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Patients with chronic myelogenous leukemia have a
1(9;22)(q34;q11.2) or variant translocation that results
in a BCR-ABL fusion gene. BCR-ABL detection by quan-
titative reverse transcriptase-polymerase chain reac-
tion (RT-PCR) is the standard practice for monitoring
residual disease in patients with chronic myeloge-
nous leukemia who receive tyrosine kinase inhibitor
therapies. In this study, we describe a patient who
tested positive for the BCR-ABL translocation by fluo-
rescence in situ hybridization and cytogenetic analy-
sis but tested negative by qRT-PCR molecular analysis
at the time of diagnosis. Further PCR analysis and
DNA sequencing with alternative primer sets demon-
strated the presence of an el14a3 (also known as b3a3)
BCR-ABL fusion. The e14a3 fusion is rare, but may be
underreported as a result of many commercially
available and laboratory-developed primer sets that
fail to detect breakpoints in the ABL gene that are
downstream of intron 1. For this patient, if the
qRT-PCR assay had been used to monitor disease
response/progression after treatment and not in
conjunction with fluorescence in situ hybridization
or cytogenetics at the time of diagnosis, the nega-
tive result would have been misinterpreted as mo-
lecular remission. (J Mol Diagn 2009, 11:359-363; DOI:
10.2353/jmoldx.2009.090008)

Chronic myelogenous leukemia (CML) is the first human
cancer causally linked to a specific chromosomal abnor-

mality, the Philadelphia chromosome (Ph), which is a
product of a reciprocal translocation between chromo-
some 9 and 22 [t(9;22)(g34;q11.2)]. This particular trans-
location results in the BCR-ABL gene fusion that was
subsequently shown to have transforming activity due to
the deregulated tyrosine kinase activity of ABL." In CML,
>95% of the breakpoints involve the M-bcr region con-
sisting of BCR introns downstream of either exon 13 (e13,
previously known as b2) or 14 (e14, previously known as
b3) and introns upstream of ABL exon 2 (a2). These
BCR-ABL e13a2 and e14a2 fusions result in a 210-kd
fusion protein.? There are two less common breakpoints
in the intronic region between the alternative BCR exon 2
known as m-bcr, and between BCR exons 19 and 20,
known as u-bcr, which encode a 190-kd (e1a2) and
230-kd fusion protein (e19a2), respectively.®>* Rare atyp-
ical breakpoints have also been sporadically reported
and can be grouped into four categories: BCR break-
points originating within introns that lie outside M-bcr,
m-bcr, or u-ber fused to ABL a2; BCR breakpoints occur-
ring within exons fused to ABL a2; typical BCR break-
points (M-bcr, m-bcr, or w-bcr) fused to ABL breakpoints
located downstream of a2; and transcripts containing
intervening sequences between BCR and ABL a2.®
There are multiple methods for detecting the BCR-ABL
translocation including cytogenetics, Southern blot, fluo-
rescence in situ hybridization (FISH), and reverse tran-
scription polymerase chain reaction (RT-PCR) (including
quantitative gRT-PCR). Each method has advantages
and disadvantages. Cytogenetics, Southern blot, and
some FISH-based assays should be able to detect es-
sentially all BCR-ABL translocations regardless of the
breakpoints, while RT-PCR assays are limited in the
breakpoints detected based on the location of the prim-
ers and probes. However, cytogenetics, Southern blot,
and FISH all have limits of detection of approximately
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1-5%, while gRT-PCR assays can detect down to 0.01%
or fewer malignant cells. Thus gRT-PCR is the standard
test for minimal residual disease monitoring of patients
receiving tyrosine kinase inhibitor therapy according to
the 2009 National Comprehensive Cancer Network clini-
cal practice guidelines for CML.®

Here we report a case of CML with an e14a3 fusion
transcript that showed a positive BCR-ABL FISH result
but had a negative result by gRT-PCR. We review the
frequency and known biology of this rare fusion and also
review the ability of commercially available BCR-ABL
gRT-PCR assays to detect this fusion product.

Materials and Methods

Metaphase Cytogenetics and Fluorescence in
Situ Hybridization

Bone marrow cells were cultured according to standard
cytogenetic laboratory protocols. Twenty G-banded met-
aphases were evaluated and two karyotypes prepared.
FISH was performed following the manufacturer’s recom-
mended protocol. LSI BCR/ABL dual color, dual fusion
translocation probe set (Abbott Molecular Inc., Des
Plaines, IL) was used to identify BCR-ABL fusion genes.
This probe set hybridizes to chromosome 22g11.2 (BCR-
SpectrumGreen) and to chromosome 9934 (ABL-Spec-
trumQOrange). A normal cell should show two separate
sets of orange and green signals (202G), while a cell
containing reciprocal t(9;22) shows individual orange
and green signals from the normal 9 and 22 chromo-
somes and two orange/green fusion signals from the
derivative 9 and 22 chromosomes (101G2F pattern).
Positive and negative controls plus 200 interphase cells
from the patient were analyzed by two independent
scorers.

