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ABSTRACT The recurring translocation t(11;16)-
(q23;p13.3) has been documented only in cases of acute
leukemia or myelodysplasia secondary to therapy with drugs
targeting DNA topoisomerase II. We show that the MLL gene
is fused to the gene that codes for CBP (CREB-binding
protein), the protein that binds specifically to the DNA-
binding protein CREB (cAMP response element-binding pro-
tein) in this translocation. MLL is fused in-frame to a different
exon of CBP in two patients producing chimeric proteins
containing the AT-hooks, methyltransferase homology do-
main, and transcriptional repression domain of MLL fused to
the CREB binding domain or to the bromodomain of CBP.
Both fusion products retain the histone acetyltransferase
domain of CBP and may lead to leukemia by promoting
histone acetylation of genomic regions targeted by the MLL
AT-hooks, leading to transcriptional deregulation via aber-
rant chromatin organization. CBP is the first partner gene of
MLL containing well defined structural and functional motifs
that provide unique insights into the potential mechanisms by
which these translocations contribute to leukemogenesis.

The t(11;16)(q23;p13.3) is a rare recurring translocation that
has been described in 11 patients to date (1). All of these
patients have therapy-related acute leukemia of myeloid or
lymphoid phenotype, or myelodysplasia, after exposure to
DNA topoisomerase II inhibitors (anthracyclines or epipodo-
phyllotoxins) for treatment of a primary malignancy.

MLL (also called ALL1, Htrx, and HRX; refs. 2-6), which is
located on chromosomal band 11q23, is involved in translo-
cations with at least 40 different partner genes (7-9). These
translocations result in acute leukemia, either lymphoblastic or
myeloid/monocytic, with a close correlation between the
specific translocation and a particular leukemia phenotype.
MLL also is involved in translocations that occur secondary to
therapy of a primary malignant disease with drugs that target
DNA topoisomerase II and result in therapy-related acute
myeloid leukemia or acute lymphoblastic leukemia (10-14).
The t(11;16)(q23;p13.3) occurs only in therapy-related leuke-
mia or myelodysplasia, in contrast to other MLL translocations
such as the t(9;11), t(4;11), or t(11;19), which are seen pri-
marily in de novo leukemia with no more than about 5-10%
having leukemia occurring after treatment.

MLL codes for a very large protein, with a predicted
molecular mass of 431 kDa (4-6). The protein contains several
domains identified by homology to other proteins or by
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functional analysis. Three AT-hook DNA-binding domains
near the amino terminus also are found in the high-mobility
group proteins HMG-I(Y) (15). MLL contains a region of
homology to mammalian DNA methyltransferases, transcrip-
tional activation and repression domains, and a cysteine-rich
region that forms three C4HC3 zinc fingers [plant homeodo-
main (PHD) or leukemia-associated-protein domains] (16—
21). The PHD domain and the SET [Su(var)3-9 enhancer of
zeste, and trithorax] domain at the carboxyl terminus are the
regions most conserved with the Drosophila trithorax (trx)
protein. Trx is required to maintain the proper expression of
homeotic genes of the Bithorax and Antennapaedia complexes
in Drosophila. Mice with a single disrupted Mll gene created by
homologous recombination display bidirectional homeotic
transformations and those with homozygous deletions die at
embryonic day 10.5 (22). This is similar to changes observed in
trx mutant Drosophila. Tt is thought that trx regulates homeotic
expression at the level of chromatin organization by maintain-
ing an “open” chromatin structure.

CBP previously has been mapped to chromosome band
16p13.3. Its genomic locus spans approximately 190 kb, is
transcribed from centromere to telomere, and encodes a large
protein of 2,442 amino acids (refs. 23-25, this manuscript).
CBP is a global transcriptional coactivator involved in the
regulation of various DNA binding transcription factors. CBP
interacts with the cAMP response element-binding protein
(CREB), which is activated as a result of phosphorylation by
protein kinase A. CBP also binds to JUN and ATF1 in a
phosphorylation-dependent manner, to YY1, FOS, MYB, and
to the RelA (p65) subunit of NF-kB (26-30). CBP binds to
P/CAF, a histone acetyltransferase that preferentially acety-
lates histone H3 in mononucleosomes (31). CBP also possesses
intrinsic histone acetyltransferase activity and can acetylate all
four core histones in nucleosomes (32, 33). Thus, CBP can
serve as a multifunctional adaptor protein that coordinates
signals from many sequence-specific activators to modulate
transcription and/or cell cycle progression. It also may con-
tribute directly to transcriptional regulation via targeted acet-
ylation of chromatin.

