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I. COMPREHENSIVEPROGRESS REPORT: 1991-1994

A. Major Research Accomplishments

I. Introduction

This projectbegan in 1962when I became a member of the staff of the Argonne
CancerResearchHospitalat the Universityof Chicago,which was fully fundedby
the Atomic EnergyCommission. I was studyingchromosomeabnormalitieswith the
use of autoradiography. In about 1965, I began to study the chromosomepattern
in marrow cells from patientswith leukemiaand preleukemia. After a sabbatical
1970-71, I used chromosome banding techniques and discovered a number of
recurringchromosome translocationsin the cells of these patients. I showed
that there was a non-randompattern of chromosomegains and losses in leukemia
cells and that specific translocationswere relativelyconsistentlyassociated
with particular morphologic subtypes of acute myeloid leukemia de novo.
Moreover, I showed that these aberrationshad some interestingvariations in
frequency that were related to the age of the patient. Thus recurring
translocationstendedto be more frequentin childrenwhereasloss of chromosomes
5 and 7 tended to occur in older patients.

In 1977,my colleagues and I reportedon the karyotypeof leukemiacells in
the first large (10patients)seriesof Hodgkin'sdiseasepatientswith a history
of prior mutagenictherapy. I noted that 9 of these patientshad loss of all or
part of the long arm of chromosome 5 and that 5 patients also had loss of
chromosome7. This observationhas been confirmedby many other investigators
as well as by our continuing analysisof more patients.

I then embarked on an ongoing investigation as to the nature of the
chromosomeaberrationsin t-AML/t-MDSbecause I felt that a carefulanalysisof
these patients'cells would provideunique insightsinto the location of genes
that were importantin leukemogenesisand that this informationmight help us to
determinewhich patients who appearedto have AML de novo, might, in fact, have
mutagen relatedleukemia. This hope is still just that; howeverwe are getting
progressively closer to the gene or genes involved as we use ever more
sophisticatedmolecular and cytogenetictechniques. As is described in this
report,we have cloned some of the genes involvedin balancedtranslocationsin
t-AML and in AML de novo. At least some of the genes involved in deletionsin
t-AML should be cloned in the next five years.

Since 1974, we have examined the karyotypeof over 160 patients with acute
myeloid leukemia(AML) who have a historyof prior treatmentwith radiationand
chemotherapyusuallyfor a malignantdisease. We have sufficientclinicaldata
on 132 patients so that we can correlatethe type of prior treatmentwith the
chromosomeabnormalitiesin the patient'sleukemic cells. In the past, we have
concentratedon the deletionsinvolvingchromosomes5 and/or7 becausethesewere
the most common changes.

Inthe courseof our analysisof these 132 t-AML patients,it became apparent
that there was another group of patientswho lacked aberrationsof chromosomes
5 and/or7 and whose leukemiccells had certain specificchangesthat were quite
unusualfor t-AML. These patientshavebalancedtranslocationsusuallyinvolving



chromosome bands 11q23 or 21q22. Of special interest is the fact that these
patients have usually received high doses of topoisomerase II inhibitors,
especiallytheepipodophyllotoxins,etoposide(VP16)or teniposide(VM26). These
latter drugs were first used with any frequencyin the 1980s. Our group at the
Universityfirst called attentionto this associationin 1987, when we reported
on the greatly increased risk of t-AML in a series of lung cancer patients
treatedwith very high doses of etoposide.(Ratain,et al., Blood, 70:1412-1417,
1987) It was noteworthy that three patients in this study had balanced
translocationsinvolving11q23. We proposedthatthis unusualkaryotypicpattern
was related to the high dose of etoposide received by these patients. This
association has now been confirmed by many other laboratory groups. More
recently,we and others have found a very close correlationbetweenthe presence
of balancedtranslocationsinvolving11q23or 21q22 and exposureto topoisomerase
II inhibitors.

It has been clear for the last decade that cloningtranslocationbreakpoints
in both AML de novo and t-AML would providethe DNA probes requiredto determine
whetherthe breakpointsincytogeneticallyapparentlysimilartranslocationswere
identical at the level of DNA. Therefore we have pursued an analysis of
rearrangementsin both types of leukemiasimultaneously.We have also clonedand
sequencedseveraltranslocationsin acute lymphoblasticleukemiaand in chronic
lymphatic leukemia. Recently we cloned the breakpoint in a number of
translocationsinvolvingchromosome bands 11q23 and 21q22. These studieshave
providedDNA probes that will be very importantfor diagnosisand monitoringthe
patient'sresponse to treatment.

2___.Major accomplishmentswith referenceto oriqinallystatedobjectives
(January I, 1992)

a. Specific objectivesof original three year proposal

1. Defining the chromosomesegmentsassociatedwith radiation
and chemically-inducedleukemogenesis (treatment-related
acute myeloid leukemia,t-AML)

a. Continuedgenetic analysisof chromosomes5 and 7

b. Correlationof treatmentwith balanced and unbalanced
translocations

2. Cloningthe breakpointsin balancedtranslocationsin t-AML

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

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

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

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



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

b. List of major accomplishmentsin the last three years

eWe cloned the gene on chromosome 11 involved in most of the 11q23
translocations;we called it MLL for m_yeloid-l_.ymphoidleukemia or mixed-lineage
!eukemia.(Ziemenvan der Poel, et al., ProcNatl Acad Sci, 88"I0735_I0739_1991;
McCabe, et al., Proc Natl Acad Sci, 89"11794-11798,1992)

eWe have cloned the breakpoint in the t(9;11)(p22;q23) and in the
t(11;19)(q23;p13.1). The gene on chromosome9 is AF-9 (clonedindependentlyby
Croce and Canaani).(Nakamura,et al., Proc Natl Acad Sci, 90"4631-4635,1993)
We have cloned the t(9;11) breakpointfrom one patientand one cell line. The
breakpointin MLL is after exon 6 in one and after exon 8 in the cell line. The
breakpoint in AF-9 is in the same intronas reportedby Nakamura,et al. In the
t(11;19),the breakpointon chromosome19 is more centromericthan the ENL gene
that was cloned by Cleary's group(Tkachuk,et al., Cell, 71"691-670,1992) and
it shows no sequencehomologyto ENL. A paper reportingthis discoveryhas been
submitted.(Thirman,et al.)

eWe have cloned the t(3;21)breakpointand have shown that it is unusualin
that it involvesAMLI on chromosome21 and resultsin fusionmRNAs from at least
two (possiblythree)differentgenes on chromosome3.(Nucifora,et al., ProcNatl
Acad Sci, 91"4004-4008,1994)

eWe have shown that all ninet-AML patientswith 11q23 translocationsandMLL
rearrangementson Southernblotanalysishad receivedtopoisomeraseII inhibitors
for treatmentof anothermalignantdisease.

eThe patientswith t-AML and 11q23translocationshave breaks in the same8.3
kb region of MLL as the de novo AML. Our preliminarydata suggest that these
breaks in the t-AML are relativelyevenly distributedin this segment, whereas
the breaks in the de novo patientstend to cluster in the 5' two-thirdsof the
segment.(Broeker,et al., AACR abstract,1994)

eWe have mapped the scaffold attachmentregions in the 8.3 kb breakpoint
cluster region of the MLL gene. Most of the breakpoints in the de novo AML
patientsmap in a 5 kb DNA loop that is bounded by SARs.

eWe have also mapped the locationof vertebrate topo II consensusbinding
sequences in the 8.3 kb genomic fragment. There are eleven of them, eight of
which are in the region we have definedas a SAR.

B. Technical Progress of Projectduring the last three years

I. Defininq the chromosome seqments associated with radiation and
chemically inducedleukemoqenesis(treatment-relatedacute myeloid
leukemia_ t-AML)



a. Continued genetic analysis of chromosomes 5 and 7

Much of the responsibilityfor this projecthas been given to Drs. Michelle
LeBeau and Carol Westbrook. They have supportfor this projectthrougha program
project grant from NIH. They are presentlyconstructinga YAC contig for the
criticalregion of chromosome5, namely5q31. I remain a close collaboratorand
I am involved in parts of the project as needed.

As I indicated in my earlier annual report, I have access to a patient
(patientA) with abnormalitiesof many of the chromosomeregions involvedin t-
AML. In addition, we also received a sample from a second man (patient B)
involved in the same accident. He has many abnormal metaphase cells, but no
clonal abnormalityin the sampleswe received. As the appropriateprobesbecome
available, I will analyze the DNA from patients A and B for mutations in the
appropriatecandidategenes (see ProposedResearch).

