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Abstract

Background: Acute myeloid leukemia (AML) is a het-
erogeneous collection of leukemic disorders ranging
from chemotherapy-sensitive subsets [inversion 16 and
t(8;21)1, which often can be cured with cytosine arabi-
noside alone, to the most resistant subsets, which can
survive even supralethal levels of combination alkylator
chemotherapy (cytogenetic subsets monosomy 5 and
monosomy 7).
Materials and Methods: To analyze the expression of
BCL-2 family genes, which are expressed in these subsets
of AML, we used PCR sequence amplification reactions
that are dependent on oligonucleotide primers repre-
senting the BHI and BH2 homology domains to gener-
ate the unique regions between BH1 and BH2. These
primers are conserved among all members of the BCL-2
gene family and are separated by a 150 nucleotide region
sequence between the BH1 and BH2 domains. The PCR
products unique to each BCL-2 family member were
cloned directionally into sequencing vectors. The iden-
tity of the insert of each clone was determined by slot-
blots of the DNA amplified from individual colonies and
by hybridization with radioactive probes specific to the
bcl-2, bcl-x, or bax genes.

Results: We found that bcl-2 is the predominant mem-
ber expressed in AML samples with a poor prognosis
(-5, -7), whereas the transcripts of bcl-x are higher
than those of bcl-2 in the AML samples with a good
prognosis [invl6, t(8;21)]. No significant difference in
bax expression was detected between AML subsets of
good and bad prognosis. The ratio of bcl-xlong, which
inhibits apoptosis, to bcl-xshort, which promotes apopto-
sis, was determined by amplification with a pair of prim-
ers specific to bcl-x followed by separation of the PCR
product on agarose gels. Bcl-xlong and bcl-xshort ap-
peared as bands of different molecular mass on a molec-
ular weight gel and were visualized by ethidium bromide
staining or Southern blot analysis with a bcl-x-specific
probe.
Conclusions: We found that the ratio of bcl-x long to
bcl-x short was higher in the AML patients with a poor
prognosis. These experiments showed that the levels of
BCL-2 family members in the leukemia cells of good- and
poor-prognosis subsets are different. In addition, novel
members of the BCL-2 family were isolated from the cells
of AML patients of either prognosis.

Introduction
Cytogenetic analysis of acute myeloid leukemia
(AML) cells has been used to predict the respon-
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siveness of patients to induction chemothera-
peutic regimens (1,2). AML patients whose leu-
kemia cells contain inversion 16 or t(8;21) are
more often than not sensitive to single-agent
cytosine arabinoside treatment (3-8), whereas
patients whose leukemia cells contain mono-
somy 5, monosomy 7, or trisomy 8 are resistant
to even ablative levels of combination therapy
(6-8). The molecular changes associated with
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these chromosomal abnormalities are under in-
tensive investigation (9-12). At the present time,
the mechanisms of resistance or sensitivity are
not completely understood.

Many neoplastic cells die by apoptosis when
treated with DNA-damaging chemotherapeutic
agents (13). The BCL-2 family of genes has been
shown to contain members that either induce or
prevent the apoptosis process (14-16). All of the
BCL-2 gene family members share a high degree
of amino acid sequence similarity in the BH1 and
BH2 regions, which are separated by a unique
sequence region of approximately 50 amino acid
residues. It has been shown that the bcl-2, bcl-xl,
and mcl proteins inhibit cell death, whereas the
bax, and bcl-xs proteins promote cell death
(14,17-20). The BCL-2 family also includes re-
cently identified genes such as BAD, BAK, BAG,
the function of which remains to be tested
(21-26).

Since the balance among the BCL-2 family
members that inhibit or induce cell death ap-
pears to determine the survival of cells in certain
circumstances (26), we investigated the expres-
sion profile of individual BCL-2 members in AML
cells from the chemotherapy-sensitive and -re-
sistant cytogenetic subtypes of AML. We tested
the ratio between pro-apoptosis transcripts and
anti-apoptosis transcripts for a possible associa-
tion between the expression of specific BCL-2
genes and the response to chemotherapy. We
also attempted to isolate novel BCL-2 family
members from AML cells.