CBP is the gene responsible for Rubinstein—Taybi syndrome
(RTS), a developmental disorder characterized by facial
anomalies, broad thumbs, broad big toes, mental retardation,
and a propensity for development of malignancies (34, 35).
Constitutional microdeletions, translocations, inversions, and

Abbreviations: CREB, cAMP-response element binding protein;
CBP, CREB binding protein; RTS, Rubinstein-Taybi syndrome;
UTR, untranslated region; PHD, plant homeodomain; PAC, p1 arti-
ficial chromosome; YAC, yeast artificial chromosome; FISH, fluores-
cence in situ hybridization; STS, sequence-tagged site; BCR, break-
point cluster region.

Data deposition: The human CBP sequence reported on in this paper
has been deposited in the GenBank database (accession no. U47741).
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point mutations in the CBP gene have been found in patients
with RTS (24). Patients are heterozygous for these mutations
leading to the proposition that haploinsufficiency may be the
cause of the syndrome (24). The CBP gene also has recently
been described as the translocation partner in the t(8;16) in
which MOZ, a putative acetyltransferase located on 8pl1, is
fused to CBP (25). This translocation results in acute myeloid
leukemia, both de novo and therapy related, classified mainly
as FAB M4 or M5 (36, 37).

In this paper, we show that MLL is fused to CBP in
therapy-related acute myeloid or lymphoid leukemia and
myelodysplasia in the t(11;16), and propose mechanisms by
which this fusion may contribute to leukemogenesis. A better
understanding of the molecular processes affected by the
fusion of these genes (MLL and CBP) may shed light on the
role of MLL and its multiple other fusion partners in the
development of leukemia.

MATERIALS AND METHODS

Southern Blot and Spot Blot Hybridization. DNA was
extracted from cryopreserved patient material, digested with
restriction enzymes, electrophoresed on 0.8% agarose gels,
and transferred onto nylon membranes. Hybridization was
performed at 42°C with 32P-labeled cDNA probes. The probe
used in this case was the 0.74-kb fragment that spans the MLL
breakpoint cluster region (BCR) (exons 5-11) (8). The blots
were washed at a final stringency of 1% saline sodium citrate
buffer and 1% sodium dodecyl sulfate before autoradiography.
pl artificial chromosome (PAC) DNA and cosmid DNA also
were spotted onto nylon membranes, and hybridization and
radiolabeling with CBP cDNA probes were performed as
described above. CBP cDNA probes used were a 1.1-kb
fragment encoding amino acids 1-346, a 1.2-kb fragment
encoding amino acids 722-1,120, and a 4.8-kb fragment en-
coding amino acid 1,120 through the 3" untranslated region
(UTR). Hybridization of PAC DNA with genomic probes
spanning the 5’ end of the CBP gene (to map the extent of the
PAC relative to the CBP genomic region) also was performed
using similar conditions.

PAC/Yeast Artificial Chromosome (YAC) Screening. PAC
(Genome Systems—Down to the Well) and YAC libraries were
screened using the PCR primers V16T1 (5'-AGC ACATCC
CAG AAC AGA AAA TCAG-3') and V16B2 (5'-CTG-
CACTGTTAAAGAAATCTCTTTGGGG-3"). Approxi-
mately 700 mega YACs, which comprise the chromosome 16
physical map, were grouped into 94 pools representing 94
overlapping bins from pter to qter. YACs, which make up
positive pools, were screened individually to identify the
positive YAC(s). PCR conditions for YAC screening were
done as previously described (38).