An importantrelatedprojecthas been the completionof a major study on the
karyotypic pattern seen in patients with a subtype of AML, namely
erythroleukemia,AML M6. We have performed a retrospectiveanalysis of the
clinical,morphologic,and cytogeneticfindingsin 26 patientsdiagnosedbetween
January 1969 and September 1991 with acute erythroblasticleukemia de 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 17 patients (65%). In addition, the karyotypes were often complex with
multiple abnormalitiesand subclones. Among the remainingg patients,6 had a
normal karyotype and one each had trisomy 8, t(3;3), or t(3;5). The overall
frequencyof abnormalitiesof chromosomes5 and/or7 observedin our M6 patients
is similarto that observed in our patientswith therapy-relatedacute myeloid
leukemia (t-AML) (gg of 129 patients,77%) but substantiallyhigher than that
noted in our other patients with AML de novo (FAB subtypes MI-MS: 52 of 334
patients, 16%). Our M6 patients with abnormalitiesof chromosomes5 and/or 7
were older and had a shortermedian survival (16 weeks vs 77 weeks [p = .0047])
than the patientswithout these abnormalities. We found no correlationbetween
morphologicfeatures and either cytogeneticabnormalitiesor clinical outcome.
Of notewas the findingthat the percentageof myeloblasts,which may accountfor
only a small fractionof the totalmarrow elementswhen the revisedFAB criteria
are applied,had no bearingon prognosis. We concludethat acute erythroblastic
leukemia, when defined by morphologic criteria, consists of two distinctive
subgroups: one group tends to be older, has complex cytogeneticabnormalities
especiallyof chromosomes5 and/or7, and sharesbiologicaland clinicalfeatures
with t-AML; the other group with simple or no detectable cytogenetic
abnormalities has a more favorable prognosis when treated with intensive
chemotherapy.(Olopade,et al., Blood, 80:1-9, 1992)

b_ Correlation of treatment with balanced and unbalanced
translocations

The resultsof our analysis has been publishedas a Letterto the Editorof
Blood.

We had five patients with balanced translocationsof 11q23 and 5 patients
with balanced translocationsof 21q22. Only one patient in each group did not
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receivea topo II inhibitor. This compareswith 2 and 8 patientswith unbalanced
translocationsinvolving these bands; except for one patient with an 11q23
breakpoint,none of these patientshad receivedtopo II inhibitors.(SeeTable I)

Table I RELATIONSHIPBETWEENPRIOR CHEMOTHERAPYAND CLONAL
CHROMOSOMALTRANSLOCATIONSIN 132 PATIENTSWITH t-MDS/t-AML

ATTop ATTop AA Other
+ A__._AAOnly Treatment Total

Number Studied 6 40 67 19 132

Balanced translocation

band 11q23 2 2 1 0 5

Balanced translocation 0 4 1 0 5
band 2Iq22

Unbalancedtranslocation 0 0 2 0 2
band 11q23

Unbalanced translocation 0 I 6 1 8
band 21q22

Abbreviations: ATTop, chemotherapyagentsthat targetDNA topoisomeraseII;AA,
alkylating agents.

Balanced translocationsinvolving band 11q23 or 21q22 were significantly
associatedwith prior ATTop exposure(p-O.O03,Fisher'sexact test, two sided).

Larson, R.A., Le Beau, M.M., Ratain, M.J., Rowley, J.D. (Letter to the
Editor) Balancedtranslocationsinvolvingchromosomebands 11q23 and 21q22 in
therapy-relatedleukemia. Blood, 79:1892-1893,1992.

2. Cloninq the breakpointsin balancedtranslocationsin t-AML

a. Analysis of 11q23 aberrations

1. Clone the t(9;11) and t(11;Ig) breakpoints

Our originalobjectiveof cloningthe t(9;11)and t(11;19)breakpointsin t-
AML has been substantially expanded and this is reflected in the altered
organizationof this section. My colleaguesand I have made steadyprogress in
first mapping and now in cloning the breakpoint junctions in the above two
translocations,as well as in a relatedtranslocation,t(6;11),in patientswith
de novo acute leukemia. The results of our cloning analysiswill be described
later in section 2C. We previously showed that the translocationsinvolving
11q23 with chromosomes 4(q21), 6(q27), 9(p22), and Ig(p13) both p13.3 (more
common) and p13.1 (less common) all had breakpointswithin a 330 kb human DNA
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insert in a yeast artificial chromosome (YAC) identified with a CD3 gamma
probe.(FigureIA)(Zieman van der Poel, et al., Proc Natl Acad Sci, 88:10735-
10739, 1991 We subcloned three fragments from the YAC and showed that one
fragment remained on chromosome 11 in all translocations. The other two
fragments were translocatedto the other chromosome.(4,6,9,or19) All three
fragmentsrecognizethe same large-sizedband (-15 kb) on Northernblot analysis
as well as other transcripts of varying size down to 1.5 kb. We subcloned a
number of unique sequenceprobes,especiallyfrom the large fragment (clone14)
just telomericto the breakpoint.(McCabe,et al., Proc Natl Acad Sci, 89"11794-
11798, 1992)

We called this gene MLL (myeloid-lymphoid,or mixed-lineageleukemia). The
gene is estimated to be over 100 kb in size and there are multiple size RNA
transcripts. The largest cDNA is 15 kb and it codes for a protein of just over
3,900 amino acids of about 430 kDa. There are a minimum of 21 exons. Exons 8
to 11 code for a series of zinc fingers that show homology to the Drosophila
trithoraxgene. Using subclonesof these genomic probes,we have identifieda
number of cDNA clones of MLL, two of which recognizerearrangementson Southern
blots of DNA from patientsand cell lineswith 11q23 translocations.An internal
O.74kb BamH1 subclone of one of the cDNAs, which recognizes an 8.3kb BamH1
genomic fragment, detects rearrangementson Southern blots of BamH1 digested
patient and cell line DNA.(FigureIB,C) This 8.3 kb fragment contains exons 5
through 11.

We analyzed DNA from 61 samples using this 0.74 kilobase BamHI fragment
isolatedfrom a cDNA clone of the MLL gene. Patientsampleswere selectedon the
basis of a karyotype containing an 11q23 abnormalityand the availabilityof
cryopreservedbone marrow or peripheralblood: Unique sequences from the 0.74
kb cDNA fragment,correspondingto the centromericand telomericends of the 8.3
kb germline fragment,were amplifiedby the polymerasechain reaction (PCR) and
were used as probesto distinguishthe chromosomaloriginof rearrangedbands on
Southern blot analysis. Using the O.74kb probe, we detected rearrangementsin
BamHI digested DNA from 61 patientswith acute leukemia and 11q23 aberrations,
three cell lines derivedfrom suchpatients,and three patientswith non-Hodgkins
lymphomas. Nineteen differentchromosomebreakpointswere associatedwith the
MLL gene in these rearrangements,suggesting that MLL is juxtaposed to 19
differentgenes. In 70% of these cases,two rearrangedbands, correspondingto
the two derivative chromosomes,were detected and in 30%, only one rearranged
bandwas present. In caseswith only one rearrangedband, it was alwaysdetected
by only the centromericprobe. Thus, the sequencescentromericto the breakpoint
were always preserved, whereas, telomeric sequences were deleted in 30% of
cases.(FigureID,2)(Thirman,et al., New Engl J Med, 329:909-914,1993)

Thus we have developed acDNA probe that detectsrearrangementson Southern
blot analysis with a single BamHI restrictiondigest in all patients with the
common 11q23translocations. This cDNAprobewill be very usefulclinicallyboth
in diagnosis of rearrangementsof the MLL gene especially in infants with
leukemia as well as in monitoringpatientsduring the course of their disease.
The usefulnessof this probe is illustratedby the recent report of Caligiura,
et al. (CancerResearch, 54:370, 1994) who identifiedMLL rearrangementsin
patientswithout 11q23 cytogeneticaberrationsusing this probe.
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FIGURE1

A. A partial mapof 11q23 showing the 1oration'of nearby genes. Below, partial restriction mapof YAC
showing alignment to larger genomicmapabove and to the NLL gene in B.

B. A partial mapof MLL showing the location of the 8.3kb breakpoint cluster region (BCR) and the clone
14 probe used in FISH studies.

