRA1 Fig 1. Differential mRNA display of Mm subline cells. Total RNA

isolated from Mm-A, Mm-P, Mm-S1, and Mm-S2 cells was reverse(transplantability associated gene 1). The nucleotide se-
transcribed and amplified by PCR in the presence of [35S]dATP. AP-quence (1,116 nucleotides) of TRA1 cDNA and the primary
15 (5*-AGGGCCTGTT-3* ) was used as an arbitrary primer and T12MT

structure of the TRA1 protein deduced from the cDNA se- (A) or T12MC (B) was used as an anchored oligo(dT) primer. The PCR
quence are shown in Fig 3A. The 15T01 266-bp cDNA fragments were displayed on a 6% DNA sequencing gel and autora-

diogrammed as detailed in the Materials and Methods. Fragmentssequence obtained by differential display was located at the
15T01 (A) and 15C01 (B) are indicated by arrows.3* end of the cDNA, but with three base mismatches between

the arbitrary primer (AGGGCCTGTT) and the original
mRNA sequence (GTGCCCTGTT; Fig 3A) as predicted by
the theory of differential display. The longest open reading
frame of the TRA1 predicted a protein of 204 amino acids
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Fig 2. Northern blots of the mRNA (TRA1) probed
with cloned fragment 15T01 and of the mRNA
probed with the 15C01 in Mm subline cells. One mi-
crogram of poly(A)"RNA was isolated from Mm sub-
line cells and Northern blotted as detailed in the Ma-
terials and Methods. The blots were first hybridized
with 15T01 (clone 9; A) or 15C01 (clone 24; B; top),
stripped, and then hybridized with b-actin (bottom).
Size markers (in kilobases) are shown on the left.

with a calculated molecular weight of 23,049 D. The pre- from normal tissues detected by 15T01 as probe (Fig 5), we
screened approximately 1 1 106 plaques of the cDNA librarydicted TRA1 protein is highly cysteine-rich (6.4%), with

multiple cysteine doublets. The C-terminal amino acid was from a normal mouse kidney with 15T01 and isolated four
positive clones. The longest cDNA clone (NOR1) was se-glutamine and the calculated isoelectric point (pI) of the

TRA1 protein was 4.79. A TBLASTN31 search against the quenced. The NOR1 clone was longer (1,325 bp) than TRA1
(1,116 bp). The predicted amino acid sequence of NOR1EMBL/GenBank/DDBJ databases indicated that the TRA1

protein sequence is significantly homologous to two and one cDNA consists of 234 amino acids with a relative mass of
26,344 D. The sequence downstream from NOR1 nucleotidepotential gene products encoded in Caenorhabditis elegans

(K08D10.7 and K08D10.8) and Saccharomyces cerevisiae 313 was essentially identical to that from TRA1 nucleotide
104, with a few exceptions, as follows: nucleotide 487 (CrA)(accession no. Z49600) genomes, respectively (Fig 4). The

two C elegans sequences are closely related to each other and nucleotide 561 (GrA) (neither of these changes cause an
amino acid difference) in the coding region and nucleotide 953with 88% of identical amino acid residues, whereas the

TRA1 versus C elegans and TRA1 versus S cerevisiae se- and nucleotide 1307 in the 3*-noncoding region. Therefore, at
the deduced amino acid level, the sequence of the 201 aminoquences had 30% and 23% identical amino acids after they

were multiply aligned. These results suggest that TRA1 pro- acids downstream from amino acid 34 was 100% identical to
that of TRA1 from amino acid 4 (Fig 3A and B). On thetein is well conserved in divergent species.

Expression of the corresponding gene detected by 15T01 other hand, the remaining 5* sequences of NOR1 and TRA1
cDNA were quite different. Thirty-three amino acids at thein normal mouse tissues. We examined whether normal

tissues could also express the 1.4-kb mRNA by Northern N-terminus of NOR1 product were predicted from the unique
5* sequence of NOR1, whereas only 3 amino acids at the N-blotting against 15T01 as the probe. As shown in Fig 5, the

corresponding gene transcript was detected by the 15T01 terminus of TRA1 product were predicted from the remaining
5* sequence of TRA1 cDNA. Thus, the N-terminus of TRA1probe in all tissues examined, although it was slightly larger

