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RESUMEN -

ABSTRACT *

La diversidad clinica y biolégica de los cdnceres
hematolégicos depende principalmente del origen
celular sanguineo y la etapa de diferenciacién on-
togénica, pero estos cambios son sélo la expresién
de profundas alteraciones genéticas y moleculares
produciendo un panorama muy complejo de per-
files distintivos clinicos, bioquimicos, morfolégicos,
cromosémicos y moleculares. Ahora, podemos re-
definir algunos cdnceres hematoldgicos dependien-
do de marcas especificas moleculares y genéticas,
pero la mayor parte de las enfermedades malig-
nas hematoldgicas aun requieren los métodos mas
tradicionales como la biometria hemdtica, la revi-
sién morfolégica y la citometria, en conjunto con
el uso juicioso de técnicas mas sofisticadas. Este
trabajo revisard los métodos mas usados en el es-
tudio diagnéstico y seguimiento de los principales
problemas hemato-oncoldgicos.

HE CLINICAL and biological diversity

among hematological cancers depends

mainly on the cellular origin and stage

of their ontogenic differentiation; those
changes represent the expression of profound
genetic and molecular disturbances becoming
a very complex landscape of clinical, biochemi-
cal, morphologic, chromosomal and molecular
distinctive profiles. Now we can redefine some
hematological cancers depending on specific mo-
lecular or genetic imprints, but most malignant
hematological diseases still deserve the tradition-
al and useful complete blood count, morpho-
logical review and cytometry, together with the
judiciously use of more sophisticated techniques.
This work will review the methods used in the
work-up for the diagnosis and monitoring of he-
matological malignant diseases.
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INTRODUCTION °

The Malignant Hematological Disease

The diagnosis and monitoring of hematologic can-
cers is a hallmark of biomedical sciences mainly by
the complete expression of the disease at all levels
such as molecular, genetic, epigenetic, proteomic,
cell and tissue compartments, as well the disease
implication on tissular, organic and systemic levels.
This implies the use of laboratory tools to charac-
terize the disease, diagnosing and monitorizing it.
Moreover, the many stages of normal hematopoi-
etic differentiation and the disruption of normal
growth, differentiation and apoptosis, give rise to
a number of biologically and clinically distinct can-
cers, currently revisited by World Health Organi-
zation with proposals and recategorizing systems
(1,2). Most new classifications systems now in-
clude very refined and sophisticated methods, be-
coming a necessity for the clinician to understand
the most important laboratory techniques as well
as their prognostic and treatment implications.

During the last 20 years, the diagnosis of hema-
tologic cancers emerged from cytomorphology
(and histopathology) alone to a comprehensive
bundle of different methods that are necessary
not only for the diagnosis and classification but
also for individual treatment decisions. For ex-
ample, for acute leukemia diagnosis, there are
some algorithms that combine cytomorphology
and cytochemistry with immunophenotyping
accompanied by cytogenetics and molecular ge-
netic methods that deserve to be established in
the laboratory setting (3,4). Since methods, not
only add important information for diagnosis, but
also define markers for minimal residual disease
(MRD) studies, this has to be considered at the
first point of any analysis in every single patient.
Furthermore, diagnostic results are equivalent to
the most important prognostic parameters help-
ing the clinician to take decisions (5).

So, the biological and clinical diversity of hema-
tologic cancers implies the use of a diversity of
techniques. As new techniques have been estab-

lished within the last decade, and were brought
to routine use, it seems necessary to define a
comprehensive global approach in the diagno-
sis of hematologic cancers. This could include a
step-wise procedure in the lab flow in order to
save time and money without loosing important
and detailed information, this procedure must be
validated by each laboratory and institution.

After introducing the different techniques in the
diagnosis and their respective results, this paper
will review the most relevant techniques in the he-
mato-oncology diagnosis and monitoring, a labo-
ratory work-up will also be suggested, it includes a
comprehensive diagnosis that can be the basis for
classification, therapeutic decisions, MRD studies,
leading to prognostic markers and being cost ef-
fective if applied in a step-wise workflow.

BLOOD SMEAR *

An examination of the blood smear (or film) may
be requested by physicians or initiated by labora-
tory staff. With the development of sophisticated
automated blood-cell analyzers, the proportion of
blood-count samples that require a blood smear
has steadily diminished and in many clinical settings
is now 10 to 15 percent or less, this is true mainly
in general medicine practice, but the proportion
could rise in some special situations such as in the
oncology setting. Nevertheless, the blood smear
remains a crucial diagnostic aid (6).

For maximal information to be derived from
a blood smear, the examination should be per-
formed by a skilled person, either a laboratory sci-
entist or a medically qualified hematologist or pa-
thologist. In Europe, only laboratory-trained staff
members generally “read” a blood smear, where-
as in the United States, physicians have often done
this (7). In Mexico, hematologists as well clinical
pathologists are commonly well trained and are
currently reviewing blood smears and also bone
marrow smears.
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In comparison with the procedure for an auto-
mated blood count, the examination of a blood
smear is labor-intensive and therefore relatively
expensive and must be used judiciously.

A physician-initiated request for a blood smear is
usually a response to perceived clinical features or
to an abnormality shown in a previous complete
blood count. A laboratory initiated request for a
blood smear is usually the result of an abnormal-
ity in the complete blood count or a response to
“flags” produced by an automated instrument.

Less often, it is a response to clinical details giv-
en with the request for a complete blood count
when the physician has not specifically requested
examination of a smear. For example, a laboratory
might have a policy of always examining a blood
smear if the clinical details indicate lymphadenopa-
thy or splenomegaly. The International Society for
Laboratory Hematology has published consensus
criteria (available at www.islh.org) for the labora-
tory-initiated review of blood smears on the basis
of the results of the automated blood count. The
indications for smear review differ according to the
age and sex of the patient, whether the request is
an initial or a subsequent one, and whether there
has been a clinically significant change from a pre-
vious validated result (referred to as a failed delta
check). All laboratories should have a protocol for
the examination of a laboratory-initiated blood
smear, which can reasonably be based on the cri-
teria of the International Society for Laboratory
Hematology. Regulatory groups should permit
the examination of a blood smear when such pro-
tocols indicate that it is necessary (6,7). The Na-
tional Cancer Institute of Mexico has the policy to
review all blood smears as requested by the physi-
cian and also the smears with profound cytopenias
or leukocytosis and thrombocytosis.

Blood smears must always be examined in case
of unexplained leukocytosis, lymphocytosis, or
monocytosis or if the flagging system of an au-
tomated instrument suggests the presence of
blast cells. Depending on the instrument and the
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practice of the local laboratory, a flag for atypi-
cal or variant lymphocytes may also be an indica-
tion for examination of a blood smear, since this
flag is sometimes indicative of the presence of
blast cells. Low rather than high counts likewise
are an indication for a smear, since they may
be indicative of aplastic anemia, acute leukemia,
hairy-cell leukemia, or infiltration of non-hema-
topoietic malignant cells into the bone marrow.
The role of blood smear in the diagnosis of leu-
kemia and lymphoma is to suggest a likely diag-
nosis or range of diagnoses, to indicate which
additional tests should be performed, and to
provide a morphologic context without which
immunophenotyping and other sophisticated in-
vestigations cannot be interpreted.

