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Classification of acute leukaemia: the need to
incorporate cytogenetic and molecular genetic
information

Barbara J Bain

The purpose of any classification of leukaemia
is to identify distinct biological entities which
diVer in aetiology, mechanisms of leukaemo-
genesis, clinicopathological features, and prog-
nosis. Since the optimal treatment for such
entities diVers, their recognition is not only of
scientific interest but is also essential for
optimal care of patients.
Acute leukaemia can be classified in many

ways:
(1) by morphology and cytochemistry supple-

mented by immunophenotyping, as pro-
posed by the French–American–British
(FAB) group1;

(2) by morphology, immunophenotyping and
cytogenetics as proposed by the MIC
groups2 3;

(3) by immunophenotyping alone, as pro-
posed by the European Group for the
Immunological Classification of Leuke-
mias (EGIL)4;

(4) by antecedent events;
(5) by the nature of the stem cell or progenitor

cell in which the leukaemogenic mutation
occurred.5

In addition, it has recently been proposed that
acute myeloid leukaemia (AML) should be
classified either as myelodysplastic syndrome
(MDS) related or as true de novo AML.6

Finally, consideration should be given to a
classification of acute leukaemia which incor-
porates molecular genetic information.
In 1976 the FAB group1 published the first

of an important series of papers concerning the
classification of acute leukaemia. Initially
classification was based on cytology and
cytochemistry. Subsequently the development
of immunophenotyping provided a firm basis
for the diagnosis of acute lymphoblastic
leukaemia and facilitated the diagnosis of acute
megakaryoblastic leukaemia7 and acute my-
eloid leukaemia with minimal evidence of
myeloid diVerentiation (M0 AML).8 Some
morphological categories recognised by the
FAB group, specifically acute hypergranular
promyelocytic leukaemia and its variant form
(M3 and M3 variant AML) and L3 acute lym-
phoblastic leukaemia (ALL), were subse-
quently shown to indeed be biological entities;
application of the FAB criteria still permits
their speedy diagnosis. Other FAB categories

include several diVerent discrete entities and
some of these overlap several FAB groups.
Despite this, the FAB classifications remain of
great importance in providing a widely ac-
cepted terminology and a framework into
which knowledge gained from newer tech-
niques can be incorporated.
Following development of immunopheno-

typing techniques and the improvement of
cytogenetic methods for haematological malig-
nancies, the MIC groups2 3 proposed the
classification of acute leukaemia on the basis of
the FAB morphological classification supple-
mented by immunophenotype and
cytogenetics—a morphological, immunologi-
cal, cytogenetic (MIC) classification. The MIC
classifications defined the cytogenetic corre-
lates of the FAB categories of M3 AML and L3
ALL. In addition, several new entities were
recognised, for example subsets of B lineage
ALL associated with t(1;19)(q23;p13),
t(4;11)(q21;q23), and t(9;22)(q34;q11), and
subsets of AML associated with
t(8;21)(q22;q22) and inv(16)(p13q22). Most
of the MIC categories continue to be recog-
nised as discrete entities, although the validity
of categories of ALL defined by the presence of
deletion of the long arm of chromosome 6
[del(6q)] or deletion of the short arm of chro-
mosome 9 [del(9p)] might be questioned. The
MIC classifications are seen as open ended,
with new categories being added once their
characteristics have been clearly defined.
The European Group for the Immunological