RNA Isolation and RT-PCR for BCR-ABL
Transcript Detection

Total RNA was isolated from patient samples (peripheral
blood and bone marrow) using the QlAamp RNA Mini
blood kit (Qiagen Inc., Valencia, CA). Isolated RNA was
quantified by spectrophotometric analysis at 260 nm and
280 nm.

Routine BCR-ABL transcript detection was performed
using the BCR-ABL Mbcr/ABL FusionQuant kit (Ipsogen,
New Haven, CT), which amplifies BCR-ABL and ABL in
two independent reactions. The one-step RT-PCR reac-
tions consisted of 300 ng of RNA, primer/probe mix
(Ipsogen), QuantiTect Probe RT-PCR Master Mix, and
QuantiTect RT Mix (Qiagen Inc.). Patient samples, BCR-
ABL standards (3), ABL standards (3), and RNA controls
(3) were all run in duplicate reactions. Reactions were
thermal cycled using the 7900 TagMan (Applied Biosys-
tems, Foster City, CA) as follows: 50°C for 30 minutes,
95°C for 15 minutes, followed by 50 cycles of 94°C for 15
seconds and 60°C for 1 minute. At completion of run, the

data were analyzed and results were reported as the num-
ber of BCR-ABL transcripts per 1000 ABL transcripts.

cDNA synthesis was performed using 1 ug of RNA
isolated from the bone marrow specimen and the Super-
Script lll First Strand synthesis kit (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol. PCR reac-
tions contained 1X PCR buffer (Applied Biosystems), 25
nmol dNTPs (Applied Biosystems), 250 pmol forward
primer (e1 or e12), and 250 pmol a3 reverse primer
(Operon Biotechnologies Inc., Huntsville, AL), 1.5 units of
AmpliTag Gold polymerase (Applied Biosystems), and 5 ul
of ¢cDNA in a 50-ul reaction volume. Primer sequences®
were el forward primer (5'-TGGAGGAGGTGGGCATC-
TAC-3'), el12 forward primer (5’-GCAGAGTGGAGG-
GAGAACAT-3'), and a3 reverse primer (5'-GCTTCACAC-
CATTCCCCATT-3"). PCR amplification was performed
using the ABI9700 according to the following: 94°C for 2
minutes, three cycles of 94°C for 30 seconds, 64°C for 30
seconds, and 70°C for 30 seconds, followed by three cy-
cles with annealing temperature decreased to 61°C, an-
other three cycles with annealing temperature decreased to
58°C, then 35 cycles of 94°C for 30 seconds, 57°C for 30
seconds, and 70°C for 30 seconds, and final extension at
70°C for 5 minutes. PCR products were separated by 1%
agarose gel electrophoresis and visualized under ultraviolet
light after staining with ethidium bromide.

Direct Sequencing

PCR products were purified using QiaQuick reagents
(Qiagen) and were cycle sequenced using Big Dye v3.1
reagents (Applied Biosystems) and the forward and re-
verse PCR primers according to the manufacturer’s pro-
tocol. Sequencing products were purified with CleanSEQ
sequencing purification system (Agencourt Bioscience
Corp., Beverly, MA) and automated sequencing performed
by capillary electrophoresis on an ABI3700 (Applied Bio-
systems). Sequences were aligned and examined using
Sequencher software (Gene Codes Corp., Inc.).

Case Report

The 81-year-old patient was originally referred for consul-
tation due to a persistently elevated white blood cell
count (WBC). The patient reported that he had been
followed closely over the past several years due to nu-
merous medical problems including chronic obstructive
pulmonary disease, hypertension, congestive heart fail-
ure, chronic atrial fibrillation, and insulin-resistant diabe-
tes. Routine blood testing discovered an elevated WBC
of 28,000/mm?® without evidence of anemia or thrombo-
cytopenia. His peripheral blood differential was left
shifted but showed no peripheral blasts. His red cell
indices were unremarkable. His counts were repeated
and showed a similar elevation in his WBC with notable
left shift. He was referred to a hematologist who pursued
a work up for suspected myeloproliferative disease, spe-
cifically directed toward a diagnosis of CML. An initial
peripheral blood smear was reviewed and found without
evidence of acute leukemia or dysplasia. Blood was sent
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to evaluate for evidence of the Philadelphia chromosome
(Ph) by FISH and for the BCR-ABL gene rearrangement
by gRT-PCR and both tests were reported as negative. At
that time, the patient underwent a bone marrow aspirate
and biopsy, which remained consistent with a myelopro-
liferative disorder showing a hypercellular marrow with a
marked myeloid predominance. There was no evidence
of increased blasts in the marrow, however the myeloid
series was left shifted. The outside hematological pathol-
ogy report once again raised the question of CML, but
noted the limits of their ability to confirm the diagnosis
without chromosome or other evidence of the Ph chro-
mosome. At this point, the patient was referred to the
Johns Hopkins Sidney Kimmel Cancer Center for a sec-
ond opinion regarding the diagnosis of a Ph chromosome
negative myeloproliferative disorder.