Fluorescence in Situ Hybridization (FISH) Analysis. FISH
was performed as previously described (39). A mixture of
cosmids c365F4, c444A4, c443G8, c388H4, c304A10, c312B2,
¢379G3, c330H2, c¢58E12, c307E6 (NAD) as well as cosmids
TES2, 541E10-c23, TES 5, 541E10-C53, and 376E2-C1 (JB)
were used for FISH on patient material.

MLL-CBP RT-PCR Assay. Total RNA was extracted from
cryopreserved patient material (patient 1) or from material
previously processed for cytogenetic purposes (patient 2) using
TriReagent (Molecular Research). First-strand cDNA was
made from 5 ug of RNA, using the first-strand cDNA cycle kit
(Invitrogen), according to manufacturer’s instructions. Two
microliters of the reaction was used as template for nested
RT-PCR using MLL exon 5 or 6 (forward) primers and CBP
(reverse) primers for amplification of MLL-CBP fusion tran-
scripts.

For patient 1, primers used in the first round were 5'-
GTCCAGAGCAGAGCAAACAGAAAAAAGTGGCTC-
CC-3' (MLL exon 6) and 5'-ATAATATTCATCCCTGCTGT-
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TGGC-3" (CBP). In the second round, primers used were
5'-GCCCAAGTATCCCTGTAAAACAAAAACCAAA-
AG-3' (MLL exon 6) and 5'-AGACTCGTACATGTCCCCT-
TCCAC-3' (CBP). For patient 2, primers used in the first
round were 5'-GGATCCTGCCCCAAAGAAAGCAG-
TAGTGAGCC-3' (MLL exon 5) and 5'-AGGAATGGTA-
CACAGCTGCTTCCC-3' (CBP). In the second round, prim-
ers used were 5'-GCCAGCACTGGTCATCCCGCCT-
CAG-3" (MLL exon 5) and 5'-CAGCACAAAGTCTGT-
GGGGAAAA-3" (CBP). PCR reactions were in a final vol-
ume of 50 ul with 0.4 uM each primer, 125 uM each dNTP,
PCR buffer (10 mM Tris-HCI/1.5 mM MgCl,/0.1% Triton X),
and 2 units of Taq polymerase. PCR amplification was per-
formed for 35 cycles (94°C for 1 min, 60°C for 1 min, and 72°C
for 2 min). PCR products were analyzed by electrophoresis on
a 1% agarose gel. RT-PCR experiments to amplify the CBP-
MLL fusion in patient 1 used identical conditions. Primers
used in the first round were 5'-GTTCCAGATGCTGCTTC-
CAAAC-3' (CBP) and 5'-GGGGGGTCTAGACCTGTG-
GACTCCATCTGCTGGAAT-3' (MLL exon 7). In the sec-
ond round primers used were 5'-AACAACTGTCGGAGCT-
TCTACGAG-3" (CBP) and 5-TTGGAGAGAGTGCT-
GAGGATGTTC-3' (MLL exon7). The position of the CBP
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F1G.1. Genomic cloning of the t(11;16). (4) Southern blot analysis
of DNA to confirm MLL rearrangement. DNA from patient 1 with a
t(11;16) (P) or from placental control (C) was digested with EcoRI,
electrophoresed, and then hybridized with an MLL 0.74-kb BamHI
cDNA probe. The 6.5-kb rearranged band is indicated by the arrow.
The germ-line bands are 4.6 kb and 4.3 kb. The rearranged fragment
is faint because only a small portion of the probe hybridizes to this
fragment. (B) Schematic diagram of the 6.5-kb genomic breakpoint
clone. The 2.3-kb novel sequence on chromosome 16 (chr 16) is fused
to a 4.2-kb MLL sequence and corresponds to the der(16) chromo-
some. MLL exons are indicated by numbered boxes. The indicated
nucleotide positions in MLL (nt) correspond to the genomic MLL
BCR with nucleotide 1 as the BamHI site at the centromeric end of
the BCR (40). V16T1 and V16B2 are primers derived from sequence
on chromosome 16, and they amplify a 600-bp STS.
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F1G. 2. Schematic diagram of cosmids and PAC that span CBP. A
PAC and cosmids that span CBP were used for FISH analysis of
patients with a t(11;16). A probe that codes for the amino end of CBP
(a 1.1-kb PstI fragment encoding amino acids 1-346) hybridized to the
PAC, whereas probes that span the more carboxyl regions (a 1.2-kb
EcoRI fragment that spans amino acids 722-1,120 and a 4.8-kb
fragment that codes for amino acid 1,121 through the 3" UTR) did not
hybridize to the PAC. The cosmids that hybridized to the CBP probes
are indicated. The variability in CBP genomic breakpoints based on
results obtained by FISH experiments with PAC DNA (described in
ref. 1), is depicted by the arrows. The breakpoints in patients 1 and 2,
from whom the translocation junctions were cloned, are identified by
the most centromeric and the most telomeric arrows, respectively.
Other patients described in reference 1 had a breakpoint in the middle
of the PAC.