Classification of Leukemias (EGIL)4 has pro-
posed that acute leukaemia be classified on the
basis of immunophenotype alone. This
classification has the strength that it suggests
standardised criteria for defining a leukaemia
as myeloid, T lineage, B lineage, or bipheno-
typic. It also suggests criteria for distinguishing
biphenotypic leukaemia from AML with aber-
rant expression of lymphoid antigens, and from
ALL with aberrant expression of myeloid anti-
gens. However, a purely immunological
classification has the disadvantage that discrete
entities may fall into one of two categories; for
example some cases of AML of FAB M2 sub-
type associated with t(8;21)(q22;q22) would
be classified as “AML of myelomonocytic line-
age” while others would be classified as “AML
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with lymphoid antigen expression,” depending
on whether or not a case showed aberrant
expression of CD19. In addition, rare cases of
acute leukaemia have been described which
were clearly myeloid when assessed by cytology
and cytochemistry but which did not express
any of the commonly investigated myeloid
antigens.
Classification of acute leukaemia by anteced-

ent events (table 1) is clearly relevant to prog-
nosis and should be considered in classifying
any case of acute leukaemia. This classification
is of particular relevance to AML but is also
applicable to ALL. Although most cases of
ALL occur de novo, treatment related cases are
recognised after exposure to topoisomerase-II
interactive drugs, and secondary cases occur as
an acute transformation not only during the
course of chronic myeloid leukaemia but also
probably on rare occasions during the course of
other myeloproliferative disorders or myelodys-
plastic syndromes. It should be noted that the
FAB classification was initially envisaged as
applicable to de novo acute leukaemia and is
less readily applicable to secondary leukaemia.
It has been proposed that acute leukaemia

should be classified on the basis of the nature of
the cell in which the leukaemogenic mutation
occurred (pluripotent stem cell, multipotent
stem cell, or committed stem cell).5 Although
the cell of origin is likely to be of considerable
biological importance, with a better prognosis
usually being associated with a leukaemic clone
originating further down the stem cell hierar-
chy, it has been diYcult in practice to devise a
workable scheme. Although in some cases the
leukaemic clone clearly derives from a pluripo-
tent haemopoietic–lymphoid stem cell it is not
always possible to determine this reliably.
In relation to AML, it has recently been sug-

gested that cases should be divided into two
broad groups designated respectively “MDS
related AML” and “true de novo AML.”MDS
related AML includes not only cases which
have followed MDS but also (1) alkylating
agent related AML, (2) AML following Fanco-
ni’s anaemia, (3) the majority of cases of AML
in the elderly, and (4) a minority of cases in the
young. In MDS related AML the leukaemic
clone is derived from a multipotent (or
pluripotent) stem cell. Trilineage dysplasia is
common, prognosis is poor, and if remission
occurs haemopoiesis may still be clonal. The
category designated “true de novo AML”
includes the majority of cases of AML in the
young. There is neither preceding MDS nor
trilineage myelodysplasia, polyclonal haemo-
poiesis is restored after remission, and progno-
sis is relatively good. This type of leukaemia
may originate in a lineage restricted stem cell.

The characteristic cytogenetic abnormalities
diVer between the two groups. MDS related
AML is associated with monosomy or deletion
of the long arm of chromosome 5 or 7, in
association with a complex karyotype and with
certain specific deletions, monosomies, triso-
mies, translocations, or inversions (for exam-
ple, +8, del(11q), del(12p), −18, +19,
del(20q), +21, t(1;7)(q10;p10), t(2;11)
(p21;q23) and inversions and translocations
involving chromosome 3 bands q21 and q26).
“True de novo AML” is associated predomi-
nantly with balanced translocations and inver-
sions, for example, t(9;11)(p22;q23),
t(8;21)(q22;q22), t(11;17)(q23;q21), t(15;17)
(q22;q11–12), inv(16)(p13q22), t(16;16)
(p13;q22). Some details of this proposed
classification may be questioned. Thus the
allocation of cases with t(6;9)(p23;q34) to the
second group may not be appropriate since
they may evolve fromMDS and are often asso-
ciated with trilineage myelodysplasia. The des-
ignation “de novo type AML” might be prefer-
able to “true de novo AML” since at least some
cases of acute leukaemia following topoiso-
merase-II interactive drugs appears to fit into
this category rather than into the category of
MDS related AML. Nevertheless this pro-
posed classification is potentially very useful.
Finally, consideration must be given to the

