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The specific objectivesfor the three year proposalJanuary 1992 through
December 1995 are listed below.

I. TECHNICALPROGRESSOF PROJECT.DURINGTHE PAST YEAR

A. SPECIFICOBJECTIVES OF ORIGINAL3 YEAR PROPOSAL
I. Defining the chromosomesegmentsassociatedwith radiation

and chemically inducedleukemogenesis(treatment-related
acute myeloid leukemia,t-AML).

a, Continuedgenetic analysisof chromosomes5 and 7

b. Correlationof treatmentwith balancedand unbalanced
translocations.

2, Cloning the breakpointsin balanced translocationsin t-AML.

a. Clone the t(9;11) and t(11;19) breakpoints.

b. Clone the t(3;21)(q26;q22)breakpoints.

c. Determinethe relationshipof these translocationsto
prior exposure to topoisomeraseII inhibitors.

3. Compare t'..ebreakpointjunctionsin patientswho have the
same translocationsin t-AML and AML de novo.

4. Map the scaffold attachmentregions in the genes that are
involved in b,_lancedtranslocationsin t-AML.

B. PROGRESSREPORT

I. Defining the chromosomesegmentsassociatedwith radiation
and chemically inducedleukemo§,enesis(treatment-relatedacute myeloid
leukemia,t-AML)

a. Continuedgenetic analysisof chromosomes5 and 7

Much of the responsibilityfor this project has been given to Drs.
Michelle LeBeau and Carol Westbrook. They have some support for this project
through a programproject grant from NIH. I remain a close collaboratorand
am involved in parts of the project as needed.

An importantrelatedproject has been the completionof a major study on
the karyotypicpatternseen in patientswith a subtype of AML, namely
erythroleukemia,AML M6. We have performeda retrospectiveanalysis of the
clinical,morphologic,and cytogeneticfindings in 26 patientsdiagnosed
between January 1969 and September1991 with acute erythroblasticleukemiade
novo (EL or AML-M6). Clonal chromosomalabnormalitieswere found in 20
patients (77%). Loss of all or part of the long arm (q) of chromosomes5
and/or 7 was observed in ]7 patients (65%). In addition,the karyotypeswere
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often complex with multiple abnormalitiesand subclones. Among the remaining
g patients,6 had a normal karyotypeand one each had trisomy 8, t(3;3), or
t(3;5). The overall frequencyof abnormalitiesof chromosomes5 and/or 7
observed in our M6 patients is similarto that observed in our patientswith
therapy-relatedacute myeloid leukemia (t-AML)(99 of 129 patients,77%) but
substantiallyhigher than that noted in our other patientswith AML de novo
(FAB subtypesMI-MS" 52 of 334 patients, 16%). Our M6 patients with
abno.rmalitiesof chromosomes5 and/or 7 were older and had a shortermedian
survival (16.weeks vs 77 weeks [p = .0047])than the patients without these
abnormalities. We found no correlationbetweenmorphologicfeatures and
either cytogeneticabnormalitiesor clinical outcome. Of note was the finding
that the percentageof myeloblasts,which may account for only a small
fractionof the total marrow elementswhen the revisedFAB criteria are
applied,had no bearing on prognosis. We concludethat acute erythroblastic
leukemia,when defined by morphologiccriteria,consistsof two distinctive
subgroups'one group tends to be older, has complex cytogeneticabnormalities
especiallyof chromosomes5 and/or 7, and sharesbiological and clinical
featureswith t-AML; the other group with simpleor no detectable cytogenetic
abnormalitieshas a more favorableprognosiswhen treated with intensive

° chemotherapy. This research report has been submittedto Blood.

b. Correlationof treatmentwith balanced and unbalanced
_- translocations

The results of our analysishas recentlybeen publishedas a Letter to
the Editor of Blood (a copy is enclosed with this ProgressReport).

We had 5 patientswith balanced translocationsof 11q23 and 5 patients
with balanced translocationsof 21q22. (TableI) Only one patient in each
group did not receive a topo II inhibitor. This compareswith 2 and 8
patientswith unbalancedtranslocationsinvolvingthese bands; except for one
patientwith an 11q23 breakpoint,none of these patients had received topo II
inhibitors. (See Table I).
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Table I. RELATIONSHIPBETWEEN PRIOR CHEMOI'HERAPYAND CLONAL CHROMOSOMAL
TRANSLOCATIONSIN 132 PATIENTSWITH t-MDS/t-AML

ATTop ATTop AA Other
On_D].Z + A_____AA 0nly Treatment Total

Number Studied 6 40 67 19 132

Balanced translocation
band 1Iq23 2 2 I 0 5

Balanced translocation 0 4 I 0 5
band 21q22

Unbalanced translocation 0 0 2 0 2
band 11q23

Unbalanced translocation 0 I 6 I 8
" band 21q22

Abbreviations" ATTop, chemotherapyagents that target DNA topoisomeraseII.
AA, alkylatingagents

Balanced translocationsinvolvingband 11q23 or 21q22 were significantlyassociated
with prior ATTop exposure (p_O.O03,Fisher's exact test, two sided).