C. Diagram of the cDNAwtth the position of t_ 0.Tkb probe and the general location of important motifs.

D. Representation of the two derivative chromosomesformed as a result of the translocation. The zinc
fingers are translocated to the der(other) chromosomeand part or all of MLL telomeric to the
breakpoint is deleted in about Z5%of de novo acute leukemia patients. N - NotI, S - SFiI, B - BamHI,
Zn fingers - zinc fingers, trx - trithorax, der(I1) - derivative 11 chromosome,der(other) - other
derivative chromosome.
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t(6;11) lanes 8-9, probed_withthe MLL O.7kb BamHI cDNA. Lane 7 is the
control. Lanes I and 4-6 have two rearrangedbands whereas lanes 2, 3, 8 and
9 have a single rearranged band indicatinga deletion of MLL telomeric to the
breakpoint.
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This series of translocations involving the MLL gene has been a major focus
of our group this year. Thegene is also calledALL] (Croce-Canaani, Gu, et al.,
Cell, 71:701, 1992), Htrx (G. Evans, Diabali, et al., Nature Genetics,2:113,
1992)), and HRX (M. Cleary, Tkachuk, et al., Cell, 71:691, 1992). In fact we
have publishedten papers, includingeight primary research papers in 1993 or
1994. In September,1993,we publishedthe largestseriesof patientswith 11q23
aberrations.(Thirman,et al., Op.cit.)

2. Analysis of 11q23 breakpointsin t-AML patients

We have used the same strategyto examinefor MLL rearrangementsin patients
with AML whose cancers were treated with various drugs, especially the
epipodophylltoxins. Five to 15% of patients treatedwith chemotherapyfor a
primary neoplasm develop therapy-related AML (t-AML) which may show
rearrangements,usually translocationsinvolving band 11q23, or less often,
21q22. These leukemiasdevelop after a relativelyshort latent period and often
follow the use of drugs that inhibitthe activityof DNA-topoisomeraseII (topo
II). We have studied 17 patients with t-MDS/t-AML, 12 of whom had
cytogeneticallydetectable 11q23 rearrangements. Ten of the 12 t-AML patients
had received topo II inhibitors and nine of these, all with balanced
translocationsof 11q23,hadMLL rearrangementson Southernblot analysis. None
of the patients who had not received topo II inhibitors showed an MLL
rearrangement. Of the five patientslacking11q23 rearrangements,some of whom
had monoblastic features, none had an MLL rearrangement,although four had
received topo II inhibitors. Our study indicates that the MLL gene
rearrangementsare similar in AML which develops de novo and in t-AML. The
associationof exposureto topo- reactivechemotherapywith 11q23 rearrangements
involvingthe MLL gene in t-AML suggeststhat topo II may play a role in the
aberrant recombinationevents that occur in this region in both AML de novo and
in t-AML.(Super,et al., Blood, _2:3705-3711,1993) The involvementof MLL in
t-AML has been reported by others.(Hunger,et al., Blood, 81:3197-3203,1993;
Felix et al., Cancer Res, 53:2954, 1993)

3. Cloningthe breakpointsin the t(6;11),t(g;11)and t(11;19)

It is of interest (and a surprise to me) that all of the translocation
junctions that have been cloned thus far lead to fusion genes. Using first
cytogeneticdata(Rowley,Genes Chromosomesand Cancer,5:264-266,1992)and more
recentlythe evidencethat MLL is deleted3' of the breakpoint,(Thirman,et al.,
New EnglJ Med, and ASH abstract,1993)we have shownquite convincinglythat the
critical genetic event is the juxtapositionof 5' sequences on MLL with 3'
sequencesof the various partnergenes on the derivative11 chromosome.(Figure
1,2) These 3' deletionsusuallyresultin the lossof the zinc fingerregionand
the remainder of the MLL gene and thcj can often be as large as several
megatoses.

a. Cloning the t(6;11)

With probes that we have used to map other 11q23 translocationswith FISH,
we showed that the rearrangementsin the ML-2 cell line involvedbothchromosomes
11 includingthe MLL gene° We showed that one chromosome 11 is involvedin a
heretofore unrecognizedtranslocationwith chromosome6. The break in MLL is



just telomeric to exon 6. Wecloned the unknownsequences on chromosome6 using
_everse-anchor-PCR.(Corral, et al., Proc Natl Acad Sci, 90:8538-8542, 1993) The
breakpoint in the AF-6 gene is in the sameposition as reported on by Prasad, et
a]., Cancer Research, 53:5624, 1993. With our FISH analysis we have shown that
there is a deletion of part of NLL on the other chromosome11. Our present
mapping data indicate that the break may be 3' of exon 5 of MLL. These data
indicate that there is no normal copy of MLL in this cell ]ine. As soon as we
complete the mapping of the 5' boundary of the NLL deletion we will prepare this
paper for publication. ML-2 will be a very useful cell line for our functional
studies of theMLL protein. The FISH analysis was done by Dr. Hirofumi Kobayashi
and the cloning was done by Dr. Satoru Tanabe, working with Dr. Nancy Zeleznik-
Le.

b. Cloning of the t(9;ll)

This research is the Ph.D. thesis project of Heidi Gill Super. Using frozen
material from one of our patients, Heidi prepared a genomic library which she
screened with the MLL 0.74 kb cDNAprobe. Amongthe clones she obtained were
several that contained material from chromosome9 because they gave a positive
signal on 9 using a filter we had of a somatic cel] hybrid panel. With the probe
from chromosome9, she has isolated several cDNAclones that are positive and she
has sequenced these. She is using these probes to map the breakpoint on
chromosomeg in a number of patients with t(9;ll). It is of interest that this
gene, called AF-9 has been shown to be rearranged in on]y two of the five
patients reported on by Nakamura, eta]., Proc Nat] Acad Sci, 90:4631-4635,
1993). However, using RT-PCR, Yamamoto, et al. could amplify a fusion message
in two cell lines and in four of six patients with a t(9;ll).(Blood, 83:2912-
2921, 1994)

Because the t(9;11) is commonin t-AML, we are especially interested in
mapping the genomic breakpoints in these patients. Wehave the probes available
to proceed with this analysis of the breakpoints in both MLL and AF-9.

c. Cloning the t(11;19)

There are two different breakpoint on chromosome19 in band 19p13; the more
commonbreakpoint is in 19p13.3 and is seen primarily in children with ALL. The
gene at this breakpoint was identified independently by Tkachuk, et al., (Cell,
71:691-700, 1992) who called it ENL and by Yamamoto,et al., (Oncogene, 8:479-
485, 1993) who called it LTG19. We have recently cloned the less common
breakpoint at 19p13.1 which is involved in both AMLand ALL in children and in
adults. We developed a strategy to clone the region from a cDNAlibrary using
primer sequences from 5' MLL and a knownvector ]inked to random sequences as the
antisense primer. The clones that contained the fusion transcript were isolated
and these were used to screen a cDNA library. The largest cDNAwas 2.8 kb and
it was used for FISH as well as for sequencing. FISH showed that it mappedto
19p13.1 and sequencing revealed that it was a unique previously unreported gene.
It has no homology to other partner genes cloned in #LL translocation junctions.
A paper describing these results is presently being submitted.(Thirman, et al.)



4. Mapping of t(X;ll) in the Karpas 45 cell line

Using FISH, we and others showed that the Karpas 45 cell line had a
t(X;11)(q13;q23). We also found that MLL was rearranged on Southern blot
analysesof DNA from Karpas 45. We detectedat least two alteredtranscriptsof
MLL that are derived from the der(ll)chromosome in this cell line using cDNA
fragmentsthatwere centromericand telomericto the breakpoint.(McCabe,et al.,
Genes Chrom Cancer, 9:221-224, 1994)

On Northern analysis, the cDNA fragments detected the normal-sizedMLL
transcriptsof 13 and 15 kb in the controlcell lines,and to a lesser extent in
the Karpas 45 cell line. However, two cDNA fragments, which span or are
centromeric to the breakpoint junction, detected two additional altered
transcripts (approximately6 and 8 kb) of the MLL gene in the Karpas 45 cell
line. As a more telomeric cDNA fragmentdid not hybridizeto these two novel
transcripts,we conclude that these transcripts are altered MLL transcripts
coming from the derivative chromosome11. Our studiesalso revealed that th_
altered transcripts of approximately6 and 8 kb were very highly expressed
relativeto the normal transcripts. We are using this cell line for a numberof
our functionalstudies. We previouslydetectedone alteredMLL transcriptcoming
from the derivative chromosome 11 in the RS4;11 cell line that has a t(4;11)
(McCabe, et al., Proc Natl Acad Sci USA, 8g:11794-11798,1992), and this was
confirmed by others.(Corral, et al., Proc Natl Acad Sci, g0:8538-8542,1993;
Parry, et al., Genes Chromosomesand Cancer, in press)

5. MLL rearrangementin twins

Rearrangementsof chromosome band 11q23 are common in infant leukemias,
comprisingmore than 70% of the observed chromosomeabnormalitiesin leukemic
childrenless than one year of age. We have detectedan identical,clonal,non-
constitutionalrearrangementof the MLL gene in peripheral blood cells from a
pair of female infant identicaltwins with ALL and a t(11;Ig)(q23;p13.3). It
should be noted that the cytogenetic analysis done in another laboratory
suggestedthat the abnormalitywas adeletion of 11q23. Using FISH and telomeric
probes for 11q23, we could show that the correct analysis was t(11;19). The
detectionof non-identicalIGH rearrangementssuggeststhatthe MLL rearrangement
took place in a B-cell precursoror hematopoieticstemcell in one twin which was
transferred in utero to the other fetus resulting in ALL with an identical
aneuploid karyotype in both infants. We speculatethat the other MLL-related
infantleukemiasmay alsodevelopin utero,and that the rearrangementsmay occur
consistentlyin stem cells or early precursorcells, accountingfor the mixed-
lineage leukemia in infants.(Super,et al., Blood,83:641-644,1994)

6. Analysis of various samples with aberrations of 11q with
FISH

Complimentingthe molecularanalysesjust described,we have just completed
a series of studies that have defined the nature of various structural
aberrations involving 11q, most especially those that involve 11q23. These
studieswere carried out by Dr. HirofumiKobayashi,M.D. who returned to Japan
in April.