Materials and Methods
Cells
Cells were obtained from a repository of frozen
pheresis samples from patients with AML. The
samples had been obtained as incidental speci-
mens that were collected according to protocols
approved by the University of Texas M. D.
Anderson Cancer Center Institutional Review
Board. The results of cytogenetic analysis of
these leukemia cells were retrieved from the
medical record of each patient diagnosed with
AML.

Amplification of cDNA by RT-PCR

RNA was extracted with the TriZol Reagent from
GibcoBRL. Poly-A plus RNA was extracted with
the FastTrack Kit from InvitroGen. Oligonucleo-
tides were synthesized by a Cruachem, Inc. oli-

gonucleotide synthesizer. The sequences of the
oligonucleotides are 5' -aactggggnmgsrtbgtsrc-3'
and 5'-gcarcckccntkntbnhgbatcca-3'. Reverse
transcription (RT) was carried out with the Su-
perscript Preamplification System from Gibco-
BRL. Polymerase chain reaction (PCR) was car-
ried out with the annealing temperature set at
500C.

Slot-Blots and Southern Blots

The Hybond-N+ nylon membrane from Amer-
sham was used for slot-blot and Southern blot
analysis. Radioactive probe was generated with
the RediPrime Kit from Amersham Life Science.
The hybridization was carried out in the Rapid-
hyb buffer from Amersham in a rotating hybrid-
ization oven. The stringency of the final washing
was 0.2X SSC, 0.1% SDS, 60°C for 30 min.

Cloning of PCR Products

The PCR products were cloned with the pCR-
TRAP plasmid system from GeneHunter. The
transformed bacteria were allowed to grow on
LB plates with 20 ,ug/ml tetracycline.

Sequencing of PCR Products
The sequences of the PCR products were deter-
mined by automatic DNA sequencing, using the
plasmid DNA as templates, in the University of
Texas M. D. Anderson Cancer DNA Sequencing
Facility.

Results
Amplification of cDNAs Containing BH1/BH2
Domains from AML Cells

The BCL-2 gene family members share remark-
able homology in the BH1 and BH2 domains
(14,15,26). These two homologous domains are
interrupted by a 50 amino acid, 150 nucleotide
sequence stretch that is unique for each member
of the BCL-2 family. We designed a pair of oligo-
nucleotides primers that represent the consensus
nucleotide sequence of the BHI and BH2 re-
gions. Most importantly, the unique sequence
region between BHI and BH2 that can be syn-
thesized using these primers, can be used to
identify each gene of the family because the se-
quence in this region is different for each mem-
ber of the BCL-2 gene family.

Poly-A plus RNA was extracted from each
cytogenetic prognostic subset (both poor- and
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Fig. 1. PCR amplification of cDNAs containing
BH1 and BH2 domains. Poly-A plus RNAs from
AML cells with the indicated cytogenetic abnormali-
ties were used as starting materials in RT-PCR reac-
tions. The sequences of the primers were derived by
synthesizing a family of oligonucleotides that contain
the nucleic acid sequences of the BH1/BH2 domains.
The predicted size of PCR products from correct
priming is approximately 150 bp. Lane 1: MW
marker (100 bp ladder). The cytogenetics of the cells
in lanes 2-5 are monosomy 5, monosomy 7, inver-
sion 16, and t(8;2 1), respectively. Plasmid DNA with
bcl-2 insert served as the template in lane 6 as posi-
tive control.

good-prognosis AML) of the leukemia cells of
patients with AML. The RNA served as template
in a RT-PCR reaction, with the 5'-bcl and 3'-bcl
sequences as primers. The PCR products were

analyzed by 3% Nusieve agarose gel (Fig. 1). The
predicted size of the BHI/BH2 region was ap-

proximately 150 bp.