2. Cloning the breakpointsin translocationsin t-AML

a. Clone the t(9_11)and t(11;19) breakpoints

As described in my grant proposal,my colleaguesand I have been making
steady progress in first mapping and now 'incloningthe breakpointjunctions
in the above two translocations,as well as in relatedtranslocationst(4;11)
and t(6;11). We previouslyshowed that the translocationsinvolving11q23

- with chromosomes4(q21),6(q27), g(p22), and Ig(p13)all had breakpoints
within a 330 kb human DNA insert in a yeast artificialchromosome (YAC)
identifiedwith a CD3 gamma probe. We have done extensivesubcloningof three
fragmentsfrom the YAC and have shown that one fragmentremains on chromosome
11 in all translocations. (FigureI) The other two fragmentsare
translocatedto the other chromosome (4,6,9,or 19). All three fragments
recognizethe same large-sizedband (11.5 kb) on Northern blot analysis as
well as other transcriptsof varying size down to 1.5 kb. We have subcloneda

- number of unique sequenceprobes, especiallyfrom the large fragment (clone
14) just telomericto the breakpoint.

= We have called this gene MLL (myeloid/lymphoid, or mixed lineage
leukemia). Using subclonesof these genomic probes, we have identifieda
number of cDNA clones of MLL, two of which recognizerearrangementson
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Southern blots of DNA from patients and cell lines with 11q23 translocations.
An internalO.Tkb Ba_...mmH1subclone of one of the cDNAs, which recognizesa 9kb
Ba___mmH1genomic fragment,detects rearrangementson Southern blots of .BamH1
digested patient and cell line DNA. (Figure2) To date, using this O.7kb
fragment,all patientmaterialwith the 11q23 translocationsinvolving4, o,
9, and 19 have shown rearrangementson Southern analysis,indicatingthat the
11q23 breaks are clusteredwithin gkb. (Table 2)

DNA REARRANGEMENTSIN 11Q23 TRANSLOCATIONS

DETECTED WITH THE 0.7 kb cDNA PROBE

Translocation t(4;11) t(6;11) t(9;11) t(11;19)

Number of Patients 15/15 4/4 10/10 7/7

• Most of patients have two rearrangedbands, indicatingthat both
derivativechromosomeshave been retained. Some patients have only a single
rearrangedband, indicatingthat there has been a deletion as well as the
translocation. We have been able to identifythe two derivativechromosomes,
namely the der(t1)containing the 5' (centromeric)portionof the MLL gene and
the der (4,6,9,or 19) containingthe 3'(telomeric)portion )f the MLL gene.
In every instancewhere only a singlederivativechromosomeis retained, it is
the der(t1). This is confirms the cytogeneticdata from complexthree-way
translocations,in which the conservedjunction is locatedon the der(t1)
chromosome.

Using this O.7kb probe on Northernblots of RNA from normal cells, we
detect hybridizationto at least two distinct transcriptswhich are in the 11-
]2kb size range. In the cell line with the t(4;11), this O.Tkb probe detects
at least one additionaltranscriptwhich is approximately11.25kb. A more
telomericcDNA probe of MLL does not detect this transcriptsuggestingthat
this transcriptmay be derived from the der(t1) chromosomeand may contain
sequencesfrom the translocatedregion of chromosome 4.

We have sequencedabout 4.0 kb of the largest 1].SkbcDNA from the MLL
gene. We know the gene is transcribedfrom centromereto telomere. We have
not detected any open reading frames (ORF) in the sequencesthat are 5' to the
breakpoint. We have detected a 1.7kbORF that is just 3' to the breakpoint.41

_ Comparisonof these sequenceswith Gen Bank has not revealedany homologous
sequences. We are continuing to clone additionalcDNAs to add to our
understandingof the gene. We do have evidence for alternativesplicing of
some of the cDNAs we have cloned and sequenced. These data suggestthat the
regulationof the expression of the MLL gene will be complex.