For two conditions, Burkitt’s lymphoma and
acute promyelocytic leukemia, a blood smear is
of particular importance because it facilitates rap-
id diagnosis and specific treatment (8) (Fig.1).

Sometimes the blood smear provides the pri-
mary or the only evidence of a specific diagno-
sis, such as myelodysplastic syndrome, leukemia,
lymphoma, or hemolytic anemia. It is important,
if possible, to store blood smears for long time

FIGURE 1+

Promyelocyte with a characteristic Auer rod in blood
smear from a patient with Acute promyelocitic leukemia.
The arrow shows the Auer rod (100X)
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period, just as a tissue that provides a histological
diagnosis. In the practice, such storage is easily
achieved if a patient has also had a bone marrow
aspirate (since a blood smear should always be
kept in this case), but it is harder to achieve if the
blood smear alone has provided the diagnosis.
Individual laboratories should have a mechanism
to make possible the retention of blood smear
as part of the medical record, smears themselves
or an image derived from them. Some laborato-
ries retain all smears that have been reviewed by
hematologists or pathologists; this can create a
storage problem, and it is likely that digital imag-
es of important abnormal smears will be stored.

The convenient and inexpensive capture and
storage of relevant macroscopic and microscop-
ic digital images for patient care is increasingly
popular, especially with the present emphasis on
quality assurance and rapid, accurate medical di-
agnosis. In this regard, high-resolution digital pho-
tography is essential for remote consultation and
diagnosis by telepathology, and may provide new
avenues for computer-assisted diagnosis (7)

BONE MARROW EXAMINATION ¢

Peripheral blood examination and other routine
laboratory assays do not always provide enough in-
formation for the diagnosis of hematologic disease.
In some patients direct microscopic examination of
the bone marrow is required for confirmation of
a suspected clinical diagnosis or monitoring the
course of medical therapy. Occasional patients also
require bone marrow collection for special studies,
such as cytogenetic analysis, flow cytometry, mo-
lecular studies, or microbiologic cultures (9).

A bone marrow examination is a critical part of
the evaluation of patients with a variety of he-
matopoietic and non-hematopoietic diseases. It
is performed for diagnostic purposes in patients
with splenomegaly, dysproteinemia, suspected
lysosomal storage disease, an unexplained defi-
ciency or excess of peripheral blood leukocytes
or platelets, or the presence of immature or mor-

FIGURE 2+

Myeloblasts. This image shows several myeloblasts, typical
from M2 with clear nucleolus (100X)

phologically atypical cells in the peripheral blood
(Fig. 2). Anemic patients are seldom subject to
bone marrow examinations unless the cause is
not apparent after a variety of other laboratory
assays have been performed, or the disease does
not respond to appropriate therapy.

The bone marrow examination may also be re-
quested to obtain material for microbiologic cul-
ture in patients with unexplained fever (“fever of
unknown origin”), HIV infection and AIDS, or
other diseases, and to search for infectious organ-
isms, neoplasms, granulomatous disease, or other
lesions in these patients. Bone marrow examina-
tion is also part of the staging process for newly di-
agnosed patients with lymphoproliferative diseases
and certain non-hematopoietic malignancies such
as neuroblastoma and other childhood tumors (8).
Examination of the bone marrow is performed
to determine the extent of marrow damage in
patients exposed to radiation, drugs, chemicals,
and other myelotoxic agents. Moreover, marrow
evaluation is essential to determine the efficacy of
treatment and to monitor the recovery process in
patients undergoing bone marrow transplantation
or marrow-ablative chemotherapy.

There are relatively few contraindications for the
bone marrow procedure. Acquired or congeni-
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tal coagulation factor deficiencies and other co-
agulation abnormalities are considered contrain-
dications by some physicians. Factor replacement
therapy prior to bone marrow examination and
hospital observation for 24 hours after the proce-
dure may be indicated in these patients. Patients
receiving anticoagulants should have prothrombin
time (PT) or activated partial thromboplastin time
(aPTT) values within the therapeutic range for
warfarin or heparin. Isolated thrombocytopenia
is not a contraindication to the bone marrow ex-
amination if the procedure is properly performed
and technical difficulties are not encountered.
Other contraindications include infection or previ-
ous radiation therapy at the sample site and poor
patient cooperation. Sternal bone marrow aspira-
tion is completely contraindicated in patients with
diseases associated with bone resorption, includ-
ing multiple myeloma. Also, trephine biopsy will
never be performed in the sternum (9).

The bone marrow aspirate and biopsy are criti-
cal specimens for the diagnosis and monitoring
of hematologic diseases. The posterior iliac crests
are the preferred sites to obtain bone marrow for
diagnostic purposes, since the pelvic bone has a
large volume of bone marrow, there are no vital
organs in close proximity, and most patients are
more comfortable in the lateral decubitus posi-
tion. During bone marrow examination, liquid
bone marrow is aspirated from the bone marrow
cavity with a syringe, and a solid core of bone
marrow is obtained with a special needle.

Smears are prepared from the aspirated material
and stained by the Wright-Giemsa technique for
the evaluation of bone marrow cell morphology,
while the bone marrow core is fixed, sectioned
on microscope slides, and stained with the he-
matoxylin-and-eosin (‘““H&E’”) technique for as-
sessment of cellularity and the presence of focal
lesions such as malignant lymphoma, metastatic
carcinoma, and granulomata. In some patients,
aspirated bone marrow is also used for special
procedures, including flow cytometric immuno-
phenotypic analysis and cytogenetic analysis.

The bone marrow aspirate smears can also be
stained by cytochemical or immunohistochem-
ical techniques, while immunohistochemical or
other special stains are often performed on
the bone marrow biopsy.

Most patients tolerate the procedure well if ad-
equate local anesthesia is performed by inject-
ing lidocaine solution into the skin and over the
periosteum of the procurement site. However,
some patients require pre-medication to reduce
anxiety over the procedure. Complications of the
procedure are extremely rare if this is performed
properly and the patient possesses an adequate
hemostatic system. Bleeding, with the develop-
ment of a subcutaneous hematoma, is the most
common complication, usually in a patient with
an unrecognized coagulopathy. Osteomyelitis,
retroperitoneal hemorrhage, and other compli-
cations have been rarely reported. The recent
development of bone marrow biopsy needles
with internal snares to capture the bone marrow
core is expected to reduce the discomfort of the
procedure and increase specimen adequacy (9).

Again, as well as blood smear was outlined, the
interpretation of bone marrow morphology re-
quires a very trained staff, hematologist and pa-
thologist reviewing the slides but is important to
ensure quality control from the sample proce-
dure, the staining quality and assure the diagno-
sis with different observers and case-discussion
rounds in order to correlate not only the bone
marrow morphology results, but also with the
clinical picture and other laboratory results.

