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Abstract

Background: Chronic myelogenous leukemia (CML) is
thought to start with the acquisition of the t(9;22) chro-
mosomal translocation that codes for the P2 lObcrabl ty-
rosine-specific protein kinase. The CML cells exhibit an-

chorage-independent cell growth and genetic instability.
After the initial phase, the cells acquire the phenotype of
growth factor-independent growth. After the chronic
phase, the disease evolves into the accelerated and blastic
phases through the process of sequential random muta-
tion.
Materials and Methods: To identify some of the ge-

netic changes that contribute to the phenotype of blastic
and accelerated phase cells, we used differential display
PCR to compare levels of cDNA reverse transcripts of
mRNA in 32Dc13 cells and 32Dc13 cells that were stably
transfected with a bcrabl cDNA plasmid in a constitu-
tively expressed transcription unit. These cells were des-

ignated 32Dc13P210bcrabl. For these studies, we used
the 32D myeloid leukemia cell line, which depends on

IL-3 for growth.
Results: Following introduction of the bcr-abl
cDNA through transfection, the cell line became
growth factor independent, mimicking the change
in phenotype that occurs during the later phases of
CML. These differential display screening assays de-
tected altered levels of transcripts for 28 genes. Of
interest to the biology of growth factor-independent
growth in the bcrabl-positive 32D cells was the fact
that the C10 c3 chemokine gene was expressed at
higher levels in the 32Dc1 3 cells than in the
32Dc1 3P2 lObcrabl cells.
Conclusions: These studies show that a C10IO chemo-
kine gene was expressed at different levels with or with-
out P2 I Obcrabl.

Introduction
The Philadelphia chromosome translocation,
which generates the P21Obcrabl tyrosine-specific
protein kinase, results from a balanced translo-
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cation between chromosomes 9 (abl) and 22
(bcr) (1,2). This genetic marker is present in the
leukemia cells of more than 95% of all patients
with chronic myelogenous leukemia (CML). Al-
though the bcr-abl is associated with the pres-

ence of anchorage-independent growth and ge-

netic instability, the full expression of the
leukemia phenotype (e.g., growth factor-inde-
pendent growth) and the progression of the dis-
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ease to its ultimate blastic transformation require
additional genetic changes. Genetic changes that
have been identified in blast crisis CML at the
chromosomal level include trisomy 8, isochro-
mosome 17, and changes in p53 (3,4).

The cabl protein kinase, which is the normal
cellular homologue to P21Obcrabl, is a highly
regulated, cycle-dependent, nonreceptor-associ-
ated tyrosine-specific protein kinase, which is
predominantly but not exclusively nuclear in lo-
cation. In contrast, the P21Obcrabl tyrosine-spe-
cific protein kinase (5) is active in a more unreg-
ulated fashion in the cytoplasm. This has led to
the proposal that the presence of the P21Obcrabl
initiates genetic changes that generate changes in
gene expression, as shown previously in animal
models (6). To test this hypothesis, we used dif-
ferential display polymerase chain reaction (DD-
PCR) to test if the transcript levels of genes were
altered as a result of stable transfection of the
bcrabl cDNA, into the mouse myeloid cell line
32Dc13. We also attempted to identify changes
in the levels of individual transcripts that are
associated with bcrabl cDNA.

The differential display technique, developed
by Liang and Pardee (7) in 1992, has been used
to identify the potential roles of many genes,
such as the a 6 integrin as a potential tumor
suppressor (8), and the ras-activated gene M-b
(9), to cite a few (10-12). The purpose of differ-
ential display is to amplify all of the expressed
messages in a cell or tissue under specific condi-
tions and compare the results of these assays
with the results obtained with the same cells
under a different set of conditions. In the work
reported here, cDNA was prepared with single
base-anchored poly T oligomers. The cDNA gen-
erated from the total RNA of 32D cells before and
after transfection of the bcrabl cDNA was ampli-
fied with the corresponding poly-T-oligomer and
a random decamer. This was repeated with eight
random decamers in an attempt to amplify all
expressed messages. PCR products were sepa-
rated on denaturing 6% polyacrylamide gels.
Differentially expressed products were cut out
and reamplified to confirm differential expres-
sion. Since PCR is only semiquantitative, all ex-
periments were repeated three times, and frag-
ments chosen for sequencing were those
showing major differences in the 32D cells before
and after introduction of the bcrabl cDNA.