Identification of Amplification Products

The 150 bp BH1 /BH2 amplification products
consisted of a mixture of BCL-2 family members
and nonspecific sequences. To determine which
individual family members are included among

these amplification products and at what level of
abundance these sequences are represented, we

cloned the PCR products in the PCR-TRAP plas-
mid vector. Competent bacteria were trans-
formed and plated on LB tetracycline plates,
which offered a selection against self-ligated vec-

tors that did not have inserts. In effect, we con-

structed cDNA mini-libraries representing the
cellular transcripts that contain BH 1 /BH2-like
sequences.

Fig. 2. Expression of bcl-2 family members in
AML cells. The composition of the BH1/BH2 ampli-
fication products was determined by cloning the PCR
products followed by identification of the insert in
each clone by slot-blot analysis of the bacterial colo-
nies with probes specific to bcl-2, bcl-xl, and bax.
The frequency of individual members was calculated
by dividing the number of clones hybridized with a
specific probe by the number of total clones contain-
ing the 150 bp insert. The abbreviations for cytoge-
netics are: -5, monosomy 5; -7, monosomy 7; inv
16, inversion 16; t(8;21), translocation 8;21. K562
cells were used as a control.

Nearly 250 individual bacterial colonies from
these mini-libraries were picked and used to in-
oculate LB broth in 96-well tissue culture plates.
The resulting bacterial cultures were subse-
quently blotted on nylon membrane in a slot-
blot apparatus. The identities of the DNA inserts
in each bacterial colony were determined by car-
rying out hybridization with radioactive probes
specific to known members of the BCL-2 gene
family, such as bcl-2, bcl-x, bax, and mcl. The
number of clones hybridized with respective
probes were counted.

Upon further analysis, some of the clones
that did not hybridize to any of the probes were
found to contain no inserts of 150 bp. They were
removed from the analysis. The composition of
each mini-library was constructed by counting
the number of colonies that hybridized with the
major BCL-2 family members. The results of
these analyses are shown in Figure 2.

Bcl-2 appeared to be the most abundantly
expressed member of the BCL-2 gene family in
the poor-prognosis AML subsets associated with
monosomy 5 and monosomy 7 karyotypes. In-
terestingly, nearly 50% of the DNA fragments
amplified from AML cells of the good-prognosis,
inversion 16 subset hybridized to a bcl-xlong
probe. The bax subsets were represented equally
among all subsets. No mcl homologous products
were detected in any of the AML samples. In the
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Fig. 3. Expression of bcl-xlong and bcl-xshort
in AML cells. Bcl-x-specific primers were used to
amplify the two species of bcl-x transcript from AML
cells. The PCR products were visualized by agarose
gel electrophoresis. The bcl-xlong and bcl-xshort
products appeared as bands of different molecular
weight as marked. Lane 1: MW marker (100 bp lad-
der). The cytogenetics of the cells in lanes 2-5 are
monosomy 5, monosomy 7, inversion 16, and
t(8;21), respectively.

control K562 cells, which contain the BCR-ABL
fusion gene, all 50 clones tested were homolo-
gous to the bcl-xlong probe.

Examination of the Ratio between bcl-xlong and
bcl-xshort Transcripts

These two splicing variants of the bcl-x gene

product are called bcl-xlong and bcl-xshort.

Since bcl-xlong is associated with resistance to
apoptosis and bcl-xshort promotes apoptosis, it
would be interesting to know the ratio between
the two forms of bcl-x transcripts in the chemo-
therapy-sensitive and -resistant forms of AML, as

they function in opposite ways for the regulation
of cell death. The 5'-bcl and 3'-bcl primers used
for the PCR reaction can only amplify the bcl-
xlong cDNA; the BHI and BH2 regions are de-
leted in bcl-xshort mRNA. Therefore, we de-
signed a separate pair of primers that are specific
to bcl-x. The RT-PCR products of bcl-xlong and
bcl-xshort appeared as DNA fragments of differ-
ent sizes on agarose gels when these primers
were used.