IMMUNOPHENOTYPING *

Starting from peripheral blood smears, bone
marrow cytomorphology, histopathology review
of biopsies (lymph nodes and other tissues), cy-
tochemical tests and immunohistochemical panel,
for some malignancies it is mandatory to further
perform multiparameter flow cytometry (MFC),
and metaphase cytogenetics in every case, in
which some markers are well described. The lat-
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ter has to be accompanied by FISH and also by
PCR analysis or even screening for specific mo-
lecular markers. For some diseases, MFC is a very
useful and informative tool, like in AML where it
leads to very important information about sub-
types, as well as in ALL for classification and strat-
ification to adapted therapy (3,4,8,10).

Flow cytometry is a technique of quantitative
single cell analysis. The flow cytometer was de-
veloped in the 1970’s and rapidly became an
essential instrument for the biologic sciences.
Spurred by the HIV pandemic and a plethora of
discoveries in hematology, specialized flow cy-
tometers for use in the clinical laboratory were
developed by several manufacturers. The major
clinical application of flow cytometry is diagnosis
of hematologic malignancy, but a wide variety of
other applications exist, such as reticulocyte enu-
meration and cell function analysis.

The technique of analyzing individual cells in a
fluidic channel was first described by Wallace
Coulter in the 1950’s, and applied to automated
blood cell counting. Subsequent developments in
the fields of computer science, laser technology,
monoclonal antibody production, cytochemistry,
and fluorochrome chemistry led to the develop-
ment of the flow cytometer two decades later.
Because the first commercial flow cytometers
were large, complex, expensive, and difficult to
operate and expensive to maintain, they were
primarily used in the research laboratory.

However, the enormous value of the flow cy-
tometer in the medical and biologic sciences
was quickly appreciated, and its cost and com-
plexity gradually decreased as its analytic ca-
pability increased. The present “state-of-the
art” flow cytometers are capable of analyzing
up to 13 parameters (forward scatter, side
scatter, 11 colors of immunofluorescence)
per cell at rates up to 100,000 cells per sec-
ond. Automation and robotics is increasingly
being applied to flow cytometry to reduce
analytic cost and improve efficiency (8,10).

Prepared single cell or particle suspensions are
necessary for flow cytometric analysis. Various im-
munoflurescent dyes or antibodies can be attached
to the antigen or protein of interest. The suspen-
sion of cells or particles is aspirated into a flow cell
where, surrounded by a narrow fluid stream, they
pass one at a time through a focused laser beam.
The light is either scattered or absorbed when it
strikes a cell. Absorbed light of the appropriate
wavelength may be re-emitted as fluorescence if
the cell contains a naturally fluorescent substance
or one or more fluorochrome-labeled antibodies
are attached to surface or internal cell structures.
Light scatter is dependent on the internal structure
of the cell and its size and shape. Fluorescent sub-
stances absorb light of an appropriate wavelength
and re-emit light of a different wavelength. Fluores-
cein isothiocyanate (FITC), Texas red, and phycoer-
ythrin (PE) are the most common fluorescent dyes
used in the biomedical sciences. Light and /or fluo-
rescence scatter signals are detected by a series of
photodiodes and amplified. Optical filters are es-
sential to block unwanted light and permit light of
the desired wavelength to reach the photodetec-
tor. The resulting electrical pulses are digitized, and
the data is stored, analyzed, and displayed through
a computer system. The end result is quantitative
information about every cell analyzed. Since large
numbers of cells are analyzed in a short period of
time (>1,000/sec), statistically valid information
about cell populations is quickly obtained.

The identification and quantitation of cellular antigens
with fluorochrome-labeled monoclonal antibodies
(“immunophenotyping”) is one of the most impor-
tant applications of the flow cytometer. Immunophe-
notypic analysis is critical to the initial diagnosis and
classification of the acute leukemias, chronic lympho-
proliferative diseases, and malignant lymphomas since
treatment strategy often depends upon antigenic pa-
rameters. In addition, immunophenotypic analysis
provides prognostic information not available by oth-
er techniques, provides a sensitive means to monitor
the progress of patients after chemotherapy or bone
marrow transplantation, and often permits the de-
tection of minimal residual disease. Flow cytometric
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analysis of apoptosis, multidrug resistance, leukemia-
specific chimeric proteins, cytokine receptors and
other parameters may provide additional diagnostic
or prognostic information in the near future (10).

A wide variety of monoclonal antibodies against
cellular an-tigens are available for the immunophe-
notypic analysis of hematological malignancies In
order to establish a B- or T—cell clonality, a panel of
antibodies is used. A pan-B-cell panel would include
CD19, CD20, and CD22 and a pan-T-cell panel
would include CD2, CD3, CD4 and /or CD7, while
additional antibody panels might be necessary to es-
tablish the presence of a specific [ymphoproliferative
disorder. Monoclonal antibodies against leukocyte
common antigen (CD45) are of-ten included in the
panel to differentiate hematological malig-nancies
from other neoplasms and to detect populations of
blast cells, since almost all leukemic cell populations
exhibit decreased (dim) CD45 expression com-
pared to normal leuko-cytes. The CD34 and HLA-
DR antigens are markers for hema-topoietic stem
cells used for the diagnosis of acute leukemia and
quality assurance in bone marrow transplantation.
Most of the remaining leukocyte surface antigens
are lineage associ-ated, but not specific to a single
lineage or stage of cellular maturation (3,4).

Flow cytometry is used as a simple, rapid method
for detection of minimal residual disease (MRD),
the persistence of malig-nant cells in the bone
marrow or other tissues of patients with hemato-
logic malignancies after remission at levels below
the limit of detection by conventional morpho-
logic assessment. It is believed that these residual
malignant cells are the source of disease relapse
in many patients, although additional ther-apy to
eradicate very small numbers of residual cells does
not improve survival in all patients. Researchers
are actively evaluating the significance of MDR.

Laboratory techniques for the detection of MDR
must meet four criteria, which include sensitiv-
ity (detection limit of at least 10-3 cells), speci-
ficity (ability to differentiate normal and malig-
nant cells), reproducibility, and applicability (easy

stan-dardization and rapid collection of results).
Morphologic eval-uation, with an overall detection
limit of approximately 5%, is clearly not suitable for
the detection of MDR (8,10,11). However, immun-
ophenotypic analysis, cytogenetics, fluorescence in-
situ hybridization (FISH), Southern blotting, poly-
merase chain reaction (PCR), and other techniques
with detection limits of 10-2 to 10-4 cells have been
applied, as well as the clonogenic assay, which has a
detection limit of <10-4. Flow cytometric analysis is
less sensitive than the polymerase chain technique
for MRD, but it is simple and rapid to perform, pro-
vides quantitative data, and has adequate sensitivity
in many leukemia cases. Flow cytometric analysis
detects the presence of aberrant immunopheno-
typic features that are not characteristic of normal
cell populations in the specimen under study. For
example, the discovery of CD10+, TdT+, or CD34+
cells in the cerebrospinal fluid is diagnostic of MRD,
since im-~mature leukocytes with these markers are
not normally pres-ent in the CSF.