Preliminary data indicate that the transcript
levels of several genes are differentially regulated
in 32Dcl3P210bcrabl when compared with un-
transfected cells. We have identified the genes

coding for these transcripts, including transcripts
that are similar to the CI0-like ,B chemokine,
which was expressed at higher levels in 32D cells
than in 32Dc1 3P21 Obcrabl cells. The implications
of these studies are discussed here.

Materials and Methods
Cells

Stock cultures of 32Dc1 3 were a generous gift of
Dr. Joel Greenberger, Department of Radiation
Oncology, University of Pittsburgh, Pittsburgh,
PA. Cells were grown in Iscoves modified Eagles
medium (IMEM; GIBCO/BRL) in suspension
culture. Media were supplemented with 10%
heat-inactivated fetal bovine serum (FBS) and
10% WEHI-3 conditioned media; WEHI-3 cells
secrete interleukin-3 (IL-3).

Construction of P21 Obcrabl Cell Line

A human bcr-abl cDNA was subcloned into a
pcDNA3 expression vector (Invitrogen), which
also contained a Neo gene. Following electropo-
ration of this vector into 32D cells, the cells were
allowed to recover in complete DMEM medium
with 10% WEHI-3 medium, supplemented with
IL-3, for 2 days at 370C. Total RNA and protein
extracts were prepared from the 32D cells trans-
fected with pcDNA3 vector alone, and 32D cells
transfected with the pcDNA3 bcr-abl vector
(32Dc13P21Obcrabl). The transfected cells were
then plated in 0.9% methylcellulose supple-
mented with 30% FBS (Stem Cell Technology,
Inc.) and selected with 0.75 mg/ml G418. No
IL-3 was present in the growth medium at this
point or thereafter. After 14 days, no colonies
were found in control plates in which the pcDNA
vector alone (Neo-positive, bcr-abl-negative)
was transfected into the 32D cells, whereas col-
onies were detected in cultures of the
32Dc13P2I0bcrabl. Individual colonies growing
in the plates inoculated with cells transfected
with the pcDNA-P210bcrabl (Neo- and bcr-abl-
positive) vector were picked and grown in
complete Dulbeccos modified Eagle medium
(DMEM) medium. Total RNA extracts were pre-
pared from the 32Dcl3P210bcrabl cells.

RNA Isolation and Differential Display
Total RNA was isolated from fresh 32D cells
and 32Dcl3P210bcrabl with RNAzol (Tel-Test,
Friendswood, TX) according to the protocol sup-
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plied by the manufacturer. To remove any pos-
sible DNA contaminants, RNA was treated with
RNase-free DNase (Boehringer-Mannheim) and
reprecipitated.

Differential display was carried out with the
GenHunter (Memphis, TN) kit using the protocol
supplied by the manufacturer with the following
modifications: 400 ng of RNA was used instead of
200 ng; the dNTP concentration was increased
from 2 ,uM to 25 ,uM final concentration; and
expanded PCR enzyme (Boehringer-Mannheim,
Indianopolis, IN) was used in place of Taq poly-
merase at a volume of 0.3 ,uM instead of 0.2 ,uM.
The PCR cycles were carried out on a Perkin
Elmer DNA thermal cycler under the following
conditions: 92°C for 30 sec, 40°C for 2 min, 68°C
for 30 sec, 40 cycles followed by 1 cycle at 680C
for 5 min. PCR products were separated on 6%
denaturing polyacrylamide gels, vacuum dried,
marked for orientation, and exposed to hyper-
film (Amersham, Arlington Heights, IL) over-
night. This procedure was repeated at least three
times for all primer combinations. Reproducible
differences were reamplified according to the
GenHunter protocol.

Reamplified bands were cloned with the
PCR-Trap cloning system (GenHunter) according
to the manufacturer's protocol and sent for au-
tomated sequencing (UT MD Anderson sequenc-
ing facility). GenBank was searched for the se-
quences thus generated using GCG software.