First we mapped and ordered 17 cosmid, phage, and plasmid clones to
chromosome 11, bands q22-q24, using FISH. We then analyzed four hematopoietic
cell lineswith 11q23 rearrangements,Karpas 45, SUP-T13,RC-K8, and Karpas 422,
using these probes.(Figure 3) The studies showed that the translocation
breakpointsof the Karpas 45 and SUP-T13cell lines,which were derived from T
cell malignancies,were locatedin the same breakpointclusterregion of the MLL
gene as the RS4;11 cell line. We also found that the translocationbreakpoint
of the RC-K8 cell line was located telomeric to the MLL gene, and that the
derivative 11 chromosomeof the Karpas 422 cell line which had been thoughtto
containa t(4;11)(q21;q23),was in factformedthrougha deletion and an inverted
tandem repeat of this part 11q. Becausethese cell lines are used by scientists
world wide for a number of molecular and biological studies, information
regardingthe correctkaryotypeof these lines is important.(Kobayashi,et al.,
Blood, 81:3027-3033,1993)

We then used FISH to analyzecells from four patientswho had acute leukemia
or MDS who were thought on standard cytogenetic analysis to contain a
del(11)(q23q25). Cells from all patientswere shown to contain translocations
which involvedchromosome6, t(6;11)(q27;q23)in three of them. Our data suggest
that a large proportion of presumptive del(11)(q23) or del(11)(q23q25)
chromosomesmay representpreviouslyunidentifiedtranslocationsthat can now be
detected by FISH. Since publicationof this paper we have identifiedsix more
samplesthat were erroneouslycalleddeletionsratherthan translocations. This
was true for the twins, originallythoughtto have a del(11)(q23)who were found
on FISH to have a t(11;19).(Kobayashi,et al., Genes Chrom Cancer, 7:204-208,
1993)

We studied 24 patients whose cells contained a variety of 11q23
rearrangements, including translocations, insertions, and an inversion using FISH
with cosmid, phage, and plasmid probes mappedto 11q22-24. In 17 patients, the
breakpoints of the common11q23 translocations involving chromosomes4, 6, 9, and
19 as well as someuncommontranslocations involving 3q23, 17q25, 10p11, and an
insertion 10;11 were all located in the breakpoint cluster region of the MLL
gene,(FigureIC) regardless of age, phenotypeof disease, or involvementof a
third chromosome.(Tables2-5) The breakpoints in 11q23 in the other seven
patients with a t(7;11)(p15q23), inv(11)(pllq23), t(4;11)(q23;q23),
der(5)t(5;11)(q13;q23), ins(10;11)(p11;q23q24), t(11;14)(q23;q11), or
t(11;18;11)(p15;q21;q23)were locatedeithercentromericto CD3D or telomericto
THYI.(Tab-Tes3,5) Thus, althoughmost 11q23 rearrangementsinvolve the same
breakpointcluster region of MLL, there is heterogeneityin the breakpoint in
some of the rare rearrangements. Distinguishingamong the translocationsthat
involveMLL from those that do not is important. In the future, treatmentis
likely to be differentfor rearrangementsinvolvingMLL from that used for other
patients. Based on our total seriesof patients,it appearsthatMLL is involved
in at least80 to 90% of 11q23translocations.(Kobayashi,et al., Blood,82:547-
551, 1993)

Deletionsof 11q23 are very common in patientswith hematopoieticdiseases.
We were curiouswhetherMLL was also the targetof these deletions. Cytogenetic
analysis of 28 patients and of a cell line showed that all deletions included
band 11q23. FISH analysis demonstrated that the proximal part of 11q23,
including NCAM, was deleted in 14 of 16 patients.(Figure4) These results
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TABLE 2

Clinical, cytogenetic,and FISH data of the 17 patients with transiocation breakpoints

located between CD30 and clone 14.
Patient Age,yr/ Hematologic - Partial Karyotype ......Localizatio..nof

number sex disease CD3D clone 14
, , ,,, , ,,, , ,

1# 19/M ALL der(4)t(4;11;19)(q21;q23;q13), der(11) deleted

der( 11)t(4 ;11;19)(q21 ;q23 ;ql 3)

del(11)(ql ?4q2?3),

der(19)t(4;11 ;19)(q21 ;q23 ;q13)

2# 48/M AML t(6;11)(q27;q23) der(11) deleted

3a# 7/M AML t(6;11)(q27;q23) der(11) deleted

4a# 14/M ALL t(6;11)(q27;q23),i(17)(q10), der(11) der(6)

add(12)(p12)

5 4/M AML-MSA t(9;11)(p22;q23) der(11) der(9)

6 2g/M AML-M5 t(9;11)(p22;q23) der(11) der(9)

7a# 44/M AML-M1 t(9;11)(p22;q23) der(11) deleted

8# 34/M AML-M5A t(9;11)(p22 ;q23) der(11) der(9)

9 31/M AML-M5A t(1;9;11;21)(p34;p22;q23;q22.3), der(11) der(21)

del(1)(p34p36)

10 2/M AML-M5 t(9;11;13)(p22 ;q23;q34) der(11) der(13)

11# 37/M AML-M4 t(11;19)(q23;p13.3) der(11) der(19)

12 0.3iF AML-M2 t(11;19)(q23;p13.3) der(11) der(19)

13 32/M AML-M4 t(11;19)(q23;p13.1) der(11) der(19)

14 62/F CLL t(3;11)(q23;q23),+12 der(11) der(3)

15 55/F RAEB t(11;17)(q23;q25) der(11) der(17)

16# 0.4/M AML-M4 t(10;11)(p11;q23) der(11) der(10)

17# ?../M AML-M5 inv ins(10;ll)(pl 1.2;q23q13), der(10) der(11)

del( 1)(p34p36),-9,t(11 ;15)

(q13;q2?3) ......

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CLL, chronic

lymphocytic leukemia; RAEB, refractory anemia with excess blasts.

a Karyotypes of patients 3, 4 (Kobayashi et al.),7 and 7 (Rowley et al.) 3 were

previously reported.

#MLL gene rearranged on Southern blot analysis.



TABLE3

Clinical and c),togeneticfeaturesof patientswith uncommon1lq23 translocationbreakpointsnot involving MLL.

Patient Age, Hematologic Stage Karyotype

number ),r/sex disease
18 68/F CML Blast crisis 46,XX,t(7;11)(p15;q23),t(9;22)(q34;q11) [18]/non-clonal abnormal cell [1]/

46,XX[I]

19 30/F CML Chronic 46.XX,t(9;22)(q34;q11) [15]/46,XX.t(9;22)(q34;q11),inv(11)(pllq23) [6]/

phase 46,XX [1]

20 51/F AML Diagnosis 43,X,-X,-3,t(3;6)(q23;p25),t(4;11)(q23;q23),der(5)t(X;5)(p11;q15),del(6)

(p21p25),der(16)t(73;16)(p21;p13),der(17)t(?3;17)(q25;q21)dic(17;22)

(p13;q13),-22 [1]/43,idem,add(21)(q22) [10]/45,idem,+2mar [2]/45,idem,

der(16)ins(16;?)(p13;?),+2mar [4]/non-clonal abnormal cells [2]/46,XX [2]

21 47/M t-MDS Diagnosis 46,XY,add(3)(p13),der(5)t(5;11)(q13;q23) [19]/46,XY [2]

22 4/M AML-M5 Diagnosis 46,)(Y,ins(10;11).(p11;q23q24) [14 ]/46,XY [1 ]

23a 22/F ALL Diagnosis 46,-X,add(X)(q278),del(7)(q21q36),t(10;14)(q24;q32), t(11;14)(q23;q11)
[18]/46,XX [11]