Results and Discussion

After a complete history, physical, and review of the
patient’'s outside records and report, the diagnosis re-
mained unclear, yet concerning for CML. A repeat bone
marrow aspiration and biopsy with complete morpholog-
ical, cytogenetic, and molecular testing was ordered.
Bone marrow biopsy showed a markedly hypercellular
marrow with myeloid predominance and left shifted gran-
ulopoiesis showing complete maturation. Karyotype anal-
ysis revealed 46, XY, 1(9;22)(g34;q11.2) [20/20] (Figure
1A). FISH confirmed the presence of the BCR-ABL trans-
location with 92% of cells reporting positive for the trans-
location with the typical pattern of 101G2F (Figure 1B). A
peripheral blood specimen with a white blood cell count
of approximately 40,000/mm?® also demonstrated 90%
BCR-ABL FISH positivity. It is unclear why the outside
BCR-ABL FISH results were reported as negative, and we
are unable to investigate this any further. Consistent with
the outside results, but in contrast to our FISH results, the
initial and repeat gRT-PCR results for both the peripheral
blood and bone marrow samples were negative, despite
robust amplification of a control gene (ABL).
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Figure 1. Summary of cytogenetic and molecular
studies. A: G-banded karyotype. The t(9;22) is in-
dicated by arrows. B: FISH analysis using LSI BCR/
ABL dual fusion FISH probes BCR (22q11, Spec-
trumGreen) and ABL (9934, SpectrumOrange).
ThelO1G2F pattern is typical of a reciprocal t(9;22).
The two fusions are indicated with arrows. C:
Schematic of the common M-bcr BCR-ABL fusion
transcripts (e13a2 and el4a2) and the rare el4a3
transcript. The arrows indicate the position of the
primers in the Ipsogen and Cepheid assays. D: DNA
sequencing of the el4a3 fusion transcript identified
in our patient.
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Our clinical laboratory currently uses a commercially
available assay (Mbcr/ABL FusionQuan kit, Ipsogen) for
BCR-ABL gRT-PCR. This assay uses primers in exon 13
(e13) of the BCR gene and exon 2 (a2) of the ABL gene
to detect e13a2 and e14a2 fusion transcripts (Figure 1C).
To identify the BCR-ABL breakpoint in this patient, we
performed RT-PCR using additional primer sets including
forward primers in BCR exon1 (e1), BCR exoni2 (e12),
and a reverse primer in ABL exon3 (a3). These primer
sets cover most of the previously reported uncommon
breakpoints.” The touchdown PCR reaction successfully
amplified a 272-bp PCR product with the e12 and a3
primer pair, which suggested an e14a3 fusion (data not
shown). Cycle sequencing of the 272 bp PCR confirmed
the e14a3 fusion mRNA sequence, indicating that the
ABL breakpoint was in intron 2 (Figure 1D). Although our
routine gRT-PCR assay was unable to detect this rare
fusion, FISH was able to detect this translocation and
would detect other uncommon breakpoints because of
the large size of the probes used. The LSI BCR/ABL duall
color, dual fusion translocation probe set (Abbott Molec-
ular Inc) covers the entire ABL and upstream ASS genes,
spanning a genomic target of 650 kb, and the entire BCR
gene as well as its upstream and downstream genomic
regions spanning 1.5 Mb. Hence, these probes should
be able to detect all BCR-ABL rearrangements, including
cases with deletions around the breakpoints on the de-
rivative 9, which can result in an apparently normal
karyotype.®

BCR-ABL fusion transcripts with intronic breakpoints
downstream of ABL a2, therefore lacking ABL exon 2, are
rare, with a theoretically predicted incidence of 0.3%
assuming that the breakpoints in ABL are equally distrib-
uted.® So far only five cases of CML with e1a3, 10 cases
of e13a3, and five cases of e14a3 BCR-ABL transcripts
have been reported.’®"" These rare transcripts are also
found in acute lymphocytic leukemia, with six cases re-
ported previously.'" These uncommon transcripts may
be under-reported, since RT-PCR-based assays may fail
to detect these fusions due to the location of the primers
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and probes used.'® '3 In our clinical experience, we have
processed specimens from approximately 450 individu-
als with CML in the last 4 years. This is the first case in
which we have failed to identify BCR-ABL transcripts with
the Mbcr/ABL FusionQuant gRT-PCR assay in a speci-
men that was >90% positive for BCR-ABL fusion by FISH.