PCR Reactions to Confirm Results
Primers were designed upstream to the site of the
clone product obtained from differential display.
Primer sequences were as follows: 5'-CACTGC-
CCTCCTGGAAATA and 5'-CAGCGTGGTTA-
AATGGTCTTG for C 10-like , chemokine. CDNA
was amplified by PCR using AmpliTaq polymer-
ase (Perkin Elmer) according to the manufactur-
er's instructions with a 1 ,uM final concentration
for each primer. This reaction was carried out in
a DNA thermocycler (Perkin Elmer) under the
following cycle conditions: 940C for 4 min, 1
cycle; 940C for 1 min, 52°C for 1 min, and 720C
for 1 min, 40 cycles; and 72°C for 7 min, 1 cycle.
For CO-like X3 chemokine, a 58°C annealing
temperature was used. Samples were separated
on a 2% agarose gel and stained with ethidium
bromide. The molecular weight marker used was
a 100 bp (Promega) PCR product ladder. Each
band in the marker set occurred at 100 bp incre-
ments with the darkest highest band being at 500
bp.

1 234 5678

Fig. 1. Example of typical differential display
results. Odd-numbered lanes represent untrans-
fected 32D cell DD-PCR products; even-numbered
lanes represent DD-PCR products from 32D cells
transfected with bcrabl. Each set of two lanes used
the same primer set. Circled bands show minor dif-
ferences. The arrow gives an example of a band that
was excised and reamplified.

Results
Our early experiments with PCR generally pro-
duced inconsistent results. Thus to achieve con-
sistent results with RNA species from the 32Dcl 3
cell lines before and after bcr-abl cDNA transfec-
tion, we carried out experiments in which the
amounts of input RNA, dNTPs, buffer, and Taq
enzyme were systemically altered so as to iden-
tify optimal conditions for the reactions. The pro-
tocol used in these experiments was adopted
only after prior optimization as described in Ma-
terials and Methods. Eighty 5' primers were used
in an attempt to amplify all expressed messages,
and all experiments were repeated at least three
times. The result of a representative experiment
is presented in Figure 1. Bands found to be dif-
ferentially expressed in the 32D cells at higher
or lower levels than that found in the
32Dcl3P210bcrabl cells were excised, purified,
and reamplified. The average size of these prod-
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ucts was about 250 bp. From this screen, 28
distinct electrophoretic species were found to be
consistently altered between the two cell lines.
These fragments were cloned into the PCR-Trap
cloning vector and sequenced. Several genes
that corresponded to the open reading frames
contained in these fragments have been iden-
tified from sequence analysis. Two of the
clones, whose expression was decreased in the
32DcI 3P2 lObcrabl, were identified as belonging
to the C 10 (3 chemokine which was overexpressed
in 32D cells as compared to 32Dcl3P2 I0bcrabl.

To confirm the identity and differential ex-
pression of the genes corresponding to known
open reading frames, primers were designed that
were homologous to regions present in the can-
didate genes and were 5' of the sequences iden-
tified in the differential display clones. The se-
quences of these primers are listed in Materials
and Methods. As shown in Figure 2, when we
used 10-fold dilutions of the starting cDNA TCP-
1-containing chaperon, ribosomal protein L37a,
and a f-galactosidase-like transcript, the levels of
all the products were shown to be reproducibly
increased in the 32Dcl3P21Obcrabl cells, com-
pared with the GADPH loading control. The ex-
pression of the Cl 0 ,B chemokine gene was
higher in the 32Dc13 untransfected cells than in
the 32Dc1 3P2 lObcrabl transfected cells (see
Fig. 3). As a control for DNA contamination, no
reverse transcriptase was added to GADPH con-
trols for both 32D and 32Dcl3P2Obcrabl. Under
these conditions, no products were seen (see
Fig. 2). In contrast, the results obtained with
primers for histone H1 (0) did not give consistent
results for increased or decreased expression
(Fig. 4). This may be because the difference in
levels of HI (0) transcripts in the two cell lines is
too small to be detected by reverse transcriptase
PCR.