As shown in Figure 3, bcl-xlong was ex-

pressed at a higher level than was bcl-xshort in
samples from AML patients of the monosomy 5
and monosomy 7 subsets. In contrast, the ratio
between bcl-xlong and bcl-xshort is lower in in-
version 16 and t(8;2 1) subsets of AML cells.

To extend this observation to a larger num-
ber of patients, we extracted total RNA from
additional samples from AML patients and car-

ried out RT-PCR analyses with the bcl-x-specific
primers to test whether the bcl-xlong or bcl-
xshort subsets were dominant in the good- or

poor-prognostic subsets of AML. The amount of
RT-PCR products was too small to be visible by
ethidium bromide staining. The PCR products
were evaluated by Southern blot hybridization
with radioactive bcl-x probes. The results of
these analyses are shown in Table 1. The ratio
between bcl-xlong and bcl-xshort splicing vari-
ants is higher in samples from the AML patients
with poor-prognosis cytogenetics than in the

Table 1. Southern blot analysis of PCR-amplified bcl-xlong and bcl-xshort products from AML cells

Patient bclxl/bclxs Cytogenetics Patient bclxl/bclxs Cytogenetics

SN 5.0 -7 AE 1.9 t8;21
SS 2.7 +8 FY 1.8 +22,+8,invl6
HS 2.2 -7,inv3 BE 1.6 +8
SR 2.2 -9q,t8;21 MY 1.6 t8;21
HT 2.1 -5-7 EE 1.3 invl6
LE 1.9 -5-7 HE 1.3 invl6
LN 1.9 -5-7 TE 1.2 t8;21

RT-PCR was carried out with total RNA as templates and bcl-x specific oligonucleotides as primers. The PCR products were sepa-
rated by agarose gel electrophoresis, transfered to nylon membrane in alkaline solution and hybridized with radioactive probes
derived from bcl-x cDNA. The filter was exposed to multiple X-ray films. The ratio between the bcl-xlong signal and bcl-xshort
signals was calculated from the image intensity on the films.
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samples from AML patients with good-prognosis
cytogenetic markers.

Analysis Testing for Presence of Novel Genes that
Belong to the bcl-2 Gene Family

Thirty-two clones were identified from the AML
PCR reactions, the products of which did not
hybridize to the probes for known members of
the BCL-2 family (bcl-2, bcl-x, bax, and mcl).
These clones, however, were shown to contain
150 nucleotide unique sequence regions be-
tween the two BHI and BH2 homology regions.
It is possible that these clones may contain se-
quences for previously unidentified members of
the BCL-2 family. Plasmid DNA was therefore
prepared from these products and used as a tem-
plate in dideoxynucleotide sequencing reaction.
The sequences were submitted to the GenBank
databases for homology search by the BLAST
programs.

Two clones of particular interest were iden-
tified which we designated bclnl and bcln9.
Bclnl contained sequences homologous to the
polycystic kidney disease protein. No homology
for the nucleic acid and peptide sequences of
bcln9 was found after extensive search in various
databases with all available algorithms. Full-
length cDNAs of bclnl and bcln9 are being ob-
tained and are subject to further analysis.

Discussion
Leukemia cells collected from patients with AML
show a variety of cytogenetic abnormalities.
Some of these chromosomal aberrations are as-
sociated (inversion 16 and t(8;2 1)) with excel-
lent response to chemotherapy. AML patients
with karyotypes of inversion 16 or t(8;2 1) are
very sensitive to cytosine arabinoside as a single
agent. These cells may have an unusual sensitiv-
ity to cytosine arabinoside which may exceed
that of the normal myeloid cells. On the other
hand, cells from the AML patients of the mono-
somy 5 or monosomy 7 subtypes are notoriously
resistant at diagnosis even to intensive systemic
combination chemotherapy. Making the resis-
tant cells respond to chemotherapeutic agents
remains a challenge in the treatment of AML.