primers used in these experiments are indicated by arrows
under the appropriate sequence in Fig. 4.

Subcloning and Sequencing of PCR Products. PCR prod-
ucts were purified after electophoresis on agarose gels using
the Qiaquick protocol (Qiagen) according to manufacturer’s
instructions. Subcloning into the pcr 2.1 vector was performed
using the TA cloning kit (Invitrogen). Dideoxy sequencing was
performed using Sequenase version 2.0 (U.S. Biochemicals).

RESULTS

Genomic DNA Cloning of the t(11;16). We previously had
determined in two cases of t(11;16)(q23;p13) that MLL was the
gene on chromosome 11 involved in the translocation (40, 41).

= nl11

« = der (11)

Fic. 3. FISH analysis of a t(11;16) patient with MLL and CBP
probes. Metaphase cell from a t(11;16) patient labeled with MLL
(chromosome 11 in red) and CBP (chromosome 16 in green). The two
derivative chromosomes show a fusion (yellow) signal.
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A Southern blot analysis of DNA from one patient (40)
digested with EcoRI demonstrated a 6.5-kb rearranged band
using an MLL probe (Fig. 14). To determine the partner gene
on chromosome 16, a genomic breakpoint clone was obtained
from a library of EcoRI-digested genomic DNA from this
patient (patient 1). Partial sequencing of this clone and
comparison to the MLL genomic breakpoint cluster region
(BCR) sequence (42) revealed that it corresponded to the
der(16) fusion product. It contained 4.2 kb of normal MLL
sequence that ended within intron 6, fused to 2.3 kb of novel
sequence (Fig. 1B). A nonrepetitive sequence within this
region was hybridized to a somatic cell hybrid panel blot and
was shown to be from chromosome 16 (data not shown). This
sequence was used to design primers that amplify a 600-bp
sequence tagged site (STS) (Fig. 1B) to use for PCR screening
of genomic PAC and YAC libraries. A single PAC clone,
S$10622, isolated with these STS primers was used for FISH.
The hybridization signal on normal chromosomes occurred in