The expression of TdT, cytoplasmic CD3, CD1a,
or the dual phenotype CD4+/CD8+ by bone
marrow cells is diagnostic of residual MRD in
T-ALL, since cells with these phe-notypes are
normally confined to the thymus. The detection
of B-ALL MRD is more difficult, since small num-
bers of immature B-cells are normally present in
the bone marrow. But, the ma-jority of B-ALL
cases have aberrant antigenic features, includ-ing
cross-lineage antigen expression (i.e., TdT, T-cell,
or my=-eloid antigens), asynchronous antigen
expression, or changes in the level of antigen
expression (i.e. “dropped” or overex-pressed
antigens). The search for new markers and tech-
niques of immunophenotypic analysis for MRD is
also underway by several investigators (3).

CONVENTIONAL KARYOTYPING AND
MOLECULAR CYTOGENETICS °

In 50-70% of patients with lymphomas and acute
leukemias and in the vast majority of patients
with chronic leukemias, acquired clonal chromo-
some aberrations can be observed after meta-

e



phase analysis. The cytogenetic results at diagno-
sis provide the most important single parameter
for prognosis so far (3,4). Numerous recurrent
karyotype abnormalities have been described.

These findings in the chromosomal level are fol-
lowed and complemented in some parts by molecu-
lar studies that have identified genes involved in leu-
kemogenesis. Even more, molecular markers, such
as MLL partial tandem duplications (MLL-PTD) or
FLT3 length mutations (FLT3-LM) in AML, or BCR-
ABL in ALL (and CML) were found to characterize
specific subtypes and complete the panel of genetic
markers. The identification of specific chromosom-
al abnormalities or molecular markers and their
correlation to cytomorphologic features as well as
to clinical outcome led to a new understanding of
hematologic cancers as a heterogeneous group of
different biological entities (11,2).

The importance of cytogenetic and molecular ge-
netic findings for the classification and for the under-
standing of pathogenetic mechanisms is increasingly
appreciated in the clinical context and was translated
also into the new WHO dlassification that uses cyto-
genetic abnormalities as a major criterion in most of
the not well describe entities (3,11-13) (Fig. 3).

£ ‘1: k By L o
1 2 3 4
|l':l I-:-'i A 1‘;: " J':- "E " -:' i
& 7 8 9 10 n
&b i as W ax &G
13 i 15 16 17
19 20 21 22 X
FIGURE 3 -

Abnormal Karyogram: Karyotype analysis with G
banding in a patient with progression of chronic
myeloid leukemia. It is easy to distinguish trysomy
of chromosomes 8 and 19, double Philadelphia
chromosome and apparently loss of Y chromosome.

Several genetic testing methods are used in he-
matologic cancers and include Conventional Cy-
togenetics (CC), fluorescent in situ hybridization
(FISH), reverse transcriptase-polymerase chain
reaction (RT-PCR), Southern blots that detect the
BCR/ABL gene fusion at the genomic DNA level,
Western blots that detect the BCR/ABL fusion
protein, and genomic DNA PCR, which amplifies
the fusion gene directly from the genome. CC usu-
ally requires bone marrow aspiration that is an in-
vasive procedure. Other limitations of CC include
sample inadequacy, the presence of associated my-
elofibrosis, dependence on actively dividing cells
(metaphasic cells), which is particularly relevant in
the presence of a myelosuppressive drug therapy
such as IFN-a or alkylants like hydroxyurea, and
suboptimal sensitivity for the purposes of minimal
residual disease (MRD) assessment (1-5%).

It has also been proposed that the culture conditions
used to prepare cells for CC may influence the cell
cycle of Ph-positive cells differently than Ph-negative
cells, resulting in a measured leukemia burden, which
is not truly representative. For these and other
reasons, FISH and RT-PCR are becoming more
popular tests for both the diagnosis and monitoring.
Nevertheless, CCis the mainstay of genetic diagnostic
and is always necessary for panel and workup for
initial diagnosis and follow-up (12-14).

Bone marrow is the tissue of choice when using
conventional G-banded analysis, which enables
a complete picture of the human genome at a
glance (Mark, 2005). At diagnosis, 90-95% of
cases of CML have the characteristic translocation,
t(9;22)(q34;q11.2). Variant Philadelphia transloca-
tions and cryptic rearrangements are also possible
and account for the remaining cases. Secondary
chromosomal abnormalities in CML include triso-
my 8, i(17q), +Ph, and trisomy 19. Less common
chromosomal abnormalities found in CML include
=7, =17, +17, +21, =Y and 1(3;21)(q26.2;q22).
These numerical and structural chromosomal re-
arrangements can usually be detected readily by
conventional cytogenetics via G-banding and/or
molecular cytogenetics via FISH.
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CCis a very important tool for hematologic ma-
lignancies diagnosis; lymphoma and lymphopro-
liferative disorders, multiple myeloma and acute
leukemia are now well defined and in some cases
also well characterized by some particular cyto-
genetical alterations. WHO classification incor-
porate some of these alterations and in very
large proportion of cases prognostic implications
are described. Some cytogenetical markers could
serve as MRD tracers (in particular in some forms
of acute and chronic leukemias) (3,11,12).

FISH can be performed on a variety of speci-
men types such as peripheral blood, bone mar-
row, and pathological sections. FISH utilizes
fluorescent DNA probes to detect the location
of genes directly in the genome in either meta-
phase and/or interphase cells (Fig. 4). Although
these cells are often collected from bone mar-
row aspirations, as with CC, a growing body of
literature is exploring the fidelity of FISH from
peripheral blood. Additionally, FISH allows for
a larger sample of cells to be harvested than
CC, thus reducing much of the sampling inad-
equacies associated with the latter technique.

FIGURE 4

Flourescent In-situ Hybridization. Interphasic cell
with red signal from ABL gen (chromosme 9) and
the sequence of BCR gene with green-acqua. The
yellow signal is the product of the green and red
fusion (Bcr-Abl), Philadelphia translocation.

Traditional FISH (also known as S-FISH or dual-
FISH) is a two-color technique in which a fluores-
cent probe as well as a second or more fluores-
cents probes are utilized with contrasting color to
detect the position of the respective genes.

Although the fluorophore signals appear to localize
in a random fashion in normal cells, co-localization
of probes results in a single fusion signal, indicating
the genetic juxtapositioning or abnormal presence,
absence or location of some genes associated with
the malignancy. S-FISH is applicable to both meta-
phase and interphase cells and demonstrates a false
positive threshold of 1-6.5%. In addition, because
the scoring of potential fusion signals is subjective,
S-FISH is also limited by a significant number of false
negatives. These shortcomings have needed several
adaptations to increase its sensitivity and its value as
a molecular detection and monitoring tool. Triple
probe FISH (or three-color FISH) increases the
sensitivity of the two-probe S-FISH technique by in-
troducing a third probe that spans the breakpoints.
Each probe is labeled with a separate, distinct fluo-
rochrome, and positive cells are distinguished by the
loss of co-localization of the third probe in addition
to the fusion signal that is the hallmark of S-FISH.