A number of studies suggested a role of the
BCL-2 gene family in the regulation of chemore-
sistance in AML (13). The BCL-2 family is an
expanding group of genes that shares the highly
conserved BH1 and BH2 domains. Members of

the family that antagonize apoptosis include
bcl-2, bcl-xl and mcl. The genes that facilitate cell
death include bax, bcl-xshort, and bak. It has
been shown that these gene products can form
homo- or heterodimers with each other. The
regulation of cell death is achieved in part by
varying the ratio between the pro- and anti-
apoptosis members in the composition of the
dimers, which can alter the sensitivity of the cells
to DNA damaging agents.

We therefore tested the expression of the
BCL-2 gene family members in AML cells with
representative karyotypes of these good- and
poor-prognosis subsets of AML. We were espe-
cially interested in the ratio among the expres-
sion of individual members. It was shown that
the ratio between pro- and anti-apoptosis mole-
cules is more important than the absolute
amount of gene products in determining cellular
susceptibility to apoptosis. We also looked for an
association between the expression pattern and
sensitivity to chemotherapy.

By using oligonucleotides representing the
BH1 and BH2 domains, we were able to amplify
all transcripts that contained BH1-BH2 interven-
ing regions. Among them were known BCL-2
family member clones that may be associated
with previously unidentified members of the
BCL-2 gene family. We determined the ratio
among various expression products by analyzing
the composition of the PCR products and sepa-
rating these products on a molecular weight gel.
As shown in Figure 2, bcl-2 appeared to be the
most abundant member expressed in samples
from the poor-prognosis AML group, whereas it
was a minor component in samples from the
good-prognosis group.

It has been reported that there was a signif-
icantly greater level of bcl-2 expression in cells
from AML patients who failed to achieve remis-
sion after chemotherapy than in those who re-
sponded (27). It was also shown that inhibition
of bcl-2 with antisense oligonucleotides in-
creased the sensitivity of AML blasts to cytosine
arabinoside (28). Our studies suggested that the
higher level of bcl-2 expression may contribute
to the poor response to chemotherapy observed
in AML in patients whose leukemia cells have
the monosomy 5 or monosomy 7 cytogenetic
abnormality.

The molecular approach used in Figure 2
could not discriminate among the alternative
splicing transcripts bcl-xshort from the bcl-xlong
variant of the bcl-x gene. Higher levels of bcl-
xlong expression could protect against apoptosis
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by bcl-xshort. We therefore examined the ratio
between the two forms of bcl-x transcript by PCR
amplification of bcl-x cDNA with a pair of bcl-x-
specific primers. As shown in Figure 3 and
Table 1, the ratio between the anti-apoptotic bcl-
xlong and the pro-apoptotic bcl-xshort is higher
in cells from the chemoresistant subtypes than in
cells from the chemosensitive subtypes. Bcl-
xlong has been demonstrated to be able to confer
resistance to a variety of cytotoxic drugs includ-
ing cisplatin, etoposide, vincristine, and hygro-
mycin B (29,30). We also noted that bcl-xlong
appeared to be the single most abundant BCL-2
family member in the K562 cell line which is
known to be resistant to many chemotherapeutic
agents (Fig. 2).

Our strategy of amplifying all cDNA-contain-
ing regions homologous to BH1 and BH2 do-
mains offered an opportunity to test for the pres-
ence of or to isolate clones for new BCL-2 family
members from AML cells. The clones shown in
Figure 2 as "others" may include such members.
Sequence analysis revealed that some of the
clones seemed to come from less specific priming
during PCR. The remaining clones represent cD-
NAs with previously unidentified functions.
Their membership in the BCL-2 family and their
involvement in the modulation of apoptosis will
be determined in further analysis.

In summary, we studied the expression pro-
files of BCL-2 family members in AML cells from
different cytogenetic and prognostic subgroups.
Previous studies usually focused on the expres-
sion of individual members without looking at all
members in one study. The results of our analysis
suggest that an association exists between the
ratio of anti-apoptotic to pro-apoptotic members
of the BCL-2 gene family and the chemoresis-
tance of AML cells. These observations may ul-
timately lead to molecular interventions in AML
that are designed to sensitize the cells to chemo-
therapy.
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