-

Althoughwe are very early in our analysisof this gene, our present
data suggestthat the role of the MLL gene in the translocationsmay be to
function as an activatinggene analogousto T.Gor TCR in B- and T-cells,
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respectively. These latter genes do not form fusion proteins, rather they
change the time and/or level of expressionof the other gene carried in the
translocation, lt is my assumptionthat the MLL gene is intimatelyinvolved
in the decision point for differentiationof a pluripotenthematopoieticcell
into either B cells or monoblast/myeloidcells. This assumption is based on
the fact that the immunophenotypeof the leukemiccells with 11q23
translocationsmay be either B lineage [eg t(4;11)] or monoblastic[eg
t(g;11)] although some are either of these or myeloblastic. The important
results to date are that we have cloned a cDNA probe that is very useful
clinicallyin detectingcells with 11q23 translocations.

b. Clone the t(3;21)(q26;q22)breakpoints

This is a new research project for the laboratorywhich I think
has very exciting implicationsrelatedto mutagenicagents and leukemogenesis.
Since 1974, we have examined the karyotypeof over 160 patientswith acute
myeloid leukemia (AML)who have a history of prior treatmentwith radiation
and chemotherapyusuallyfor a malignantdisease. We have sufficientclinical
data on 132 patients so that we can correlatethe type of prior treatmentwith
the chromosome abnormalitiesin the patient'sleukemic cells. In the past, we
have concentratedon the deletions involvingchromosomes5 and/or 7 because
these were the most common changes.

In the course of our analysisof these 132 t-AML patients,it has become
apparent that there is another group of patientswho lack aberrationsof
chromosomes5 and/or 7 and whose leukemic cells have certain specificchanges
that are quite unusualfor t-AML. These patientshave balanced translocations
involvingchromosomebands Iiq23 or 21q22. (Table I) Of special interestis
the fact 'thatthese patientshave usually received high doses of topoisomerase
II inhibitors,especiallythe epipodophyllotoxins,etoposide (VPI6)or
teniposide (VM26). These latter drugs were first used with any frequencyin
the 1980s. Our group at the University first called attentionto this
associationin 1987, when we reported on the greatly increasedrisk of t-AML
in a series of lung cancer patients treatedwith very high doses of etoposide.
lt was noteworthythat 3 patients had balancedtranslocationsinvolving11q23.
We proposed that this unusual karyotypicpatternwas related to the high dose
of etoposide receivedby these patients. This associationhas now been
confirmedby many other laboratorygroups. More recently,we and others have
found a very close correlationbetween the presenceof balanced translocations
involving11q23 or 21q22 and exposure to topoisomeraseII inhibitors.(Table
1).

All of our t-AML patients with 21q balancedtranslocationshave had a
3;21 translocationwith breakpointsin 3q26 and 21q22. We have not seen this
translocationin any of our patients with AML de novo; a review of the
published literaturealso indicatesthat this is extremely rare in de novo
AML. We have been collaboratingwith Dr. Harry Drabkin, Universityof
Colorado Medical Center,who has cloned the breakpointon chromosome21 in the
8;21 [t(8;21)(q22;q22)]translocation. We used DNA probes from chromosome21
isolatedby Dr. Drabkin to analyze the t(3;21)_ We could show with
fluorescencein situ hybridization(FISH)that these same probes were on
either side of the breakpoint in the t(3;21). The data are not precise, but
these probes appear to be about 100 kilobases(kb) apart.
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We have frozen samples of bone marrow from six leukemic patients with
CMLor t-AML with the t(3;21). The samples have been frozen to maintain cell
viability, and several hundred million cells are available for each patient.
The thawed cells are 90-95% viable, and contain undegraded DNA and RNA,
suitable for construction of genomic DNA libraries, and for preparation of RNA
for Northern blot analysis and construction of cDNAlibraries.

Two of the recombinant phages, probe 3, centromeric, and probe B,
telomeric, (Figure 3) hybridize to the same Notl-Sfil fragment. FISH analysis
of metaphase cells with a t(8;21) showed that probe 3 and combined probes wc-1
and wc-2 mapped on opposite sides of the breakpoint. Similar studies of a
t(3;21) showed that probe 3 and the combined probes wc-1 and wt-2 also mapped
on opposite sides of the breakpoint. These studies indicated that, as for the
t(8;21), the breakpoint was contained within the same Not1-Sfil fragment. We
have used the overlapping phage clones that we have isolated as probes for
FISH and for Southern blot analysis. We have recently identified three new
overlapping p_obes, wc-7, wc-B, and we-9, that hybridize to both derivative
chromosomes. One probe, wc-B, detects a rearrangement in the DNA from one
patient (Figure 3). The results indicate that the t(3;21) breakpoint is
located in the segment between probe 3 and wc-9. The genomic mapping of the
region between the t(8;21) and t{3;21) breakpoints has not yet been completed,
but the two breakpoints appear to be about 20-30 kb apart. The translocation
in the t(8;21) results in a fusion gene on the der(8) chromosome and a fusion
mRNA. If the gene on ci_romosome21 involved in both translocations is the
same, it is possible that the region of the breakpoint in the gene on
chromosome 21 may be different. We have cloned a fragment from a t(3;21)
patient that contains the breakpoint junction. Weare in the process of
characterizing this DNA probe.