This two-step verification process allows for an in-
creased sensitivity in the detection of positive cells
with a false positive rate of 0.065 - 0.27% (SD
0.08-0.15%). Double FISH (or D-FISH) utilizes two
additional probes, in addition to the two used in S-
FISH. D-FISH yields a double fusion signal because
the four probes bind to their respective counterparts
loci. This further reduces the risk of both false posi-
tives and false negatives compared to S-FISH. Finally,
hypermetaphase FISH (HMF) involves placing 500p
cells in colcemid, a mitotic arresting agent, which
allows additional chromosomal analyses to be con-
ducted during a single collection (12,14,15) (Fig. 5).

RT-PCR

Clinical assessment, blood counts, blood smears
morphology, bone marrow examination, immu-
nophenotyping, CC and FISH analysis have been
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FIGURE S5

FISH analysis. Interphasic cells showing the Bcr-Abl fusion.
The yellow arrow shows a cell containing double
fusion and extra-copies from Abl signal (red dots).

the mainstay of disease diagnosis and monitoring
in hematologic malignancies. Response criteria
based on those results are critical for clinical as-
sessment and follow-up, but recently more sensi-
tive molecular methods have been incorporated,
this is especially true for RT-PCR. They have
proved to be very sensitive for diagnosis and
good predictors of long term response. Over
the past 12 years, several groups have developed
quantitative RT-PCR assays to measure transcript
levels, in the blood, marrow and some other tis-
sues that enabled the dynamics of residual dis-
ease to be monitored over time and have pro-
vided a viable alternative for disease monitoring.
The transcript level correlates with the number
of malignant cells present in the blood, mar-
row and tissues that can be used as an accurate
measure of the response to therapy. The leuke-
mia, myeloma or lymphoma specific transcripts
are excellent targets for molecular monitoring
by quantitative PCR. In some cases there is no
need for patient-specific primers because nearly
all patients of specific diseases have one of two
transcripts types (some patients have more than
one) which differ by just one or two exons. But,
some other cases will require several primers
and need and special work-up (13,16).

The early quantitative PCR studies used titra-
tion assays, which incorporated competitive tar-
gets. Internal controls were introduced for some
methods to control the variation in the quality of
samples. The copy number was normalized to the
number of control gene transcripts and the value
expressed as a percentage ratio. But for the most
hematologic cancers, there is no quantitative reli-
able method developed, so usually the reports
are commonly in terms of presence or absence
or with a semi-quantitative scale (16,17).

The technique is also used to monitor patients
after bone marrow transplantation where rising
levels preceded cytogenetic and hematological
relapse and low or decreasing levels predicted re-
mission. It was also used as a sensitive indicator
of response to donor leukocyte infusion following
relapse after bone marrow transplantation (18).

The terms PCR relapse or PCR progression were
proposed to identify patients with pending relapse.
This term refers to the rise in transcripts levels in
consecutive analyses, which reflects the inaccura-
cy inherent in the competitive PCR technique. De-
spite the apparent value of the competitive PCR
assays for monitoring treatment response, its use
was limited to specialized laboratories.

Thoughtful experimental design and careful valida-
tion of competitive PCR techniques were abso-
lutely critical for reliable results (17). The technique
was time consuming because multiple PCR reac-
tions were required to titrate the sample with the
competitor and extensive post PCR manipulation
was necessary. The introduction of real-time PCR
techniques in the late 1990’s considerably simplified
quantitative PCR analysis and have largely replaced
the cumbersome competitive quantitative pro-
cedures. The kinetics of PCR are followed during
amplification rather than at end-point, which elimi-
nates the need for co-amplification of a competitor.
The fluorescent based technology enhances the re-
producibility since quantitation is determined dur-
ing the exponential phase of the PCR. The dynamic
range is extended to over five orders of magnitude
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and real-time detection of the accumulating product
eliminates the need for post PCR manipulation.

Thus the possibility of PCR contamination is lim-
ited. The real-time technique is performed on an
analyzer that incorporates a thermal cycler, fluo-
rescence detection and result calculation, which
has greatly simplified quantitative PCR.

Nevertheless, the inherent technical complexities
of quantitative PCR should not be overlooked
and the successful application of real-time tech-
nology for reliable quantitation requires careful
assay design and validation of all aspects of the
procedure. For sensitive and reproducible results
high quality RNA is essential. The appropriate se-
lection of standards and control genes is of par-
ticular importance. It must be recognized that dif-
ferences in the amplification efficiencies between
DNA plasmid standards and the cDNA target can
invalidate results. Normalization to the control
gene compensates for variations in the quality of
the RNA and for differences in the efficiency be-
tween reverse transcription reactions.

The control gene must therefore degrade at the
same rate as the target for accurate normalization.
Appropriate design of primer and probe sequences
are required to exclude the amplification of con-
taminating DNA and to avoid hybridization at the
polymorphic site in (16-19). Rigorous precautions
to exclude PCR contamination are still necessary
when monitoring minimal residual disease.

The clinical usefulness of transcripts quantita-
tion by RQ-PCR has been demonstrated by
several studies. RQ-PCR analysis of patients
treated with imatinib has shown a strong cor-
relation between the percentage of Ph-positive
metaphases in the bone marrow and simulta-
neous study of peripheral blood BCR-ABL lev-
els measured by RQ-PCR. Early reduction of
BCR-ABL transcript levels predicts cytogenetic
response in chronic phase CML patients treated
with imatinib and the reduction of BCR-ABL
correlates with prognosis (16).

The RQ-PCR methods vary in respect to the
type of instrument used, the primer and probe
location, the real-time chemistry and the control
gene. These differences can lead to a variation
in the sensitivity and measurement reliability be-
tween methods. It is essential that each labora-
tory establish these limits for their method to al-
low accurate interpretation of serial monitoring
(17). The estimation of measurement reliability
and appropriate quality assurance according to
international standards are important aspects of
the development of any method used to monitor
patients. However, for the measurement of vast
majority of transcripts used in hematology set-
ting by quantitative PCR, certified international
reference and control materials are currently
not available. Several groups have been working
towards methods’ standardization, and are de-
veloping guidelines for data analysis and for the
reporting of minimal residual disease (17).

GENOMICS *

Inherited DNA-sequence variants do not appear
to have a prominent causative role; rather, these
diverse cancers are typically initiated by acquired
alterations to the genome of the cancer cell, such
as chromosomal translocations, mutations, and
deletions. The diagnosis of the hematologic can-
cers is commonly based on morphologic evalua-
tion supplemented by analysis of a few molecular
markers. However, in some diagnostic categories
defined in this fashion, the response of patients
to treatment is markedly heterogeneous, suggest-
ing that there can be several molecularly distinct
diseases within the same morphologic category.