value of formally incorporating molecular
genetic information into the classification of
acute leukaemia. Leukaemia can be viewed as
an acquired genetic disorder, resulting from a
somatic mutation. It is likely that it is the pre-
cise alteration in DNA which is the essential
factor determining the pathological and clini-
cal features of any case. Despite the fundamen-
tal importance of the underlying genetic
change or changes, no classification of acute
leukaemia has yet systematically incorporated
the results of such analysis. It is already possi-
ble to recognise many subtypes of AML and
ALL associated with specific genetic lesions.
Even though knowledge is imperfect, enough
information is available to provide the basis for
a classification. The concepts of the FAB and
MIC groups provide a framework The en-
larged system could be described as the
MIC-M classification, being based on mor-
phology, immunophenotype, cytogenetic
analysis, and molecular genetic analysis. The
classification would incorporate the results of
molecular genetic analysis but this would not
be its sole basis since an apparently identical
abnormality—for example t(4;11)(q21;q23) or
t(9;22)(q34;q11) with MLL–AF4 and BCR–
ABL fusion, respectively—sometimes occurs in
diVerent diseases. Not all cases would require
molecular genetic analysis, since some can be
recognised by morphology alone, or by a com-
bination of morphology and conventional
cytogenetics. Nevertheless the nature of the
genetic lesion would be one of the features
defining a category. The proposed MIC-M
classification would not be incompatible with a
categorisation of cases of acute leukaemia as
“MDS related” or “de novo type AML.” It is
likely that many cases of “de novo type AML”
and some cases of MDS related AML would

Table 1 Classification of acute leukaemia by antecedent
events

De novo
Following myelodysplastic syndromes
Following myeloproliferative disorders
Following paroxysmal nocturnal haemoglobinuria
Treatment related
Following alkylating agents
Following topoisomerase-II interactive drugs

Following congenital or acquired aplastic anaemia
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fall into MIC-M categories. Other MDS
related cases with multiple genetic lesions
would not. Some proposed MIC-M categories
of acute myeloid leukaemia are shown in table
2.9–23 ALL could be similarly categorised.
Molecular techniques which would be appli-

cable in the MIC-M classification include fluo-
rescence in situ hybridisation techniques
(FISH), Southern blotting, genomic polymer-
ase chain reaction (PCR) and reverse tran-
scriptase (RT) PCR.
Incorporating molecular genetic analysis into

the description of specific types of acute leukae-
mia has three advantages: (1) cases with atypical
cytogenetic findings or with failed cytogenetic
analysis can be included in the appropriate cat-
egory; (2) subtypes which lack a characteristic
cytogenetic abnormality but nevertheless have a
characteristic molecular genetic abnormality
can be recognised; and (3) subtypes which have
morphological and cytogenetic similarities but
which diVer at the molecular level can be
distinguished. Although many cases of AML
could be assigned to an MIC-M category with-
out recourse to molecular genetic analysis it has
been shown that the rate of detection of several
good prognosis subtypes of AML is greatly
increased by the routine application of such
techniques.24 25 Because of the implications for
prognosis and choice of treatment, the routine
application of molecular techniques could there-
fore be justified.

Acute hypergranular promyelocytic leukae-
mia and its variant form (M3 and M3v AML)
provide good examples of the need for an
MIC-M classification. The majority of cases of
M3/M3v AML show t(15;17)(q22;q21). How-
ever, cytogenetic analysis sometimes fails.
Results are sometimes normal, either because
only erythroblasts have entered mitosis or
because no microscopically detectable rear-
rangement is present. Sometimes an unrelated
cytogenetic abnormality such as trisomy 8 is all
that is detected. All such cases should be
categorised as M3/M3v if PML–RARA fusion
is demonstrated by molecular techniques. Sim-
ple and complex variant translocations should
similarly be included in this category if PML–
RARA fusion has occurred. The MIC-M
classification would, however, exclude cases
with a translocation which is indistinguishable
from that of M3 AML by conventional cyto-
genetic analysis but which lack PML-RARA
rearrangement and M3 morphology. The
MIC-M classification would recognise AML
with t(11;17)(q23;q21) as an entity separate
from M3/t(15;17).20 The molecular mech-
anism of leukaemogenesis diVers in this
subtype, being related to a PML–PLZF fusion
rather than a PML–RARA fusion. Cytological
features show subtle diVerences, being inter-
mediate between those of M3 and those of M2
AML. A shorthand description of these two
subtypes of acute leukaemia would thus be:
M3/M3v AML/t(15;17)(q22;q21)/PML–