c. Determine the relationshipof these translocationsto prior
exposure to topoisomeraseII inhibitors

This was a long-rangeobjectivewhich cannot even be approached
until we have cloned and sequencedthe breakpointsin the 11q23 and 21q22
translocations. When we have completedthe sequencing,we will be able to
analyzethe sequence for topo II consensus sequencesand for scaffold
attachmentsites, as well as for other canonicalmotifs that would provideus
with some insights as to the potentialfunction of these regions and their
susceptibilityto breakagewhen exposed to topo II inhibitors.

3. Compare the breakpointjunction patients who have the same
translocationsin t-AML and AML de novo

At presentwe have been analyzingall of the samplesfrom our
11q23 translocationpatients together regardlessof whether they are treatment
relatedor de novo AML. Of the samples,we have studiedto date, three of the
t(9;11)and one of the t(11;19) are treatmentrelated. We have found no
differencein the breakpointin these two group of patients. We have
establisheda collaborationwith Dr. Pedersen-Bjergaardin Denmark who has
been extremely active in studyingt-AML. He recentlybrought us DNA from 13



patientswith either 11q23 or 21q22 breakpoints. DNA from these samples is
currentlybeing analyzed and I have no data to report. These sampleswill
more than double the number of t-AML patientswhom we can examine.

4. Map the scaffold attachmentregions in the genes that are involved
in balanced translocationsin t-AML

Again, this is a very long-rangeproject. We have begun to
explore this problemwith the genomicand cDNA probes that we currentlyhave
for the 11q23 breakpoint region. However,we must develop a more detailed
restrictionmap of this region,and obtain a series of small, unique sequence
probes before we can map the scaffold attachmentsites in the region of the
breakpointwith any precision.

II. SECTIONON CNANGES IN SPECIFICAIMS

Microdissection,amplificationand cloning of unknownDNA from defined
chromosomebands or structures.

'Th_saim was not includedin the renewal proposal in 1991 because it was
the subject of a separate grant requestto the DOE Genome Project. lt did not
receive fundingand thus some of the goals of this research are being
continuedunder this grant.

We are currentlymicrodissectingspecific chromosomebands to generate
DNA probes for use in the molecularanalysis of chromosomerearrangements. We
have provided probes to Dr. Raju Chaganti (MemorialSloan-KetteringCancer
Center) from an HSR in a germ cell tumor cell line that he has in tissue
culture as well as probes from the end of 6q for Dr. Dalla Favera at Columbia
UniversityMedical Center. We are also obtainingprobes for the inv(3) and
inv(16)neitherof which has been cloned at present. The detailsof the
microdissectionand PCR amplificationwere presented in abstract form at the
InternationalCongress of Human Genetics (October1991) and a manuscripthas
been accepted for publicationin Genomics.
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, Map Of the Breakpoint Region
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Figure 2. Diagram of one oi the cDNA clones isolated with a probe from the

centromeric position of clone 14. An 0.7 kb subclone detected DNA

rearrangements on Southern blot analysis of al.].patients summarized

in 'fable 2. This cDNA subclone is contained within a 9kb Barn

fragment that is just centromeric to clone 14.
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Figure 3 (A) Diagram of chromosome 21 showing the approximate position of the 21q22.3
breakpoint, and tc) lhe right lhe tentative position of some of the Shl sitespresent in the YAC.

" The size of the Iragmen!s are indicated to the left o! the vertical line and the pFobes are listed to
" the right. (B) Map showing the position of phage clones used as probes for FISH. The location of

the clones was obtained by pulsed field gel electrophoresis and Southern biot hybridization of
Shl restricted YAC DNA. The position of t(8;21} in two AML patients with the 1(8;21) is also

- shown {ref. 3), as well as the localion of the t(3;21) in two patients wllh t.MDS and in one
with t-AML and the t(3;21).
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