Gene-expression profiling is a genomics tech-
nique that has proved effective in deciphering this
biologic and clinical diversity of several tumors.
The approach relies on the fact that only a frac-
tion of genes encoded in the genome of each cell
are expressed — that is, actively transcribed into
messenger RNA (mRNA). The abundance of
mRNA for each gene depends on a cell’s lineage
and stage of differentiation, on the activity of in-
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tracellular regulatory pathways, and on the influ-
ence of extracellular stimuli. To a large extent,
the complement of mRNAs in a cell dictates its
complement of proteins, and consequently, gene
expression is a major determinant of the biology
of normal and malignant cells (13).

In the process of expression profiling, robotically
printed DNA microarrays are used to measure
the expression of tens of thousands of genes at a
time; this creates a molecular profile of the RNA
in a tumor sample. A variety of analytic tech-
niques are used to classify cancers on the basis
of their gene-expression profiles (21).

There are two general approaches. In an unsuper-
vised approach, pattern-recognition algorithms are
used to identify subgroups of tumors that have re-
lated gene-expression profiles. In a supervised ap-
proach, statistical methods are used to relate gene-
expression data and clinical data. These methods
have revealed unexpected subgroups within the di-
agnostic categories of the hematologic cancers that
are based on morphology and have demonstrated
that the response to therapy is dictated by multiple
independent biologic features of a tumor (20).

DIFFUSE LARGE-B-CELL LYMPHOMA *

Some cases of diffuse large-B-cell lymphoma re-
spond well to multidrug chemotherapy, but this
lymphoma nonetheless remains a perplexing
clinical puzzle, since roughly molecular diagnosis
of non-Hodgkin’s lymphoma 60 percent of cases
are incurable. This observation raises the possi-
bility that this single diagnostic category may har-
bor more than one molecular disease.

The gene-expression profiles of lymph-node-bi-
opsy specimens from patients with morphologically
identical diffuse large-B-cell lymphoma show pro-
nounced variability, with no common set of genes
expressed in all cases. To make sense of this vari-
ability, genes were classified into expression signa-
tures that is, groups of genes with similar patterns
of expression in a set of samples. Some signatures

include genes expressed in a particular type of cell
or stage of differentiation, whereas other signatures
include genes expressed during a particular biologic
response, such as cellular proliferation or the activa-
tion of a cellular signaling pathway (13).

One gene-expression signature that varies mark-
edly among diffuse large-B-cell lymphomas is the
germinal-center B-cell signature. This signature
characterizes B cells that are responding to a for-
eign antigen within the germinal-center microen-
vironment of secondary lymphoid organs. Among
biopsy samples from patients with diffuse large-
B-cell lymphoma, three biologically and clinically
distinct subgroups have been identified. The ger-
minal center B-cell-like subgroup (approximately
50% of cases) has high levels of expression of ger-
minal-center B-cell signature genes, whereas the
other two subgroups of diffuse large-B-cell lym-
phoma— termed activated B-cell-like and type 3
— do not. The activated B-cell-like subgroup (ap-
proximately 30% of cases) expresses genes that
are induced by mitogenic stimulation of blood
B cells. The type 3 subgroup does not express
genes characteristic of the other two subgroups
and may yet be found to be heterogeneous.
These findings suggest that the subgroups of dif-
fuse large-B-cell lymphoma arise from different
stages of normal B-cell development.

The notion that the gene-expression subgroups
represent pathogenetically distinct types of dif-
fuse large-B-cell lymphoma has been strongly
supported by analysis of recurring chromosomal
abnormalities in this cancer (13).

The t(14;18) translocation involving the BCL2
gene and the amplification of the c-rel gene on
chromosome 2p are recurrent oncogenic events
in germinal-center B-cell-like diffuse large-B-cell
lymphoma, but they never occur in the other
groups. Activation of the nuclear factor kB signal-
ing pathway is a feature of the activated B-cell-
like subgroup but not the other subgroups, and
interference with this pathway selectively Kkills
this type of diffuse large-B-cell lymphoma (20).
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The subgroups defined with the use of gene expression
signatures are dlinically distinct as well: patients with
the germinalcenter B-cell-like form have a higher rate
of overall survival five years after chemotherapy than
do patients in the other subgroups. This clinical dis-
tinction based on gene-expression profiles was evident
even after the patients were classified according to the
International Prognostic Index, a well-established pre-
dictor of outcome in diffuse large-B-cell lymphoma.

PREDICTING THE CLINICAL OUTCOME °

The example of diffuse large-B-cell lymphoma
demonstrates how an unsupervised analysis of
gene expression data can reveal clinically distinct
subgroups of tumors. In the complementary, su-
pervised approach, clinical data are used to iden-
tify genes whose patterns of expression are cor-
related with the length of survival after diagnosis
or with the likelihood that therapy will be curative.
This approach has been used to develop robust
predictors of prognosis in mantle-cell lymphoma
and diffuse large-B-cell lymphoma (13).

Mantle-cell lymphoma constitutes approximately
8% of cases of non-Hodgkin’s lymphomas but a
much larger fraction of deaths from lymphoma,
since current therapy is not curative. The length
of survival among patients with mantle-cell lym-
phoma is quite variable, ranging from less than 1
year to more than 10 years (22).

Gene-expression profiling revealed a strong as-
sociation between the expression of genes in the
“proliferation” signature and survival in mantle-cell
lymphoma. The proliferation signature includes
genes that are highly expressed in dividing cells but
not in quiescent cells. The quartile of patients with
the highest level of proliferation-signature expres-
sion had a median survival of 6.7 years, whereas
the quartile with the lowest level of expression
had a median survival of 0.8 year. The variable
survival of patients with mantle-cell lymphoma is
therefore largely dictated by a single aspect of tu-
mor biology, the rate of cell division, which can be
quantitated by gene expression profiling.

Although the subgroups of diffuse large-B-cell
lymphoma have distinct survival rates, the sta-
tistical approach of supervised analysis identified
additional molecular differences among the tu-
mors that can account for much of the remain-
ing heterogeneity in survival. This approach
demonstrated that at least five distinct features
of diffuse large-B-cell lymphomas influence the
response to chemotherapy. Specifically, the levels
of expression of the germinal-center B-cell signa-
ture, the proliferation signature, the major-histo-
compatibility-complex (MHC) class Il signature,
and the lymph-node signature were predictive of
the clinical outcome, as was the level of expres-
sion of BMP6, a gene that does not belong to
a defined expression signature. As in mantle-cell
lymphoma, expression of the proliferation signa-
ture predicted a poor outcome (13,22). Predic-
tive genes in two other signatures suggest that
the host immune response has an important role
in curative responses to chemotherapy.