RARA fusion, and
M2-M3 AML/ t(11;17)(q23;q21)/PML–

PLZF fusion.
The important biological diVerence between

these two subtypes of AML is shown by the
worse prognosis of the latter subtype and its
refractoriness to diVerentiating therapy with
all-trans retinoic acid, a treatment which is
particularly eVective in the former subtype.
This rare subtype of acute leukaemia also illus-
trates why a leukaemia classification cannot
be based on cytogenetics alone, since
t(11;17)(q23;q21) can be associated not only
with M2-M3 AML with PML–PLZF fusion
but with a totally diVerent subtype of AML,
M5 AML with MLL–AF17 fusion.9 12

Another illustration of the advantages of the
proposed MIC-M classification is that ALL
with TEL–AML1 fusion can be recognised as
an entity, whether or not t(12;21)(p12;q22) is
detected.25 This translocation is usually cryptic
since the banding pattern of the parts of the
chromosomes involved in the translocation is
identical. This is the commonest genetic
abnormality in childhood B-lineage ALL but
was largely unrecognised until cytogenetic
analysis was supplemented by molecular ge-
netic analysis. A shorthand description of this
entity would be L1 or L2/early precursor
or common ALL/t(12;21)(p12;q22)(cryptic)/
TEL–AML1 fusion.
Similarly, the MIC-M classification would

recognise as an entity T lineage ALL with a
deletion related to the TAL gene.9 By conven-
tional cytogenetic analysis, chromosome 1 may
appear normal since the deletion may be very
small. There is dysregulation of the TAL gene

Table 2 Some proposed MIC-M categories of acute myeloid leukaemia9–23

Usual karyotype Usual FAB category

Probable molecular
genetic mechanism of
leukaemogenesis

Approximate
percentage of cases
of AML and
references

Common subtypes (constituting at least 1% of all cases of AML)
t(8;21)(q22;q22) M2 AML1–ETO 9%9 10

t(15;17) (q22;q11–12) M3, M3V PML–RARá 9%9

inv(16)(p13q22), or
t(16;16)(p13;q22) M4Eo CBFâ–MYH11 3–6%9 11

inv(3)(q21q26) or
t(3;3)(q21;q26) Various, including M7 EVII dysregulation 1–2%9

Abnormality involving
the MLL gene at 11q23: M4 or M5

MLL gene
rearranged 4–10%

t(1;11)(p32;q23) M5 MLL–AF1p 9 12

t(1;11)(q21;q23) M4 MLL–AF1q 12

t(4;11)(q21;q23) M5 MLL–AF4 9 12

t(6;11)(q27;q23) M4 or M5 MLL–AF6 9 12

t(9;11)(p22;q23) M5 MLL–AF9 9 12

ins(11;9)(q23;p22p23) M5 MLL–AF9
t(10;11)(p12;q23) M5 MLL–AF10 9

t(11;16)(q23;p13) M2,M4,M5, or MDS MLL–CBP 13 14

t(11;17)(q23;q21) M5 MLL–AF17 9

t(11;19)(q23;p13.1) M4 or M5 MLL–ELL 9

t(11;19)(q23;p13.3) MR or M5 MLL–ENL 9

t(X;11)(q13;q23) M4 or M5 MLL–AFX 9

Normal, 11q+, or
trisomy 11 M1 or M2

Partial tandem
duplication of MLL 15

Uncommon or rare subtypes (each constituting less than 1% of cases of AML)
t(3;21)(q26;q22) Various AML1–EAP 9