TOAGGAATCAACAGCCGCCATC TTGTCOCGaACCCOACCGa000 TTCGAGCRCOATCTAC TCOBCCCCaEC00TCCLa0ACCCCATARCERCCRTGTCRETCCTCTCCCTCREAGECRCAGSS 126
EECaACC TG CEGEGCCC TECECGGCCCAGCCUSCCTTOLCGaGUETOT T ICACOAGIASGIGAARATGSE TORGARC TG TCGACSOASCICCCACCCUMMGAICCAMETCARE 262
A NP KRR KL b
TCRCCCaeTITE TTTGEATCATIGTTACTTOGAMMTOATETTCE " TAGRECTTIT crierT 378
s F S AND S T D F G S LF DL PO EL TGN E LS L LN S o N LY 8
CCAGATGTGCTTCCARACATAR T T cCectracast Geoeas 50
I3 WoKa T L OO VS A5 S GG L6 oG 02
1= TBCTAACK T et T 630
23 PN S A KN LS S P LS GG DS PS L P X G AAS TSP T 1
TGCTAACTTT) 756
L0 G AL N PO ') LA T 5 S P AT SO 3 NN A NN QT A 188
TCTCGCCATAGE TTAATT AATCAGECT rerrdacer TGOAATGCCGTACCCTACT 882
G U UN SN 'S GRS L1 NGAS GG  AGYHNGSL GAAGRG R AGH.TP Y B T 228
ceaGc TGAGACCCTAACGCAGETT ACACCGCACAGSC Y ACT 1008
) LT 3 G H A G L NT GG M oA KK G 1T 20
7686 CCOCTAGTTAGCCASCAARCAGAGEAT GG TCAACART TTGLCCACCTTCCCTACA 1134
&N N i (3 < S LT E R T a2
TATGTCTCAGATACAAACATCABTGEGARTTETACCCACACAAGEARTTGCARCAGBELCCACTED ™ 1260
o N i 3 TR AR AR 380
Chctace arfor CTITTGARTCACATOACE 1385
N C A KOO R RE O AN A o) "
CATIGTCAGGC TGOOAAAGCCTGCEAAGTTECCEAT TGTGEATC TTCACGACAA CTCATTGGARG GTECTETIISCCICET T TTaAAMTICAGTOAC 1512
[o¥oNd OovVA®DO SR TS no ENCRNC] s 438
ACERAACCAREARACC (G TGGART! cerTcrar AGRATEECACTTE 17 TAAGTRACEC W scroe 1638
RN TG s RS a N ERENT N AT s LS CNCINICNG 480
CAGEGAGCC TATGE TCCCCTACAT TCAGCCTCAGRTTCCT 1764
oo P & ) i G & G B G T 40 0 N R T U 522
CCCCTGRGARATRATCCAATGRACATTECAGE Axc CTTOATTTCAGAATCAGE TCTTCCOASTTCECTGRGGTEEACARA ACTAT 1890
PoL PN 3 ™% PR N LTS A LR TS U AT N LN N S04
GGCTCCARC TCTEGTARCAT TBGARCCE TCAGCACT ATACCARCAGEAGETCC TCCTTCTAGEATH TesEacEmpariTchcrincin A
s &1L VBT AA 3B 5T R VR EH G oL RS H L von &0
AARCTCGTCCMGCCATCTTCCCAACA! AgeTeT TGGTAGCCTATGC 242
KUV A e 3 AALKORRHENLY AT ¥ EC D KT E L)
SAATATTATCACTTATTAGCAGAGARARTCTACAAGAT ThG TraC 6GGBARCEACCCAGECTT/ 3368
omam a UHRA S 1K EL EE KRR S R LA G 1 LGN G P AL P AP G A 830
CAGCCCLCTGTC T CCTCCARATGBACCCCT C C TCATTTAACCCC TGGGGAACGTC 2394
NG IR NG RN Y HON S F NP HS LGNy 732
CasTraceAcA GGGACCTCTGCAGOE TCCTCARTOARGTAC Tacc ITCTCCTTCCCaARTRCCT A 2520
gL » F R A AS P AN W GN RSN GT SV A0S P S RN P OB BN 77
{TakTeceTACACACACE GTTTCTGCCACAGAACCAGT TCLCRTCAT 2845
4CH e 7 Hon A6 s P GNGF 7 ss ANS VG M GO PP A D 86
cgac CETCTTCCTANCCETCTEAMCATEC TEGERCCT GOCCTCCAGTGACACAGTCACALT acACcecer 2772
T C G VP AT P NP LG P G A S G L P P P Y TGS B oL AP T PP a5