Expression of the lymph-node-signature genes re-
flects the non-tumor cells in the diffuse large-B-cell
lymphoma-biopsy specimen, including activated
macrophages, natural killer cells, and stromal cells.
A high level of expression of these genes predicts a
favorable clinical outcome, suggesting that this reac-
tive immune response is beneficial. The MHC class
Il signature includes genes encoding components of
this critical antigen-presentation—protein complex,
and decreased expression of these genes predicts
a poor outcome. These findings suggest that some
tumors may evade the immune response by down-
regulating their antigen-presentation capacity.

These expression signatures can be combined to
form a multivariate predictor of survival after che-
motherapy for diffuse large-B-cell lymphoma. With
the use of this approach, half the patients can be
placed into a favorable-risk group, with a five-year
survival rate of more than 70%; one quarter can
be assigned to a poor-risk group, with a five-year
survival rate of 15 percent; and the remaining pa-
tients are in an intermediate-risk group, with a five
year survival rate of 34% (13,20,22).
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ACUTE LEUKEMIAS *

The molecular diagnosis of leukemias began with
the recognition and analysis of recurrent chro-
mosomal translocations. The genes discovered
at the translocation break points have drawn
attention to critical regulatory pathways in he-
matopoietic cells that can cause cancer when
they are deregulated. In many acute leukemias,
translocations fuse genes that reside on the two
partner chromosomes, creating a chimeric gene
with novel oncogenic properties (3,4).

Chromosomal translocations have been used to
identify patients with acute leukemia with dis-
tinct clinical outcomes. In acute myeloid leukemia
(AML), for instance, the presence of a t(8;21)
translocation or a chromosome 16 inversion iden-
tifies patients with a comparatively good progno-
sis, whereas the t(9;22) translocation is associat-
ed with a poor outcome. It is important to note
that chromosomal translocations have been used
to identify patients who will benefit from intensi-
fying the dose of chemotherapy (11).

Despite these prognostic and therapeutic suc-
cesses, chromosomal translocations account for
only part of the varied clinical behavior of acute
leukemia, for several reasons. First, other genetic
aberrations can be functionally equivalent to a
translocation, thus diminishing the prognostic
power of a translocation as a single variable. Sec-
ond, additional oncogenic abnormalities may ac-
cumulate in a leukemia that alter its responsive-
ness to therapy. For example, mutations in the
gene encoding the fIt3 receptor tyrosine kinase
have been associated with response to treatment
in patients with AML. Furthermore, flt3 muta-
tions that activate the kinase are present in some
cases of acute lymphoblastic leukemia (ALL) with
a t(4;14) translocation, rendering them suscep-
tible to killing by flt3 inhibitors (23,24).

Finally, a sizable fraction of the acute leukemias have
none of the defined recurrent translocations. Gene-
expression profiling has been used as an alternative

approach to mapping chromosomal translocations.
In pediatric B-cell ALL, gene-expression signatures
have been identified that correlate with six different
chromosomal abnormalities (13, 23).

These gene-expression signatures can be com-
bined with the use of statistical algorithms to
predict chromosomal abnormalities with 96 to
100 percent accuracy.

Likewise, in adult AML, a gene-expression—based
predictor has been created that can identify three
different chromosomal translocations with a high
rate of accuracy (13,23,24).

Gene-expression predictors can also identify patients
with AML who have isolated trisomy 8. These en-
couraging results demonstrate that DNA microar-
rays can be used to diagnose most chromosomal ab-
normalities in acute leukemias and could potentially
substitute for the multiple diagnostic tests for these
abnormalities that are currently required (139).

An oncogene likely to be causally related to T-
cell ALL can be deregulated by chromosomal
translocations in some cases but by alternative
mechanisms in others. For example, the HOX11
oncogene is involved in recurrent but infrequent
translocations in T-cell ALL, but gene-expres-
sion profiling revealed that some cases of T-cell
ALL overexpress HOX11 without any detectable
chromosomal abnormalities in this gene. All leu-
kemias that overexpress HOX11 have a common
gene-expression signature, suggesting that they
are biologically similar. Most important, patients
with leukemias that overexpress HOX11 have a
favorable outcome, as compared with patients
with other types of T-cell ALL, whether or not
the overexpression is due to translocation, indi-
cating the clinical superiority of expression profil-
ing over identification of the translocation (23).

Two adverse events after the treatment of acute
leukemias are relapse and the development of
secondary leukemias. In B-cell ALL, gene-expres-
sion profiling at the time of diagnosis provided
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information that could predict which patients
would relapse and which would remain in con-
tinuous complete remission. Interestingly, no
patterns of gene expression have been found to
predict relapse in all subtypes of ALL. Rather,
relapse was predicted by the expression of differ-
ent genes in each leukemic subtype, emphasizing
once again their divergent biologic characteris-
tics. Secondary AML arises as a consequence of
treatment in some patients with ALL, and this
complication could also be predicted on the basis
of gene-expression profiling in the subgroup of
B-cell ALL with the t(12;21) translocation.

Although these predictors of clinical outcome will
need to be validated in independent data sets,
these findings suggest that treatment stratification
based on gene-expression profiling can be initiated
at the time of the initial diagnosis of ALL (13).

CHRONIC LYMPHOCYTIC LEUKEMIA *

The most common leukemia in humans — chronic
lymphocytic leukemia (CLL) — is an indolent but inex-
orable disease with no cure. Studies of immunoglobu-
lin gene mutations in CLL cells raised the intriguing hy-
pothesis that CLL might be two distinct diseases (25).

The presence of somatic mutations in the im-
munoglobulin genes of CLL cells defined a group
of patients who had stable or slowly progress-
ing disease requiring late or no treatment. By
contrast, the absence of immunoglobulin gene
mutations in CLL cells defined a group of pa-
tients who had a progressive clinical course re-
quiring early treatment. These two subtypes of
CLL may also differ with respect to oncogenic
mechanisms, since deletion of the ATM locus on
chromosome 11q is associated with the absence
of immunoglobulin gene mutations in CLL and
with shortened survival in some patients (26).

Despite these clinical and molecular differences be-
tween the subtypes of CLL, gene-expression profil-
ing revealed that CLL cells express a common gene-
expression signature that differentiates this form of

leukemia from other lymphoid cancers and from
normal lymphoid subpopulations (13,27).

This signature is shared by all cases of CLL, ir-
respective of the immunoglobulin gene mutation
status, suggesting that CLL should be considered
a single disease entity. Nonetheless, given the
clear clinical differences between the two sub-
types of CLL, a hunt was made for genes that
correlated with this distinction (13).

Roughly 160 genes were found whose levels of
expression differed significantly between the two
subtypes. Expression of the single most discrimi-
nating gene, ZAP-70, distinguished these two
subtypes with 93 percent accuracy. Whereas
analysis of the immunoglobulin gene sequence
would be a challenging and expensive test to in-
troduce into routine clinical practice, a quantita-
tive RT-PCR assay or protein-based assay for the
expression of ZAP-70 is feasible (25).