(1.7 kb) than the 1.4-kb mRNA expressed in the leukemo- differed from that of NOR1 and consisted of a deletion of 33
amino acids normally found in mouse NOR1 and an insertiongenic Mm sublines (Figs 2A and 5B). The 1.7-kb mRNA

expression was detected at high levels in the kidney, lung, of 3 amino acids (MFS) that differed from the normal N-
terminus (MPA) of NOR1. In addition, the N-terminal andliver, and bone marrow; at moderate levels in spleen, heart,

and macrophages; and at low levels in muscle and brain. unique amino acid portion of NOR1 product contained a pro-
line-rich region consisting of 7 prolines in the first 12 aminoCloning of NOR1 cDNA corresponding to 15T01 from nor-

mal mouse kidney library. Because the molecular size of the acids, whereas there was no proline in the N-terminal 3 amino
acids of the TRA1 product (Fig 3A and B).TRA1 mRNA transcript from Mm-P and Mm-A monocytic

leukemia cells differed from that of the mRNA transcript Detection of TRA1- and NOR1-specific mRNAs. Because
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TRA1 EXPRESSED IN LEUKEMOGENIC MONOCYTIC CELLS 2979

Fig 3. (A) Nucleotide and deduced amino acid sequences of the TRA1 cDNA. The 15T01 fragment is underlined with a bold line and the
region used for TRA1 specific 40-mer oligonucleotide probe MMPAS is underlined with a normal line. (B) Partial nucleotide and deduced amino
acid sequences of NOR1 cDNA. The sequence downstream of the region indicated by the arrow is essentially identical to that of the TRA1
cDNA shown in (A). The region used for NOR1 specific probe N701AS is underlined. The nucleotide sequence data reported here will appear
in the DDBJ, EMBL, and GenBank nucleotide sequence databases with the following accession numbers: D78354 for TRA1 and D78355 for
NOR1.
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Fig 4. Multiple sequence alignment of NOR1/TRA1 and its possibly related proteins from C elegans (c.el-1, K08D10.8; c.el-2, K08D10.7) and
yeast (S cerevisiae; S.ce, accession no. Z49600). The NOR1 sequence downstream of the region indicated by the arrow is identical to that of
TRA1 protein. The TRA1 sequence upstream of the common sequence is MFS. Completely conserved sites are indicated by the amino acid
codes in capital letters. Conserved hydrophobic (o), hydrophilic (j), large aliphatic (@), aromatic ($), positive (H, R, K) ("), negative (N, D, E, Q)
(Ï), and small amino acid (S, T, P, A, G) (.) sites are also indicated beneath the alignment obtained by a randomized iterative refinement
method.42 Squares show well-conserved regions.

the 15T01 probe from the 3*-nontranslational region could butyrate (butyrate).13 Butyrate markedly stimulates differen-
tiation markers such as lysozyme synthesis and cell spread-not be used to distinguish between TRA1 and NOR1 mRNA

transcripts, we designed TRA1-specific and NOR1-specific ing and it suppressed the cell proliferation in all of Mm
subline cells. We examined whether the expression of TRA140-mer oligonucleotide probes (MMPAS and N701AS, re-

spectively; Fig 3, underlining). As shown in Fig 6A, the mRNA could be changed or whether its normal counterpart
NOR1 mRNA was expressed during the normal differentia-TRA1-specific probe MMPAS, which was similar to the

15T01 probe, detected the 1.4-kb TRA1 mRNA transcripts tion of leukemogenic Mm-P cells induced by butyrate. Mm-
P cells were cultured in the presence of 0.3 or 0.4 mmol/Lin Mm-A and Mm-P but not in Mm-S1 and Mm-S2 cells.

The band of TRA1 transcripts detected by MMPAS in Mm- butyrate for 3 days. Butyrate (0.3 and 0.4 mmol/L) stimu-
lated lysozyme activity (19- and 23-fold, respectively) inA and Mm-P cells was finer than that of TRA1 transcripts

detected by 15T01 probe (Figs 2 and 6A). The TRA1 mRNA Mm-P cells (Fig 7) and inhibited cell proliferation (50% and
66% inhibition, respectively). As shown in Fig 8A and B,transcripts were not detected by the NOR1-specific probe

N701AS in all the Mm subline cells (Fig 6A). On the other butyrate significantly suppressed the expression of TRA1
gene in differentiated Mm-P cells and the steady state levelhand, N701AS as well as 15T01 probe detected the 1.7-kb

NOR1 mRNA transcripts in normal mouse tissues (Figs 5 of TRA1 transcripts of 0.4 mmol/L butyrate-treated Mm-P
cells decreased to about 20% of the level in untreated cellsand 6B), whereas the TRA1-specific probe MMPAS did not

detect any transcripts in all normal tissues examined (Fig after 3 days. On the other hand, the NOR1 mRNA expression
was markedly induced during the butyrate-induced differen-6B).