AML1–MDS1 9

AML1–EVI1 9

t(3;5)(q25.1;q34) Various NPM–MLF1 9

t(5;17(q32;q21) M3 NPN–RARA 16

t(6;9)(p23;q34) M2 Baso DEK–CAN 9

t(7;11)(p15;p15) M2 NUP98–HOXA9
fusion

17

t(8;16)(p11;p13) M4 or M5 MOZ–CBP fusion 18

t(9;22)(q34;q11) M0, M1, or M2 BCR–ABL fusion 9

inv(11)(p15q22) AML or MDS NUP98–DDX10
fusion

19

t(11;17)(q23;q21) M2–M3 PLZF–RARá fusion
and RARá–PLZF
fusion

20

t(12;22)(p13;q11) Various MN1–TEL fusion 21

t(16;21)(p11;q22) Various FUS–ERG fusion 9
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as a result of a deletion which brings it into
proximity to the upstream SIL gene. This sub-
type of leukaemia would be described as
L1/L2/T lineage ALL/normal karyotype/TALd.
Likewise the MIC-M classification would
recognise as an entity a subtype of myeloid leu-
kaemia which can be identified only by a com-
bination of morphology, immunophenotyping,
and molecular genetic analysis; this type of
AML, in which there is fusion of two genes
located at 9q34, would be designated M0
AML/normal karyotype/SET–CAN fusion.
It will be noted that real entities, as described

in the MIC-M classification, may overlap two
or more categories in other classifications. For
example, as mentioned above, an entity which
would have an MIC-M description of M2
AML/t(8;21)(q22;q22)/AML1-ETO would
fall into two diVerent categories if a purely
immunological classification4 were used. Simi-
larly, if the FAB classification were applied,
most cases would be categorised as M2 AML
but some as M1 AML or even as RAEB-T
(refractory anaemia with excess of blasts in
transformation). If cases were classified by
antecedent events, the great majority of cases
would be classified as de novo AML but a
minority would be designated treatment re-
lated AML following exposure to
topoisomerase-II interactive drugs. This sub-
type of leukaemia appears to be a biological
entity, even if it straddles two or more
categories in other classifications. The MIC-M
classification would recognise this.
It should be noted that it will not be possible

to assign all cases of acute leukaemia to an
MIC-M category since not only is our state of
knowledge imperfect but some cases have mul-
tiple genetic lesions. The MIC-M
classification, like the MIC classification,
would be open ended with the possibility of
new entities being added once their character-
istics had been clearly defined.

Conclusions
Acute leukaemia can be classified in many ways.
An ideal classification is one which recognises
real entities with fundamental biological diVer-
ences. Such a classification must incorporate
molecular genetic analysis since it is likely that it
is the genetic lesion which determines the
clinicopathological features of a case. A MIC-M
classification is proposed which incorporates
morphology, cytochemistry, immunophenotype,
cytogenetic analysis, and molecular genetic
analysis. The genetic abnormality would be
given priority in defining a subtype, although it
would be interpreted only in the context of the
morphological and immunophenotypic features.
Once the characteristics of a subtype were
recognised it would not be necessary to apply all
diagnostic modes to all cases in order to assign
them to the correct categories. Molecular
genetic analysis is already considered in the
choice of treatment. For example, some centres
employ molecular techniques to detect cases of
ALL with MLL–AF4, BCR–ABL, or E2A–
PBX1 fusion genes rather than using cytogenetic
techniques to detect the corresponding
t(4;11)(q21;q23), t(9;22)(q34;q11), and

t(1;19)(q23;p13) rearrangements or, similarly,
to detect the molecular equivalents of
t(8;21)(q22;q22), t(15;17)(q22;q11–12), and
inv(16)(p13q22).11 It is proposed that such
information now be integrated into the
classification for acute leukaemia.

I am grateful to Professor David Galton who has kindly read
several drafts of this review and has discussed some diYcult
points with me.
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