24 65/F NHL Diagnosis 49,X,t(X;1)(p2?1;p3?1),+5,del(9)(q12q22),t(11;18"1L_1_(p15;q21;q23),
del(13)(ql 2ql 4),+del(13)(ql 2ql 4),add(14)(q32).der(15)t(1;15)(ql 1;p11),
+der(18)t(11;18)(p15;q21) [6 ]/48,X,t(X; 1),+11,del(13),add(14),

der(15)t(1;15).+mar [4]/.non-clonalabnormal cells [2]/46,XX [7]

CML, chronic myeloid leukemia; ALL, acute iymphoblastic leukemia; AML. acute myeioid leukemia; t-MDS,

therapy-related myelodysplastic symdrome; NHL, non-Hodgkin's lymphoma.

aKaryotype of patient 23 was described previously.4,16



TABLE4

Mapping of 1lq deletions in patientswhose cells showedonly one rearranged

band on Southern blot analysis with the 0.7 kbcDNA probe of MLL.
Probe Patient number ....

order 1 2 3 7, ,

cen

CD3D der(11) der(11) der(11) der(11)
14 deleted deleted deleted deleted

9.12 der(19) deleted deleted deleted

XB1 der(19) der(6) deleted deleted
XH5 deleted deleted

t

9.4 der(6) deleted

PBGD der(6) tier(6) deleted

THY1 der(6) deleted

SRPR der(19) der(6) der(9)
ETS 1 der(6) der(6) der(9)

tel

An arrow shows a telomeric end of each deletion.

Some FISH data from patients 3 (Kobayashi et al.)7 and 7 (Rowley et al.)3 were

described previously.



TABLE5 Mapping of the chromosomalrearrangementsin patientswith uncommon1lq23 rearrangements

not,involvin_M/_/_.
Probe Patientnumber

order 18 19 20 21 22 ....23 ,,24 .
cen

3.16 der(11) inv(11q) der(11) (.)b der(11) der(11) der(11q)
23.20 der(11) inv(11q) der(11) (_)b der(11) der(11) der(11q)

NCAM der(7) deleteda der(11) (.)b der(10) der(11) der(1 lq)

4.13 der(7) inv(1lp) der(4) der(5) der(10) der(11) der(1lq)

1.16 der(7) inv(1 lp) der(4) der(5) der(10) der(11) der(1lq)

CD3D der(7) inv(1lp) der(4) der(5) der(10) der(11) der(1lq)

14 inv(1lp) , der(11) der(1lq)

XB1 der(7) inv(1lp) der(4) der(5) der(10) der(11) der(1lq)

XH5 inv(1lp) der(4) der(10) der(11) der(1lq)

9.4 der(7) inv(1lp) der(4) der(5) der(11)

PBGD der(7) inv(1lp) der(4) der(5) der(11) der(1lq)
THY1 der(4) der(10) der(11) der(1lq)

L121 der(7) der(5) der(10) der(11) der(1lq)

SRPR der(7) inv(1lp) der(4) der(5) der(11) de.r(14) der(1lq)

ETS1 inv(1lp) der(4) der(14) der(1lq)

5.8 der(7) inv(1lp) der(4) der(5) der(11) der(14) der(1lp)
tel

An arrow shows the breakpoint el each rearrangement.

a NCAM was deleted from the inv(11) chromosome, b 3.16 through NCAM were not located on the

der(5) chromosome, whereas these probes hybridized to both the normal 11 chromosomes.

The MLL gene and the 1lq23 breakpoint of the RC-K8 cell line were located between CD3D and clone

14 and between clone 14 and XB1. respectively.6
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suggestthat the putativetumor-suppressorgene is proximalto the MLL genewhich
is also locatedin 11q23.(Kobayashi,et al.,Genes Chrom Cancer,8:246-252,1993)
I have recentlywritten a reviewof the work publishedon MLL as of June, 1993.
A reprint of the article in Seminars in Cancer Biolog.v(RowleyJD, 4:377-385,
1994) which tries to put our work in perspectiverelative to the contributions
of other laboratoriesis included.

b. Clone the t(3;2])(q26;q22) breakpoints

This is a new research project for the laboratorywhich I think has very
excitingimplicationsrelatedtomutagenic agentsandleukemogenesis. All of our
t-AML patients with 21q balanced translocationshave had a 3;21 translocation
with breakpointsin 3q26 and 21q22. We have not seen this translocationin any
of our patients with AML de novo; a revi_ _ of the published literature also
indicatesthat this is extremelyrare in de _:ovoAML. We have been collaborating
with Dr. Harry Drabkin, University of C(_}rado Medical Center. He isolated
probes from a YAC containingDNA fromchron_;_;ome21 andwe showed thatthe probes
were split in the t(8;21).(Gao,et al., Pr_: Natl Acad Sci, 88:4882-4886,1991)
Using this informationhe cloned the breai<l:,ointin the AMLI gene on chromosome
21 in the 8;21 [t(8;21)(q22;q22)]transloc_tion.Thet(8;21) occurs in about 40%
of karyotypicallyabnormal patientswith AML-M2 (myeloblasticwith maturation).
The AMLI gene is transcribedfrom telomere to centromere. The translocation
results in a fusion on the der(8) chromosomeof the 5' part of AMLI and the 3'
part of ETO on chromosome 8.(Figure5)(Erickson,et al., Blood, 80:1825-1831,
1992)

AMLI belongs to a new family of heterodimerictranscription regulatory
proteins with important roles in processes ranging from segmentation in
Drosophila to hematopoiesisand leukemiain humans. The three members of this
family are AMLI, Pebp2aA (mouse)and runt in Drosophila. They share a 128 amino
acid domain called runt which is a DNA bindingprotein,(Figure6) which also has
a region for heterodimerization.TheAMLI protein is 250 amino acids. Northern
blot analysis shows several size transcriptsfrom 8 to 2 kb presumablydue to
differential splicing. The breakpoint in AMLI occurs just 3' of the runt
homologydomain. It is of interestthat the proteinthat binds to AMLI to form
a heterodimer is CBFB (core binding factor beta) which is involved in an
inversion or translocation affecting chromosome 16 in acute myelomonocytic
leukemia with abnormal eosinophils.(Liu,et al., Science 261:1041-1044,1993;
Claxton, et al., Blood 83:1750-1756,1994)

We used the same DNA probes from chromosome21 isolatedby Dr. Drabkin to
analyze the t(3;21). We could show with FISH that these same probes were split
by the breakpoint in the t(3;21). We found that AMLI is also rearrangedin the
t(3;21).(Figure7) We have samplesof bone marrow from five leukemicpatients
with CML or t-MDS/t-AML with the t(3;21) which were frozen to maintain cell
viability; several hundred million cells are availablefor each patient. The
thawed cells are 90-95% viable, and contain intact DNA and RNA, suitable for
constructionof genomicDNA libraries,for preparationof RNA for Northern blot
analysis, and for RT-PCR of cDNA libraries.
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Diagram ofAML 1/ETO Fusion

in 8;21Translocatlon

runthomology
AML I N-L _'_:-,_i.....................7:.........................,, i l-C

ETO N-t -" -" "- ," F F ..... " ............. .. , _- ,. ,.I'_',. .".,-C
S P CC CC CC HC

t(8:21)

AMLL/'ETO N't _:_.:.::.:.-.-._:.:.:.:.-.:.:.:.:...-...:.-.:.:.:.:rt r t t r / r f ,'-r / r .t r r _ t t _,-i r rl'._y-_,,_'tl 4_
S P CCCC CCHC

Telomere Centromere

FISURE 5

Diagram of the fusion gene in the 8;21 translocation. The break in AHL1 is
just te]omeric to the runt homology region; the break in ETO is in the first 27
nuc]eotides. The fusion gene is in frame.



Relationship of Runt Homology Region
in Various Proteins

runt homology PST
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FIGURE6

Diagram showing the location of the runt homology domain in the various
members of the family. The percentagesbetween each gene shows the degree of
homology betweenthe differentfamily members. Runt is the gene in Drosophila,
pebp 2aA and aB are murine genes and AMLI (or CBFA, its other name) is the human
gene.



Location of Translocation Breakpoints in AML1 Gene

Transcription of AMLI
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FIGURE7

BamHl restriction map of chromosome 21 in the region containing the .....
breakpointsof the t(8;21), t(3;21), t(5;21) and t(17;21). The translocation
breakpoints are indicated by vertical arrows. The vertical bars below the
horizontalline indicate the BamHI sites. The black boxes above the horizontal
line indicate numbered AMLI exons. The directionof transcriptionof AMLI is
indicatedby a horizontal arrow. The recombinantphage clones 13' throughwc-10
are indicated by horizontal lines below the map. Wc-10 and genomic regions
indicatedby a dashed line have not been mapped.