Downregulation of TRA1 mRNA and induction of NOR1 tiation of Mm-P cells into normal macrophages (Fig 8A and
B). The size of NOR1 transcripts expressed in the butyrate-mRNA in differentiated Mm-P cells induced by sodium buty-

rate. We previously showed that monocytic Mm subline treated Mm-P cells was similar to that of the NOR1 tran-
scripts expressed in normal tissues (Figs 5 and 8A). Whencells could be induced to further differentiate by sodium
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Fig 5. Tissue distribution of the corresponding
gene (NOR1) transcripts detected by 15T01. (A) Total
RNA (15 mg) was isolated from various mouse tis-
sues. (B) One microgram of poly(A)" RNA was iso-
lated from mouse kidney or Mm-A cells. Northern
blots were sequentially hybridized with the 15T01
(top) and b-actin probes (bottom). Size markers (in
kilobases) are shown on the left.

Mm-P cell growth was suppressed by culturing in the ab- cells. Because we used sense strand primer at pRc/CMV
vector and antisense primer at TRA1 cDNA for RT-PCR,sence of calf serum for 1 day, the expression of NOR1

mRNA was not induced in the Mm-P cells (data not shown). only transfected TRA1 mRNA but not endogenous TRA1
mRNA was detected as a 236-bp band in our RT-PCR exper-These results suggested that the induction of NOR1 mRNA

is not simply linked to the inhibition of cell proliferation of iments. The TRA1-transfected Mm-S1 (Mm-S1/TRA1) cells
expressed exogenous TRA1 mRNA, whereas expression ofMm-P cells but to the induction of normal differentiation

into macrophage-like cells. exogenous TRA1 mRNA was not detected in Mm-S1
transfectants obtained by using a vector carrying the se-Induction of leukemogenicity of TRA1-transfected Mm-

S1 cells. To determine whether TRA1 expression directly lectable marker only (Mm-S1/neo; Fig 9, lanes 1 and 2).
There were no detectable differences in in vitro growth ratescorrelates with leukemogenicity of Mm sublines, we inserted

the entire coding region of TRA1 into the pRc/CMV vector and saturation densities of Mm-S1/TRA1 and Mm-S1/neo
cells (data not shown). In initial in vivo experiments, inoculaplasmid and transfected it into nonleukemogenic Mm-S1

Fig 6. Expression of TRA1-
specific mRNA in Mm subline
cells and of NOR1-specific mRNA
in normal mouse tissues. The ex-
pression of TRA1- and NOR1-
specific mRNAs was detected
with the TRA1- and NOR1-spe-
cific probes MMPAS and
N701AS, respectively. (A) The
expression of TRA1 and NOR1
mRNA in Mm subline cells. The
same blot used in Fig 2 was se-
quentially hybridized with TRA1-
specific probe (MMPAS) and
NOR1-specific probe (N701AS).
(B) The expression of TRA1 and
NOR1 mRNA in normal mouse
tissues. The same blot used in
Fig 5 was sequentially hybrid-
ized with TRA1- and NOR1-spe-
cific probes.
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of 1 1 107 cells from cultures of ten Mm-S1/TRA1 clones
and six Mm-S1/neo clones were IP injected into syngeneic
SL mice (4 mice/each clone cells). Mice injected with Mm-
S1/TRA1 clones died within 2 months, whereas no mice
injected with Mm-S1/neo clones died within this time period
(data not shown). Representative in vivo data using Mm-S1/
TRA1 clone 24 and Mm-S1/neo clone 6 cells are shown in
Fig 10. All mice that were IP injected with Mm-S1/TRA1
clone 24 cells died within 50 days, whereas no mice injected
with Mm-S1/neo clone 6 cells died within this time period.
Total RNA was extracted from the ascites of Mm-S1/TRA1
clone 24 cell-injected mice after ammonium chloride-treat-
ment for removal of erythrocytes. We observed significant
expression of exogenous TRA1 mRNA in the ascitic cells
(Fig 9, lane 3) and in the cells after 7 days of in vitro culture
(data not shown). Similar results were obtained when TRA1-
transfected Mm-S2 cells were injected into SL mice (data
not shown).