Biologically, BCR-ABL a3 type transcripts lack part of
the ABL SH3 domain, which is present in the typical
BCR-ABL a2 fusion transcripts. The ABL SH3 domain is
believed to contribute to leukemogenesis by negatively
regulating the kinase domain (SH1) and activating STAT5
signaling.’®'® Thus it is possible that CML with BCR-ABL
a3 fusion transcripts might have a different clinical man-
ifestation compared with CML with the common BCR-
ABL a2 fusion transcripts. The BCR-ABL a3 breakpoint
does not alter the sequence coding for the ATP/imatinib
binding domain, but alterations in tertiary structure com-
pared with a typical a2 fusion could affect drug response.
The clinical outcomes specific to CML patients with BCR-
ABL a3 fusions are difficult to define because of the
limited number of cases reported. Three reported cases
appeared to respond well to treatment with Gleevec (ima-
tinib) and had a rather typical clinical progression.’* Our
patient also appeared to have a good response to, al-
though poor tolerance of, treatment with Gleevec. He was
treated with Gleevec for a total of 30 days (20 days at 400
mg/day followed by 10 days at 300 mg/day). A follow-up
BCR-ABL FISH analysis demonstrated a markedly re-
duced BCR-ABL fusion rate of 33.5%, indicating a partial
cytogenetic response.'® Molecular response could not
be assessed due to the persistently negative gRT-PCR
results. The patient later went on Sprycel (dasatinib) at 20
mg a day for 2 months and, due to poor tolerance, was
eventually changed to Hydrea (hydroxyurea). Certainly
more reports on this rare transcript are needed to estab-
lish its clinical importance, if any.

While FISH and cytogenetics are good methods for
identifying the BCR-ABL translocation in patients with
CML, gRT-PCR is the standard test for minimum residual
disease monitoring of CML patients receiving tyrosine
kinase inhibitor therapy. Used in combination, the dis-
crepancy between the results of the two methods was
easily identified. However, if only the gRT-PCR assay had
been used to monitor disease response/progression after
treatment, and not used in conjunction with FISH or cy-
togenetics at the time of diagnosis, the negative result
would have been misinterpreted as molecular remission.
To address this problem, some clinical laboratories have
developed their own multiplex RT-PCR assays for clinical
detection of rare BCR-ABL transcripts.”'3

According to the March 2008 College of American
Pathology BCR-ABL minimal residual disease (MRD) pro-
ficiency test report, approximately 45% of the 82 partic-
ipating clinical laboratories reported using commercially
designed primers and probes for BCR-ABL gRT-PCR. Of
these laboratories, the reagents available from Roche
(Indianapolis, IN) were the most common (approximately
39%), followed by reagents from Ipsogen (New Haven,
CT) (25%), and Cepheid (Sunnyvale, CA) and Applied
Biosystems (Foster City, CA) (14% each).'” Each of these
assays uses a slightly different technical approach to

BCR-ABL detection. Both the Cepheid and Ipsogen as-
says use primer sets located in exon 13 of BCR and exon
2 of ABL, which allow for the detection of the common
e13a2 and e14a2 translocations (M-bcr, p210) but fail to
amplify the rare variants lacking ABL exon 2 (BCR-ABL
a3 type transcripts) (Figure 1C). The Roche assay also
uses a forward primer in exon 13 of BCR, but uses a
reverse primer in exon 4 of ABL, allowing for detection of
these rare ABL a3 breakpoints. Applied Biosystems of-
fers several different BCR-ABL assays, some of which
would detect ABL a3 transcripts.

In summary, CML with a BCR-ABL a3 fusion is a rare
and challenging entity. This breakpoint can lead to neg-
ative gRT-PCR results, which could be erroneously inter-
preted. Adhering to the current National Comprehensive
Cancer Network practice guidelines (v2.2009), which
recommends cytogenetics, FISH, and gRT-PCR as part
of the initial workup for chronic phase adult CML, should
avoid this problem. Although somewhat redundant, each
assay can provide unique information. As mentioned,
FISH and standard cytogenetics will identify uncommon
BCR-ABL translocations that may be missed by gRT-
PCR. Karyotyping will identify other cytogenetic abnor-
malities that may have prognostic significance. gRT-PCR
allows for the specific breakpoint to be identified and also
provides a baseline for reporting log reduction values for
subsequent specimens. Once a complete cytogenetic
response has been obtained, the National Comprehen-
sive Cancer Network guidelines recommend gRT-PCR
every 3 to 6 months, which unfortunately for patients with
rare breakpoints may not be useful. Additional studies
are needed to clarify natural incidence and unique clini-
cal manifestations of this uncommon BCR-ABL fusion in
patients with CML.
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