We screeneda cDNA librarymade from malignantcells of a t-MDS patientwith
the t(3;21) using an AML1-specificprobe, and isolatedseveralcDNA clones that
hybridized to DNA from a somatic cell hybrid containing chromosome 3 but not
chromosome21. After sequencing,we determinedthat the clonescontainedthe 5'
region of AML] fused to a previouslycharacterizedgene EAP, which we localized
to band 3q26.(Nucifora,et al., Proc Natl Acad Sci USA, 90:7784-7788,1993) EAP
is a highly expressedsmall proteinof 129 residuesassociatedwith Epstein-Barr
virus (EBV) small RNA and identifiedas the ribosomalprotein L22. As is true
for most ribosomalgenes, EAP belongsto a family of pseudogenes,and Southern
blot analysisof germlinehuman DNA showedhybridizationof an EAP-specificprobe
to at least 12EcoRI bands varyingin size fromone to about 20kb. Northernblot
analysis showed that EAP is expressed in all tissues and cell lines that we
tested, and three transcriptsof about I, 1.5 and 2kb were detected. The 3;21
fusion clones contained the region of AMLI that binds DNA, namely the runt
homology region, that is fused to ETO in the t(8;21) and, in addition, it
containedone uther AMLI exon. The 3' end of AMLI was replaced by the last 96
codons of EAP followed by about O.9kb of EAP 3' untranslatedsequences. We
determined that the fusion did not maintain the EAP reading frame and that
translationof the fusionmRNAwas terminatedshortlyafter the AMLI/EAPjunction
by an out of frame stop codon introducedby the EAP sequence. We suggestedthat
most likely AMLI/EAPwas devoid of transactivationactivity and could act as a
constitutiverepressorinhibitingthe functionof the normal protein.(Nucifora,
Proc Natl Acad Sci USA, 90:7784-7788,1993)

After we sequencedthe other cDNA clonesthat hybridizedto chromosome3 DNA,
we determinedthat one of the clones was completelydivergent from EAP in the
region downstreamof AMLI. This second fusion clone containedthe same region
of AMLI found in the AMLI/EAP cDNA fused to new sequencesthat we localizedon
chromosome band 3q26 with FISH. We named these sequences MDSl (for
m_.yelodysplasias_yndrome).The region of #D$1 that we cloned had no significant
homologyto any sequencedepositedin GenBank;it was evolutionarilyconserved,
and it was representedonly once in the genome. The Northern blot analysisof
adult human tissues indicatedthat MDSl was expressedonly in kidney,lung and
pancreas,with two major transcriptsof about 5.6 and 6.2kb. We did not detect
any transcript in hematopoietictissues and B, T or myeloid cell lines. These
results suggestedthat EAP and MDSl were unrelated genes. Whereas AMLI/EAP
producesa truncatedform of AMLI consistingmostly of the DNA-bindingregionof
the protein, the fusion of AMLI with MDSl adds 127 residues to the DNA binding
runt domain, with a high percentage of proline, serine and acidic residues,
suggestive of a transcriptionregulationdomain.(Nucifora,Proc Natl Acad Sci
USA, 91:4004-4008,1994)

To determine whether the production of two chimeric transcripts was an
unusual event unique in this patient or a common outcome of the t(3;21), we
analyzedperipheralblood samplesof four additionalt(3;21)patients,one with
CML-BC and three with t-AML by RT-PCR;we used two sets of primers: one set
specificfor the AMLI/EAPjunction,and the secondset specificfor the AMLI/MD$1
junction. In all cases, we detected a band of the size expectedwith each set
of primers used. By sequencing, we confirmed that the amplified fragments
containedthe chimericAMLI/EAP or AMLI/MD$1junctions. Inaddition,smallbands
were also consistently amplified. These bands represented isoforms of the
chimeric junctions involving AMLI and they lacked exon 6 of AMLI, as we
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determined by sequencing the junctions. These results indicated that the
production of two chimeric transcripts was common consequence of the 3;21
translocationand that two differentchimericmRNAs consistentlyco-existedin
these patients. Figure 8 shows a diagramwith the positionof the primersused
for amplificationand the variouschimericjunctionsidentifiedin the patients.

Chromosomal band 3q26 is also the location of EVIl, a gene whose
transcriptioncan be activatedby translocationboth upstream or downstreamof
the gene. The gene encodesa 145kD proteinwith seven zinc finger motifs at the
N-terminal and three zinc finger motifs at the C-terminal. It is oriented on
chromosome 3 such that the 5' end is telomericand the 3' end is centromeric.
The gene is essential for normal development of kidney, brain and peripheral
nervous system. Inappropriate expression of the gene in fibroblasts and
macrophages has no obvious effect, but in hematopoietic cells it blocks
granulocyticand erythrocyticdifferentiation. It has been suggestedthat EVIl
through its zinc fingers at the N-terminal region might activate or repress
promoterscontainingthis motif, and thereby interferewith a family of factors
which recognizethe GATA motif and which have been implicatedin the regulation
of stem cell differentiation. The transcriptionfactor GATA-I which has been
shown to be essentialfor erythroiddifferentiation.

Activation of EVIl has been implicatedin the leukemogenesisof 7% of AML
patientswith abnormalitiesinvolvingband 3q26. Only one of our t-AML patients
with a t(3;21) expressed this gene, as determined by use of RT-PCR and EVIl
primersfor detectingthe 3' end of the mRNA. To determinewhetherEVIl was also
expressedas a fusion gene with AMLI in this patient,we designed primers from
the publishedEVIl sequence to use with the AMLI primer in RT-PCR. One of the
EVIl primersamplifiedfour major bands that were clonedand sequenced: The two
smallerfragmentscontainedthe junction betweenAMLI and either exon 2 or exon
3 of EVIl; the two larger fragmentsrepresentedcomplexfusionclones,including
AMLI (plus or minus exon 6) fused to MDSI, which was fused to exon 2 of
EVIl.(Figure8) All of these fusion transcriptsmaintained the same reading
frame, leading to complex fusion peptides.

To localize these involved genes on chromosome 3, we probed filters from
pulsed-fieldgel electrophoresisprovided to us by Dr. James lhle, St. Jude's
Children Hospital,Memphis, TN. Previous studies had shown that a CpG island
exists 5' of the EVIl gene which contains sites for BSSHII cleavage in the 5'
region of the EVIl gene. Both the EAP and MDSI probes were localizedon the
BSSHII fragment that is detected by a 5' EVIl probe.(Figureg) However, both
probes detected an identicalbut novel Sfil fragment of approximately300kb.
Therefore,both EAP and MDSl probes are at least 170kbtelomericof EVIl. Thus,
the order of the probes from the telomere is EAP-MDSl-EVII. We also used
fluorescencein situ hybridizationto confirmthat EVIl was centromericto MDSI.

It is generally accepted that, in most translocations associated with
leukemia, the genes that are fused across the breakpoint are those directly
modified in their expression or function,and thus are critically involved in
leukemogenesis.There are only few examplesof genes that are affectedat a long
distanceby a translocation,and the effect is limitedto alteringthe expression
of the involved gene. These cases of the t(3;21) are unique in containing
chimeric transcriptsbetweenAMLI and unrelatedgenes located over a region of
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Diagram of Various Transcripts in t(3 ;21) Patients
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FIGURE8

Figure 8 diagram illustratingthe AMLI/EAP and AMLI/MDSI junctions
detected by RT-PCR of the five t(3;21) patients,as well as the AMLI/EVII and
AMLI/MDSI/EVIIjunctions detected in one of these patients. The chimeric
junctionswere confirmed by nucleotidesequencing. The heavily shaded portion
of the horizontalline representsthe translocatedregion of chromosome 21
containingthe promoter and the 5' region of AMLI. The lightly shaded portion
of the horizontalline representsthe region of chromosome3 containing the
tAP, MDSI and EVIl probes.'The vertical arrow indicatesthe genomic junction.
The black boxes represent the exons involved in the chimeric junctions and
identifiedby nucleotide sequencing;the numbers above the black boxes
indicatethe publishedn_mberingof the AMLI. The asterisk between exons 5
and 6 of AMLI indicates t_e intron where the breakpointsof the t(8;21) have
been consistentlydetecteB. The black dots below the horizontal line indicate
the position of the RT-PCR primers. The short black horizontal segments
joined by the V-shaped dotted lines representthe exons amplified by PCR and
sequenced. The two columns on the right side indicatethe type of junction
and the number of patients who had the chimericjunction.