DISCUSSION

Cancer is caused by several genetic alterations that lead
to uncontrolled cell proliferation. The process often involves
the activation of cellular proto-oncogenes and inactivation
of tumor-suppressor genes.32 In leukemia, as well as specific
solid tumors, improved cytogenetic and molecular ap-
proaches have shown that specific translocations often result
in the activation of proto-oncogene and/or the creation of
tumor-specific fusion proteins.33,34 However, the molecular
changes involved in the metamorphosis of immortalized and
nonleukemogenic monocyte/macrophage-like cells to leuke-
mogenic monocyte/macrophage-like cells remain unknown.
We examined the expression of various proto-oncogenes

Fig 8. Effect of butyrate on the expression of TRA1 and NOR1
mRNAs in Mm-P cells. (A) Mm-P cells were cultured in the presence or
absence of butyrate for 3 days, and then poly(A)"RNA was isolated.
Northern blots were sequentially hybridized with the indicated
probes. Size markers (in kilobases) are shown on the right. Relative
amounts of TRA1 mRNA and NOR1 mRNA (B) were determined as
described in the Materials and Methods.

such as c-myc, c-myb, c-jun, c-fos, c-fes, c-abl, and c-src in
leukemogenic and nonleukemogenic Mm sublines but could
not find any significant differences in their expression be-
tween the leukemogenic Mm-A/Mm-P cells and nonleuke-
mogenic Mm-S1/Mm-S2 cells (T. Kasukabe, unpublished
data). Therefore, we searched a putative gene(s) associated
with the leukemogenic potential of Mm sublines by means of
differential mRNA display technology.22 To avoid selecting
genes that merely reflect clonal differences, we compared
the mRNA displays between two leukemogenic Mm sublinesFig 7. Stimulation of lysozyme activity of Mm-P cells by butyrate.
and two nonleukemogenic sublines. There were only eightMm-P cells were cultured in the presence or absence of butyrate for

3 days. Data are the means of three determinations. gene fragments that were differentially expressed between
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Fig 9. Detection of transfected TRA1 mRNA by RT-PCR. Total RNA
(0.2 mg) was isolated from TRA1-transfected and mock-transfected
Mm-S1 cells and RT-PCR was performed as detailed in the Materials
and Methods. In this condition, transfected TRA1 mRNA and GAPDH
mRNA (control) were detected as 236-bp and 178-bp bands, respec-

Fig 11. Hydropathy profile of NOR1 protein. Hydrophobicity pro-tively. Lane 1, Mm-S1/neo clone 6 cells; lane 2, Mm-S1/TRA1 clone
file of NOR1 protein was obtained by using DNASIS program with24 cells; lane 3, Mm-S1/TRA1 clone 24 cells recovered from ascites
the index of Kyte and Doolittle.of Mm-S1/TRA1 clone 24-injected mouse.

3 residues of TRA1 and the 33 residues of NOR1 are unre-the leukemogenic and nonleukemogenic sublines. All of
lated to each other. Of the 12 N-terminal residues of NOR1these fragments showed stronger displays in the leukemo-
protein, 7 are prolines. Several reports have suggested agenic than in the nonleukemogenic sublines (Fig 1 and data
critical role of the proline-rich sequence in directing protein-not shown). We confirmed the differential expression of two
protein interactions important for activation, inactivation,(15T01 and 15C01) of these eight gene fragments by North-
and downstream functioning of specific proteins.35-39 Thus,ern blotting. More abundant TRA1 mRNA was detected by
the unique 33 amino acids of the NOR1 protein including15T01 in leukemogenic Mm sublines than in nonleukemo-
the proline-rich region might exert essential discriminativegenic sublines. The differential expression of TRA1 mRNA
effects on structure and function of NOR1 and TRA1 pro-was similar by observed in several other Mm sublines with
teins. The common part of the NOR1 and TRA1 proteinsleukemogenic (7 clones) or nonleukemogenic (5 clones) po-
are rich in cysteines (6.4%) with multiple doublets. Thetential (data not shown). The leukemogenic potential of the
significance of this observation is not clear. A hydropathyMm-SP subline is notable. Mm-SP cells were originally a
plot of NOR1 protein (Fig 11) indicates two hydrophobicnonleukemogenic subline like Mm-S1 and Mm-S2 cells. Be-
regions. The C-proximal region (173-189 in TRA1 and 203-cause Mm-SP cells markedly expressed TRA1 mRNA (data
219 in NOR1) is more prominently hydrophobic and poten-not shown), we reexamined their leukemogenic potential in
tially constitutes a membrane-spanning helix. Consistentsyngeneic SL mice. All of the mice inoculated with 5 1 106

with this observation, an expert system (PSORT by K. Nakaicells of Mm-SP cells died within 40 days (data not shown).
Osaka University, Japan) for predicting subcellular localiza-These results further suggest that the expression of TRA1
tion of a protein from its amino acid sequence suggestedmRNA is most tightly associated with leukemogenic poten-
that NOR1 and TRA1 are likely to be type II membranetial in these monocytic Mm sublines.
proteins located either in endoplasmic reticulum membraneTRA1 and NOR1 cDNAs predict proteins consisting of
(85% certainty) or plasma membrane (44% certainty), al-204 and 234 amino acids, respectively. The C-terminal 201
though this prediction must be confirmed experimentally.amino acids of TRA1 protein are completely identical to