CCTGCTTCCACGGET CATCAACTCCTGTGTCRTCTTECG 2898
2TRS 5 G R P s L QR T T B B G M T B P G R A AP T QP S T P VS S S GO T 6 T 800
Cecher " o CARACCCCAGTTCAGECCCCATCTETGRCTACCECT 3020
BT R T A s 1 E TN G A A A G A GV T PGP 0T P v QP p oS VAT R gz
cacr T 1rGar Acchar 3150
A A R R R A S
" CTGAGAT T 3276
VR YL TR T G A TE P D PG E EF RS E RN 5L Yoze
AGACATAGCAGAGC TGAAGTGAAAGTAGARGTT. 3doz
s o EE T D1 AfOKSES VD E K K P E N KV E Y KEEETE SN toss
GGCACAGCCTCTCAGTCAACATCTCCTTCOAGLCRCBCARRAAARTC TTTARALL. CTABARGCACTGTATCEA TR
s 1 g 6 S0 P R K K I F KB LR G AL n e Y &g o F ERIL
GRTCCTCAGLTCCTCRGAATTCCRGAC TATTT SRATCeD TCTCCATCATCARGLEG ATt 3651
RGPV G L L6l 60 YF 01V PN D LS Tl 5w g 1isg
et CATGITCAACAATGCCTGRCTCT TCRAGTETRTARGTTT O
CETTORRATIEEaTe c1vJ_LM_H_A_H_‘_N_GA@scAAGunm;Fn';cché_x__quuj1 Eashctast retericehT fre 858
TCTTGRATATIEETG] TELERISCTATSGAASCIG G TACCATI T e ATTT
- YoCoC REKY L ; 20 3 1238
CARGACGHGAAIGTOACCCIRBIGACEACE CEACAATT T <03
©FT 15075 BN Rex- bp LR 1108 K N 1278
TITCGTIGATISCA) GWECCGG!AGA' YCARlTT GCSTIC CLTTCABRTTT 5158
D, X x 1 VO - P8 6 F L 1
AAACAAATTCAGTSCT AAGAGEETEL A:A,CNAA CTRGGARACCACTTAGAAGAL FTTRCEBCEE TITTGTCCG
et TR N i CLRR Q3
AGACEGTGEAGETC Ascc:m;mmu.. CACGGTYYGYE’MIYCYBE TTGCTTTTGAGGARATT!
i YD SR £ F P X
111 CCAAGAATAC 4 GCGTSTSTACATTICTTA] ¥ T
3 L t: CECY G CoF PN T ¥ s R
CARCEETT BATCCTTATTGS) myucmar 'ﬁ:ASAAMT c&nm CAGSGCACATCT Prrv nP T s GATTACATCTTCCAT
A et ¢ )
CTGAT nAAk H M \GGATATTITCARACAAGCAATT
iy o : fri E RN H
GEARCTOCCCTAT :..-Agcmr;tnz.cccnmer TAEmEAS mzmcmfnmmmgnngmgména AARGEAAGAGIGEAC TN
- Lo
AANCCACTGATGGCART! \'i:s:‘ﬁ;hﬂm ACAAC AAGAAAS CC‘A‘AC‘A‘ASAA AAR, SG ?ﬂéat GCGECAACAA"AAG A&EEE GC:“P
AAG SEACMARCACAA b TeATCCAC TGTERTCAAC
S Loy Bk X E F. A Py ToLPP v P D
rectc SedasireTecie Tacaccoey CTgEATGCTRGT
Dot 5 e 3 s « s L L E L@
e AGOACEGCTTTATCTACACE TACGACCTCTGCATCAAC
% ¥ FOK OO @ YR LOINOT N TS @
GRGCATECAY
VKW st e L NN Qs RV S 1 G R©1 65 Ly
cc, GCTOCOAT GeT
@u@nu N s U O] vy o K K 1K 5@ v K 6 L
crecYee GCCARGEACTGCCAAGAAAC KA GECCTTCTRCCTCAACRTCARALAC AoCT
Gieags @b v © L N @KL Ak G616 HRLGGAGL
e N ) CREAGTCTRCTTICTEC CCCEACACRLCBLA
&R AT TR NV P 3G S L PSP TS APPGT PTG QP S TP QT PGP P
cocaaCeeTeaLce TeGeTT Ic T
3 3 WS P A G FP S Y ARTGPP S T e K P TS gV B A e B PP
coceree
3 X A A R0 1 E READO GG L WU NN S M P G R TGN E T
{3 (3 NV PR P NGYSGEP VNP 55 G QW QG AP L PG OGP A
TTeCccAGeCeT A
G A G ANV AGP R AP 5 r PSS A LG < iy
ATTCTCARATCARACCCGCAGE TARTGGCASCTTTCATCAA
3 3 GV LN L LK SN P QL £ Pt B ]