Long Range Map of 3q26.2
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Illustration oF the PFGEmapping resu]Ls of the genes on chromosome 3.
The horizontal line represents the region on 3q28 where the genes are located.
The horizontal arrows indicate the direction of transcripLion. The shorL
verLica] bars indicate the restriction site for B$SHII (B) and SfiI (S), and
the numbers below the horizontal lines indicaLe the size of the resLricLion
fragments. The dashed vertical arrow indicates the approximate position of
the t(3;3) breakpoinL used for mapping of the genes.
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at least 400kb at 3q26. Although we have no direct evidence that AML] and the
partnergenes at 3q26 can be transcribedas a singleunprocessednuclearmessage,
the identificationof chimeric junctions containing the same exons of AMLI
individuallyspliced to exons from the other genes would suggest that such
nucleartranscriptsexist and undergodifferentialsplicing. While 5' RACE and
$I mapping have shown that in the EVIl locus the transcriptionalstart sites of
EVI] are within 5kb upstream of exon I, we cannot rule out that the MDSl
sequencesrepresentevenmore 5' previouslyunreportedexon(s)of EVI1.(Nucifora,
et al., Proc Natl Acad Sci USA, 91:4004-4008,1994)

Althoughthe caseswhichwe haveexaminedcontaincomplexfusiontranscripts,
the roles of the individualtranscriptsin leukemiaare not known. The common
occurrenceof C-terminaltruncationsin AML] in the t(3;21)and t(8;21)strongly
implicatesalterationsin this gene as an importantetiologiccomponentin these
cases of AML. It is possiblethat the translocationsalso alter the chromosomal
structureto allow the inappropriateexpressionof MDSl and EVIl. In the case
of MDS1, we have found that this transcriptis not normallyexpressedin myeloid
cells, and thereforeit will be importantto determinewhetherMDS1 is expressed
in other cases of AML. In the one case in which we detected EVIl transcripts,
levels of transcriptsdetectedwith internalprobeswere much higher than those
detected with the probes for the fusion transcript. Therefore, in the case of
the EVIl gene, transcriptionalactivationmay occur at sites other than the AML]
promoter.

That this complex fusion event is an important component of the
leukemogenesisprocessis supportedby the detectionof multiple fusionsin al___ll
of the patientsstudied. These patientshad prior chemotherapywith adriamycin,
a topo II inhibitor,either for a previous cancer or for CML in the chronic
phase. The t(8;21) has also been observed in AML developing in patients
previously treated for cancer. Therefore, AML] appears to be susceptibleto
mutagen-inducedtranslocations.

C. Plans for continuationof presentobjectivesand possiblenew objectives
in considerationof past results

The long term goal of this researchprojecthas not changed. We continueto
search for the answers to two major questions. (I) Why do patients who are
treated with a variety of drugs, often combinedwith radiation,develop acute
myeloid leukemia? (2) Are certainrecurringchromosomechanges in the leukemic
cells of these patientsrelatedto the particularactionsof these agents in the
cells? If so, what is the mechanism relating the target of the drug to the
pattern of chromosomechange?

In the past, we concentratedon losses of chromosomes 5 and/or 7 because
these were the most common recurring changes and they occurred at a high
frequencyespecially in the leukemic cells of patientstreated with high doses
of alkylatingagents,particularlywhen combinedwith radiation. As we have had
an opportunityto studymore patientsand as the types of therapeuticagentsused
by physicians have changed, we are seeing the emergence of a new pattern of
karyotypic changes. These aberrations consist of recurring balanced
translocationsthat are usually associated with specific subtypes of acute
leukemiade novo and are most common in youngerpatients. Rather ironically,we
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used to commentspecificallythat these aberrationswere very rarely seen in t-
AML. The most significant factor contributingto this increased frequency
appearsto be the introductionof drugs thatare topoisomeraseII inhibitors,and
especiallythe use of very high doses of these drugs.

Just as we were the first to show that lossesof chromosomes5 and/or 7 were
a common feature of leukemia resulting from prior treatment with alkylating
agents,we were also the first to suggestthat high doses of etoposide(VP16),
one of the epipodophyllotoxins,was associatedwith translocationsinvolving
chromosome11 band q23.(Ratain,et al., Blood, 70:1412-1417,1987) Not only is
there an increased frequencyof aberrationsof chromosome 11, there is also an
increasein 21q22 translocationsinvolvingeitherchromosome8[t(8;21)(q22;q22)]
or chromosome3 [t(3;21)(q26;q22)].Finallyother recurringtranslocations,such
as the t(15;17)(q21;q11) in acute promyelocytic leukemia (APL) or inv
(16)(p13q22)in acute myelomonocyticleukemiawith abnormaleosinophils (M4Eo)
are also observed in patients previously treated with topoisomerase II
inhibitors.(Pedersen-BjergaardJ., and Rowley,J.D, Blood, 83:27B0-2786,1994)
This new form of t-AML also differs from the usual form in that it has a much

shorterintervalbetweentreatmentand leukemia,rarely has a preleukemicphase,
and appearsto have a higher responserate to treatment.

The unfortunatedevelopmentof the greatly increasedfrequencyof this new
type of abnormality in t-AML may provide insights into the mechanism of
leukemogenesis. We have concentrateduntil now on the loss of chromosomal
materialas a consequenceof exposureto alkylatingagents,focussingon the loss
of all or of the long arm of chromosomes5 and 7. In collaborationwith Drs. Le
Beau and Westbrook, we have mapped a number of genes that function as growth
factorsor their receptorsto 5q23 to 5q33. Wehave worked diligentlyto develop
a YAC contig in the common region of deletion and to identifyprobes to define
translocationinvolvingthis region more precisely.

I will continueto collaborateon this projectespeciallyin tryingto define
the translocationbreakpointin chromosome5 identifiedin one of three men from
El Salvador who received large amounts of radiation from a cobalte°source on
February 5, 1989. An 18,000 Curie cobalt8°source became stuck in the raised
positionand one worker went to try to dislodge it. He was unsuccessfuland got
two other men to move the cobalte°source but without success. It is estimated

by Dr. Gayle Littlefield of Oak Ridge Associated Universities,based on her
analysis of the chromosome aberrations in mitogen-stimulated peripheral
lymphocytes,that the first man (PatientA) received an averagedose of 8.2 Gy
of whole body radiation, the second man (PatientB) received about 4.4 Gy, and
the third man (Patient C) received about 3.2 Gy. (Details are published,
Littlefieldet al, RadiationProtectionDosimetry,35:115-123,1991). I received
bone marrow and peripheralblood from PatientsA and B on July 28, 1989 - (day
175). PatientA, died in El Salvadorin Augustof "viralpneumonia". No autopsy
was obtainedso whether the patientshowedevidenceof early leukemiais unknown.
We receiveda second sampleof bonemarrow and peripheralblood on patientsB and
C in September28, 1990, about 19 I/2 months after the accident.

The chromosomechanges in the bone marrow cells of patient A are precisely
those I would have expected from a mutagen-induced leukemia! He has a
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translocation involving chromosome5 with a break in or near to 5q31. The
precise location of the breakpoint will require analysis using fluorescence i_Dn
situ hybridization (FISH) of DNAprobes located in 5q31 to 5q33. He also has an
interstitial deletion involving loss of material from the long arm of chromosome
7, del(7)(q22q34). In addition, there is a ring chromosomeinvolving chromosome
17. It is possible that the break in the short arm of chromosome17 to form the
ring chromosomemight lead to a deletion of the TP53 gene. Our tentative
karyotype is 46,XY,t(1;3)(p36 1;p25),tnv(3)(q12q27) der(5)t(3;5)(q27;q31or
q33),del(7)(p13p22),del(7)(q22q34j,t(e;14)(pl_;q32),t(li;lS)(p13Tq12),ring(17)
(p13q25). The precise localization of the breakpoint in the long arm of
chromosome5 will have a very high priority. My present interpretation of the
marker 5 chromosome is as follows: 5pter-,5q31:'3q27-_3q21::3q27-_3qter.

These patients,especiallyPatientA who receivedgreaterthan 8 Gy, provide
a tragic but unique opportunityto study radiation-inducedleukemia in man. I
assume that similar cytogeneticfindingswould have been observed in Hiroshima
and Nagasaki if cytogeneticanalyseshad been carried out on affected patients
in the late 1940s and 1950s.

However, my major effort will be directed towards exploiting the new
opportunitiesprovidedby patientswho have the recurringabnormalitiesof 11q23
and 21q22. This is an especiallyopportunetime to begin such aproject because,
as is describedin the ProgressReport,we have cloned the gene that is located
in 11q23 that is involved in the 6;11, 9;11, and 11;19 translocationsthat are
seen in both AML de novo as well as in t-AML. We alreadyhave evidence that the
breakpoint in 11q23 in the t(6;11),t(9;11) and t(11;19) is similar in de novo
and secondaryAML. We have no informationabout the locationof breakpointsin
the gene involved on chromosome9.