What kind of technology will be used for the
molecular diagnosis of cancer in the future? Our
experience with gene-expression profiling has
taught us two clear lessons: multiple genes need
to be studied to distinguish most types of can-
cer, and quantitative measurement of molecular
differences among tumors results in clinically im-
portant diagnostic and prognostic distinctions.
An important goal will therefore be to develop
a platform for routine clinical diagnosis that
can quantitatively measure the expression of a
few hundred genes. Such a diagnostic platform
would allow us quickly to translate what we have
learned about important molecular subgroups
within each hematologic cancer. As we design
new clinical trials, however, we must include ge-
nomic-scale gene-expression profiling in order
to identify the genes that influence the response
to the agents under investigation. In this fashion,
we can iteratively refine the molecular diagnosis
of the hematologic cancers on the basis of new
advances in treatment and thus eventually reach
the goal of tailored therapies for molecularly de-
fined diseases (13,25,27).

GG Gme@gmss 1



REFERENCES *

1. Jaffe ES, Harris NL, Stein H & Vardiman JW (eds). World
Health Organisation classification of tumours of Haemato-
poietic and lymphoid tissue. Lyon: IARC Press, 2001 ¢

2. Harris NL, Jaffe ES, Stein H et al. A revised Euro-
pean-American classification of lymphoid neoplasms:
a proposal from the International Lymphoma Study
Group. Blood 1994; 84:1361-92 «

3. Haferlach T, Kern W, Schnittger S, Schoch C.
Modern diagnostics in acute leukemias. Crit Rev in
Oncol /Hematol 2005; 56: 223-34 ¢

4. British Committee for Standards in Haematology:
Milligan DW, Grimwade D, Cullis JO, Bond L, Swir-
sky D, Craddock C, Kell J, et al. Guidelines on the
management of acute myeloid leukaemia in adults. Br
J Haematol 2006; 135: 450-74

5. Rosifiol L, CArrié A, Bladé J, Queralt R, et al. Compara-
tive genomic hybridisation identifies two variants of smolde-
ring multiple myeloma . Br J Haematol. 2005; 130: 729-32
6. Bain BJ. Diagnosis from the Blood Smear. N Engl J
Med 2005; 353:498-507 *

7. Riley RS, Ben-Ezra]M, Massey D, Cousar J. The
virtual blood film. Clin Lab Med 2002; 22: 317-45 ¢
8. Mann G, Attarbaschi A, Steiner M, Simonitsch I, Stro-
bl H, et al. Early and reliable diagnosis of Non-Hodgkin
Lymphoma in childhood and adolescence: Contribution
of cytomorphology and flow cytometric immunophe-
notyping. Ped Hematol and Oncol 2006; 23: 167-76 *
9. Ryley RS, Hogan TF, Pavot DR, Forysthe R, et al. A
pathologist " s perspective on bone marrow aspiration
and biopsy: |. Performing a bone marrow examina-
tion. J Clin Lab Analysis 2004; 18:70-90 ¢

10. Kroft SH. Role of Flow cytometry in pediatric
hematopathology. Am J Clin Pathol 2004; 122 (suppl
1): SO00-000 »

Il. Meshinchi S, Arceci RJ. Prognostic factors and
risk-based therapy in pediatric acute myeloid leuke-
mia. The Oncologist 2007; 12:341-55 ¢

12. Ried T. Cytogenetics- In color and digitized. N
Engl J Med 2004; 350:16 «

I3. Guttmacher AE, Collins FS. Molecular diagnosis of the
hematologic cancers. N Engl J Med 2003; 348:1777-85 ¢
14. Varella-Garcia M. Molecular cytogenetics in solid
tumors: Laboratorial tool for diagnosis, prognosis,
and therapy. The Oncologist 2003; 8: 45-58 «

I5. Mark HFL, Sokolic RA, Mark Y. Convencional cytogene-
tics and FISH in the detection of BCR /ABL fusion in chronic
myeloid leukemia (CML). Exp Mol Pathol 2006; 81: 1-7
16. Hughes T, Branford S. Molecular moniotoring of

BCR-ABL as a guide to clinical management in chro-
nic myeloid leukemia. Blood Rev 2006;20: 29-41 »

17. Hughes T, Deininger M, Hochhaus A, Branford S, Radich
J, et al. Monitoring CML patients responding to treatment
with tyrosine kinase inhibitors: review and recommenda-
tions for harmonizing current methodology for detecting
BCR-ABL transcripts and kinase domain mutations and for
expressing results. Blood 2006; 108: 28-37 «

18. Kaeda J, O’Shea D, Szydlo RM, Olavarria E, Dazzi
F, Marin D, et al. Serial measurement of BCR-ABL
transcripts in the peripheral blood after allogeneic
stem cell transplantation for chronic myeloid leuke-
mia: an attempt to define patients who may not re-
quire further therapy. Blood 2006; 107: 4171-6 ¢
19. Kang HY, Hwang JY, Kim SH, Goh HG, et al.
Comparison of allele specific oligonucleotide-polime-
rase chain reaction and direct sequencing for high
throughput screening of ABL kinase domain mutatio-
ns in chronic myeloid leukemia resistant to Imatinib.
Haematologica 2006; 91: 659-62 ¢

20. Zhou Y, Ye H, Martin-Subero JI, Hamoudi R, et
al. Distinct comparative genomic hybridization pro-
files in gastric mucosa-associated lymphoid tissue
lymphomas with and without t(11;18) (q21;q21). BrJ
Haematol 2006; 133: 35-42 «

2l. Pusztai L, Ayers M, Stec), Hortobagyi GN. Clini-
cal applicationofcDNA microarrays in oncology. The
Oncologist 2003; 8:252-8 ¢

22. Wiliams ME, Densmore JJ. Biology and therapy of
mantle cell lymphoma. Curr Opinion Oncol 2005; 425-31 ¢
23. Suela J, Alvarez S, Cifuentes F, Largo C, et al.
DNA profiling analysisof 100 consecutive de novo
acute myeloid leukemia cases reveals patterns of ge-
nomic instability that affect all cytogenetic risk groups.
Leukemia 2007; 21: 1224-31 ¢

24, Baldus CD, Mrézek K, Marcucci G, Bloomfield
CD. Clinical outcome of de novo acute myeloid leu-
kemia patients with normal cytogenetics is affected
by molecular genetic alterations: a concise review. Br
J Haematol 2007;137: 387-400 ¢

25. Chiorazzi N, Rai KR, Ferrarini M. Chronic lym-
phocytic leukemia. N Engl J Med 2005:352: 804-15.
26. Reddy KS. Chronic lymphocytic leukaemia profi-
led for prognosis using a fluorescence in situ hybridi-
zation panel. Br J Haematol 2006; 132: 705-22 ¢

27. Abbott BL. Chronic lymphocytic leukemia: recent
advances in diagnosis and treatment. The Oncologist
2006; 11:21-30«

LB ek ok e nd o ol gD