Discussion
The P210bcrabl protein product of the Philadel-
phia chromosome translocation has been shown
to be associated with the phosphorylation of post-
receptor kinases (JAK1), cytoplasmic precursors
of nuclear transcriptional regulatory proteins
(STATI, STAT3, and STAT5), structural and cy-
toskeletal proteins involved in intercellular cy-
toadhesion molecules (paxillin, F-actin), Ras
adaptor proteins (CRKL and GRB-2), PI 3-kinase,
and JNK kinase. P21Obcrabl has been shown to
activate the RAS RAP, MAP kinase kinase, the
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Fig. 2. TCP-1-containing chaperonin, 18-galac-
tosidase, and ribosomal protein L37a gene ex-
pression is increased in 32D cells transfected
with bcrabl. Lane M is the 100 bp PCR product
ladder. The darkest band is 500 bp. GADPH: lane 1,
blank; lane 2, water control (there was slight
leakage from the adjacent well); lane 3, 100 ng
32D RNA with reverse transcriptase (RT); lane 4,
100 ng 32D RNA without RT; lane 5, 100 ng of
32DC13P210bcrabl RNA; lane 6, 100 ng of RNA
from 32Dcl3P210bcrabl without addition of RT;
lanes 7, 8, 10 ng 32D and 32Dcl3P210bcrabl; lanes
9, 10, 1 ng 32D and 32Dcl3P210bcrabl; lanes 11,
12, 100 pg of 32Dc13 and 32Dcl3P210bcrabl with
RT. Figures labeled TCP-1 containing chaperonin,
,B-galactosidase, and ribosomal protein L37a were
amplified with primers corresponding to indicated
genes in the presence of RT with the following RNA
as starting material: lane 1, water control; lanes 2, 3,
100 ng of 32Dc13 and 32D cl3P210bcralbl; lanes 4,
5, 10 ng 32Dc13 and 32Dcl3P210bcrabl; lanes 6, 7,
1 ng 32Dc13 and 32Dcl3P210bcrabl; lanes 8, 9, 100
pg 32Dc13 and 32Dcl3P210bcrabl.

MAP kinase pathway, the RAS/JUN/JNK kinase
pathway, and the PI 3-kinase pathway. These
changes are associated with the phenotype of
growth factor- and anchorage-independent
growth. Although the direct relationship be-
tween the phosphorylation of these substrates by
the P21 Obcrabl protein and the leukemic pheno-
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Fig. 4. Histone Hl(O) is equally expressed in
32Dc13 cells compared with 32Dcl3P210bcrabl.
cDNA was amplified with primers corresponding to
histone H1 (0). Gels were loaded as follows: lane 1,
water control; lanes 2, 3, 100 ng 32Dc13 and
32Dcl3P21Obcrabl RNA; lanes 4, 5, 10 ng 32Dc13
and 32Dc13P21 Obcrabl RNA; lanes 6, 7, 1 ng
32Dc13 and 32Dcl3P2Obcrabl RNA; lanes 8, 9, 100
pg of 32Dc13 and 32Dcl3P210bcrabl RNA; and lanes
10, 11, 10 pg 32Dc13 and 32Dcl3P21Obcrabl RNA.
Note that there is no significant difference between
the sets of samples.

Fig. 3. The .8 chemokine CIO is overexpressed
in 32Dc13 cells compared with
32Dcl3P2lObcrabl cells. The top panel shows
cDNA amplified with 13 chemokine C 10 primers; the
bottom panel shows the same starting material as
above amplified with GADPH primers as a loading
control. Gels were loaded as follows: lane 1, water
control; lanes 2, 3, 100 ng 32Dc13 and
32DcI3P21Obcrabl; lanes 4, 5, 10 ng 32Dc13 and
32Dcl 3P2Obcrabl RNA; lanes 6, 7, 1 ng 32Dc13
and 32Dcl3P21Obcrabl; lanes 8, 9, 100 pg 32Dc13
and 32Dcl3P20Obcrabl RNA. Note there is a faint
band in lane 6 but no band in lane 7 for 13 chemo-
kine C1O.

types, such as growth factor-independent
growth, is not yet established, it is possible that
altered levels of the expression of several
growth-regulatory genes and induction of cy-
toadhesion molecules would be a consequence of
this altered phosphorylation. Perhaps the most
interesting example of this is the increased ex-
pression of the 3chemokine C 10 in the 32D cells
compared with that in the 32Dc13P21Obcrabl
cells.