In addition,we have cloned the breakpointin the t(3;21)and we are now in
a positionto begin studiesdeterminingthe alterationsin functionsof the gene
involvedin the translocation. In fact, the progresswe have made in cloningthe
MLL and AMLI genes involvedin the 11q23and 21q22 translocations,respectively,
will provide us with a unique opportunity to investigate the mechanism(s)
involved in the genesis of this type of chromosometranslocation. Thus MLL is
involved in translocationsthat occur in leukemia generally associated with
epipodophyllotoxinexposurewhereasAMLI is involvedintranslocationsthatoccur
in leukemias generally associated with prior anthracycline exposure. The
questions are clear: What is the mechanism by which exposure to drugs that
poison topoisomeraseII leads to leukemiasin which differenttopo II inhibitors
appearto be associatedwith translocationsinvolvingdifferentgenes? How does
this relate to the genesis of thesetranslocationsin novo leukemia? What is the
most creativeand effectiveway to analyzethese mechanismsexperimentally?Some
approacheswe are exploringwill be describedin the SpecificObjectivesfor the
Renewal Proposal 1995 to 1997.

D. Graduate Students

Bruce Porterfield; candidate for M.D. and Ph.D. degrees; the latter was
received in December, 1993, and the former will be granted in June, 1995.
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Sheryl Ziemtn van der Poe1; received Ph.D. degree in 1992.

Pamela Broeker; received Ph.D. degree in 1993.

Heidi Gill Super; expected to receive Ph.D. degree in 1995.

Susan Perry Gursky; expectedto receive Ph.D. degree in 1996.

Because of budgetaryconstrains,only Bruce Porterfieldhas been supported
with DOE funding.

E. Postdoctoral Fellows

Robert Burnett, Ph.D.; 1989 to 1992

GiuseppinaNucifora, Ph.D.; 1990 to 1993

Michael Thirman,M.D.; 1990 to 1993

Martin Dreyling,M.D.; 1992 to 1994

Jose Martinez-Climent,M.D.; 1992 to 1994

Hlrofumi Kobayashi,M.D.; 1992 to 1994

Walter Stadler,M.D.; 1992 to 1994
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6. Present state of knowledge

The area of chromosomeanalysis of humanmalignant diseases and the companion
investigationsin the molecularanalysisof malignanttransformationis one of
the most rapidly advancing areas of science today. Whereas a few years ago,
cytogeneticswas viewed as a backwater,its uniquecontributionsto the molecular
genetics of cancer are now well recognized. The consistenttranslocationsand
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deletions or duplications seen in leukemic cells, for example, pinpoint the
location of at least some of the critical genes involved in leukemogenesis of
that particular type of leukemia. I use pinpoint loosely, because all we can do
is to identify a chromosomeband containing the genes, but this is a substantial
improvement over trying to search through the entire genome. Many sophisticated
molecular laboratories all over the world are now actively cloning chromosome
translocation breakpoints, or cloning tumor suppressor genes whose location has
been defined by the detection of chromosomal deletions in affected patients or
tumors. Graduate students and postdoctoral fellows are now choosing this area
of research for their scientific careers. I find this development personally
rewarding even though it has resulted in a very competitive environment in which
to pursue our own research.

We are, in fact, in an era of scientificdiscoverythat has to be called a
Golden Age. We have already seen the impact on cancer biology and genetics of
cloningthe t(8;14)breakpointin Burkittlymphomareportedon in October,1982,
and of the t(9;22) in chronic myeloid leukemia in November, 1983. New
translocationbreakpointsare continuallybeing defined in the leukemias and
lymphomas. Each discoveryleads to an enormousamountof research. In the case
of the t(14;18) in follicularsmall cleaved cell lymphoma,the cloning of the
translocationled to the identificationof a new gene, BCL2. This has led to
research in many laboratoriestrying to identifythe functionof this previously
unknowngene in normal cells, and its alteredfunctionin malignant cells. The
very excitingrecentwork of StanleyKorsmeyerindicatingthat BCL2 may function
in programmed cell death of B cells (apoptosis)and that the translocation
inactivatesthis function is an excellent example of the potential impact of
discoveriesstillto be made. These discoveriesin turnwill lead to imaginative
approachesto therapy, targetingcells with the translocationand sparingcells
lackingthe translocation. Again,the discoverythat the retinoicacid receptor
alpha (RARA) was involved in the 15;17 translocation in acute promyelocytic
leukemia,explainedwhy treatmentwith various retinoicacid derivativesled to
remissions in this type of leukemia.

This same process will be repeated many, many times as new translocation
breakpointsare cloned and new genes relatedto cell growth are identified. The
cloningof chromosomebreakpointsprovidesa unique approachto the discoveryof
new growth regulatinggenes. In fact at least one-half of the genes that have
been cloned are transcriptionfactors. The functionalcategoriesof the genes
that have been cloned at translocationbreakpointsare listed in Table 6. Most
of the genes in this table were identifiedonly by cloning the translocation
breakpoint. Analysisof the chromosomedeletionsis an equallyfruitfularea of
research;the problem is that itmay be somewhatharderto know when the gene you
are searchingfor has been discovered.

This whole area of researchwill both help and will benefitfrom the present
scientificfocuson mappingthe genome. New DNA probeswill provideimmeasurable
help for our search for translocationbreakpointsand deletions. The use of the
YAC to clone the 11q23 breakpointis an excellentexample. At the same time,the
probeswe generatewill benefitthose who are mappingthe genome by providingDNA
probesfrom definedregionsof the human chromosomesas well as DNA sequencedata
for specific genes that we have cloned.
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TABLE6

FUNCTIONAL CLASSI_CATION
OF TRANSFORMING GENES

AT TRANSLOCATION JUNCTIONS

LOCATION TRANSLOCATION DISEASE

SRC FAMILY(TYRPROTEINKIN_SES)

ABL 9q34 t(9;22) CML/ALL
LCK Ip34 t(I;7) T-ALL
ALK 5q35 t(2;5) NHL

SERINEPROTEINKINASE

BCR 22q11 t(9;22) CML/ALL

CELLSURFACERECEPTOR

TANI 9q34 t(7;9) T-ALL

GROWTHFACTOR

IL2 4q26 t(4;16) T-NHL
IL3 5q31 t(5;14) PreB-ALL

..

MITOCHONDRIALMEMBRANEPROTEIN

BCL2 18q21 t(14;18) NHL

CELLCYCLEREGULATOR

CCND1(BCL1-PRADI) 11q13 t(11;14) CLL/NHL

MYOSINFAMILY

MYH11 16p13 inv(16),t(16;16) AML-M4Eo

RIBOSOMALPROTEIN

EAP (L22) 3q26 t(3;21) t-AML/CMLBC

UNKNOWN

DEK 6p23 t(6;9) AML-M2/M4
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TABLE6 (cont.)

STRUCTURAL CLASSIFICATION
OF TRANSFORMING GENES

AT TRANSLOCATION jUNCTIONS

DNA BINDING FACTORS

LOCATION TRANSLOCATION DISEASE

HOMEOBOX

PSX lq23 t(1;19) PreB-ALL
HOX11 10q24 t(10;14)/t(7;10) T-ALL

HELIX-LOOP-HELIX

CAN 9q34 t(6;9) AML
LYLI 19p13 t(7;19) T-ALL
HYC# 8q24 t(8;14) B-ALL/T-ALL
TALI(SCL) lp32 t(1;14) T-ALL
TAL2 9p32 t(7;9) T-ALL
TCF3(E2A)# 19p13 t(1;19) PreB-ALL

ZINC FINGER

ETO 8q24 t(8;21) AML-M2
MLL 11q23.3 t(11q23) ALL/AML
PLZF 11q23.1 t(11;17) APL
PML 15q22 t(15;17) APL
RARA 17q12 t(15;17) APL
EVIl 3q26 inv(3),t(3;3) AML
BCL6 3q27 t(3;14) NHL

LI.__MH

RBTNI(TTGI) 11p15 t(11;14) T-ALL
RBTN2 11p13 t(11;14) T-ALL

OTHER

AHLI (runt homology) 21q22 t(8;21),t(3;21) AML-M2
LYTIO (rel homology) I0q24 t(I0;14) B-NHL

UNDEFINED

MD$1 3q26 t(3;21) AML

TRANSCRIPTIONALMODULATORS

BCL3 19q13 t( 14; 19) B-CLL
CBFB 16q22 i nv(16), t (16; 16) AML-M4Eo



There is no question that this area of researchmerits significantsupport
in the future. It must, however,be supportedwith a long-termpoint of view.
This researchtakespatienceand it may be someyears beforewe have successfully
cloned a number of translocationbreakpoints. In my view, the benefits to be
derived from this research,clearlymerit this long-termsupport.
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