There seem to be two potential mechanisms that maythose of NOR1 protein, whereas the rest of the N-terminal
generate these TRA1 and NOR1 transcripts. In leukemia,
chromosomal translocations often result in generating re-
arranged genes that seem to be involved in the control of
cellular growth and/or differentiation.33,34 Therefore, the
TRA1 nucleotide might be derived from a chimeric gene
with the normal NOR1 gene at its 3* portion and a fragment
of an unknown gene at its 5* portion. Alternatively, the
TRA1 and the NOR1 mRNAs may be generated by alterna-
tive splicing or by transcription from alternative promoters
of the same gene. In a preliminary experiment, we performed
long-range PCR using genomic DNAs from Mm-P cells and
normal mouse bone marrow cells. The PCR using a sense
strand primer at NOR1-specific cDNA region and an anti-Fig 10. Induction of leukemogenicity of TRA1-transfected Mm-S1
sense primer at common cDNA region produced an approxi-cells. Ten mice were injected IP with 1 Ì 107 Mm-S1/TRA1 clone 24

cells (solid line) or Mm-S1/neo clone 6 cells (dotted line). mately 3,000-bp band both in Mm-P and normal cells (data
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Table 1. Schematic Summary of the Expression of TRA1 and NOR1 normal monocytes to leukemogenic monocytic cells. The
mRNA in Normal Monocytes and Monocytic Mm Cells first is the change from normal cells to immortalized but

nonleukemogenic cells such as Mm-S1 and Mm-S2 cells.Expression of mRNA

This change is associated with loss of expression of NOR1
Cells NOR1 TRA1 mRNA. The second is the change from immortalized mono-

Normal monocytes/macrophages / 0 cytic cells to leukemogenic monocytic cells like Mm-A and
Immortalized monocytes (Mm-S1 and Mm-P cells. This change is associated with induction of

Mm-S2 cells) 0 0 expression of TRA1 mRNA. Thus, the loss of expression of
Leukemogenic monocytes (Mm-A NOR1 mRNA and a lack of TRA1 mRNA induction may

and Mm-P cells) 0 /
link the immortalization of monocytic cells, and the loss of
expression of NOR1 mRNA and induction of expression of
TRA1 mRNA may link the leukemogenesis of monocytic
cells. TRA1 gene expression was downregulated, whereasnot shown). On the other hand, the PCR using genomic DNA
that of NOR1 mRNA was induced in Mm-P cells exposedfrom Mm-P cells and a sense strand primer at TRA1-specific
to butyrate, which inhibited their proliferation and inducedcDNA region and an antisense primer at the common cDNA
their differentiation into normal macrophage-like cells.region produced the same size band as that of PCR product
Transfection of TRA1 into nonleukemogenic Mm-S1 andfrom TRA1 cDNA, but the PCR using genomic DNA from
Mm-S2 cells converted the cells from nonleukemogenic cellsnormal bone marrow cells and same primers did not produce
into significantly leukemogenic cells. These findings supportany band (data not shown). These results suggest that the
this assumption. Although leukemogenicity of TRA1-trans-TRA1 nucleotide is derived from a chimeric gene with the
fected Mm-S1 cells is similar to that of Mm-P or Mm-normal NOR1 gene at its 3* portion and a fragment of un-
A cells, we cannot eliminate a possibility that secondaryknown gene at its 5* portion. To confirm these preliminary
mutations also play a role in the leukemogenesis of TRA1-results, the structure of the genomic DNA sequence(s) corre-
transfected Mm-S1 cells. Further investigations are requiredsponding to the TRA1 and NOR1 mRNAs must be eluci-
to elucidate the detail roles of TRA1 and NOR1 in mousedated. The experiments to isolate the genomic TRA1/NOR1
monocytic leukemogenesis and functional and structural re-DNA(s) are now under way in our laboratory.
lationships between TRA1 and NOR1 genes.The fact that apparently homologous genes are found in

C elegans and S cerevisiae genomes indicates that the NOR1
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