The (3 chemokine C10, RANTES, and
MIP- 1 a all belong to the C-C family of (3 che-
mokines (13-15). Lipopolysaccharide (LPS) in-
duces MIP- 1a but not ( chemokine C 10 (14,15).
IL-4 induces 3 chemokine Cl 0 but not MIP- 1 a
(14,15). IL-1 and granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF) induce signifi-
cant increases in (3 chemokine C10, but not in
MIP- 1 a (14,15). While MIP- la may enhance the
inflammatory response and cellular proliferation,
, chemokine C 10 has recently been shown to be
elevated in late-stage myeloid hematopoietic
progenitor cells as well as in 32D cells and may

antagonize proliferation in these cells and sup-
press the inflammatory and proliferative re-
sponse in lymphoid cells (14,15).

MIP- Ia is a molecule that is secreted by stro-
mal cells exposed to interferon. This molecule
acts on normal myeloid precursor cells to reduce
the proliferation of these cells. CML cells do not
bind to stromal cells (16-18) and have been
shown not to be sensitive to the action of MIP-
la, presumably because of the inability of these
cells to bind to the stromal cells that release the
MIP-l1a locally in the vicinity of the stem cells
(19).

, chemokine C 10, in contrast, is released by
the hematopoietic cells themselves. Moreover,
the studies of Orlofsky and Prystowsky (14,15)
have shown that the mitogenic stimulation of
hematopoietic cells results in reduced levels of
the transcripts coding for (3 chemokine C10. ,B
chemokine C 10 is released by hematopoietic
cells under conditions of differentiation induc-
tion, suggesting that this compound has a direct
inhibitory effect on the proliferation of late my-
eloid progenitor cells. Loss of this protein could
result in the failure to commit cells to differenti-
ation, and therefore result in the expansion of
the late myeloid cells seen in CML.

The reduced levels of (3 chemokine C 10
mRNA in bcrabl-transduced 32Dcl 3 cells as
compared to untransfected controls leads to the
hypothesis that a reduction in 3chemokine C 10
contributes in part to unregulated growth of my-
eloid progenitor cells in chronic myelogenous
leukemia.

Other genes that we have identified as ex-
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pressed differentially in 32D cells versus the
32Dcl3P210bcrabl cells are the ribosomal pro-
tein L37a mRNA. This gene was originally iden-
tified from a subtraction library generated from
the spleens of C57BL/6 and HW81 mice.
C57BL/6 mice show a 10- to 15-fold increased
induction of interferon gene expression in re-
sponse to Newcastle disease virus (NDV) com-
pared with HW81 mice (20). Another hypothesis
generated by this work is that the ribosomal
protein L37a gene may be involved in the alter-
ation of interferon responsiveness or down-
stream signaling observed in the 32D cells trans-
fected with bcr-abl. Alternatively, the increase in
expression of ribosomal protein L37a may be due
to a general increase in protein intranscription by
the cells transfected with the bcrabl cDNA (21).

The TCP- 1-containing chaperonin (22) was
found to exhibit increased expression in
32Dcl3P2 1 Obcrabl cells compared to that found
in 32Dc13 cells. The TCP-1-containing chaper-
onins are believed to be involved in protein fold-
ing. Previous work has shown altered expression
of gene products that contain thioredoxin cata-
lytic units that might be involved in a similar
manner in CML (23). TCP-1 has also been spe-
cifically implicated in the folding of the cytoskel-
etal proteins actin and tubulin (24).

Clearly, the work reported here represents
the first of several necessary steps before defini-
tive conclusions can be drawn between the al-
tered levels of expression of these genes and the
progression of CML. The alterations in the genes
that we have observed in P21 Obcrabl-positive
and -negative cells could arise from a general
effect of bcrabl on the protein synthesis in
32Dc13 cells or a specific effect of P21Obcrabl on
the expression of these genes. Studies of CML
cells from patients at different stages of the evo-
lution of CML from chronic-phase to blastic-cri-
sis CML are underway in our laboratory to test
whether the same changes we have seen in 32D
cells after introduction of bcrabl cDNA are also
seen in CML cells.
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