crgacet CCCTAGLCTERCAT
P CREN] WGP 6P G WK OGP S GV PR P (3 3
ToRACAT ShtakToT A
NP AL N KNP (0 ®E ML R R )
" TECAGEAGCE
A RN " A ERCINS ) 3 2204
o AGCTCCAT ¢ 7088,
] R ° CFL G e s ) v NG ST PN 2288
e, AACAGE. €6 7182
o (e L0 GGG KD ¢ BN (] 56 As. 2320
erecer cccr cecaTT cCecchs 7
L pea TS LS NGV RS ) AP G EC 7
CrTcacca go1 SAACECCBARCAGAGTGC AR TGLTCCCC AT TS T30
E_5_ P H _H QT G S P H_ P L A v T A 1 0 M "NLLU;AHLPU 2412
cecTeeT KORGARGTTTCTG0RGGE .u.u CAT RTGRGAGCATCACCTFTTCCCTTICRTGT 7860
N S LV G0 T 1G0T LEKF Y E
TerTagnc T /\AN\ S CASSCATC T AGRTTE T T TAT IO TAGATGOAAC TGEGAT TTCLGAGCCATERAAS GG TEOATIS ATATTITIT 7686
T oG EAT T AATATCTCE T TLIC T TGaTT 11T 11 1GGCCGaEatTEEgeGaa 1T I ICCarTTICT TOIT108080GACa00a T ITETTIGOATTE 71
T A 0E LG CALTEATaC T L 1T T KALCSAAAMACARS T AT ATATTCATAT 1T AT TS TATY LT EARGAC T TARACATHTATS T ARAACTARAGARAANTA 7838
ATATTCAGA AT ARTSCARGLTTATAA G TATCEC oA TARCT 10T A TCT T 1L BUGANGAT T HT TC TATAGTOARCTET ST GORCETLHCLAGTATTACCE TSGATBATA  B0B
GGA Té: A ACALCCACACAT AT TATE A TACATATGaL TOAAGCC MACTTGTCTIGLAGATGTAGMATIGTIGE T TTETTTCTCIGATARAACTCGT T TR 1
G AL TCTTAGACEATGC TAATS TACTAGRGAAGAAGCC TTCTITTCTTIC CTTGAMTGACGAAAGEAAT ICTAGTGTAMTCATGCAKGCSCT 831
CTAATTCE TATARRTAC TACCARC TEATITCTATATCATATT ST TAATARAC TGTGIGEARCAGACAMARMGGE TCRICCTTCT oz
SRR TTEATOTACATGGIAT 1AACACTTAGTGTTCOGGOTT T TS T TATSANATSEGT T rum AT IGEACTATCEATOT ST 1T THECCCATTGTATATAACTACCACTTAMA B398
A A AR T TACTGAGGT 11T ARCALGTATTC oy 1LY T IARGATECCETa ARGATOT 1 AAGGTTTTTATTE AT T ATATATAT 1T T08TCY O TETT TS TAAAAAKAARAAMR 5608

Fi6. 4. Complete cDNA and amino acid sequence of human CBP.
The arrowheads indicate the two different fusion junctions in the
MLL-CBP chimeric cDNA. The three cysteine/histidine-rich regions
are shown by circling the C and H residues. The second cysteine/
histidine-rich region forms a C4HC3 finger, hence only the zinc
coordinating residues are circled here. This C4HC3 finger is part of the
minimal area, which contains the histone acetyltransferase (HAT)
activity. This HAT-containing region is indicated by shading. The first
boxed area (amino acids 1,106—1,170) corresponds to the bromodo-
main, and the second boxed area (amino acids 1,852-2,411) to the
Q-rich carboxyl terminus. The PCR primers used for RT-PCR analysis
are indicated by arrows under the appropriate sequence.
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Patient 2

der(11) MLL /| CBP
a.a 1362 /a.a 1021

CCT GTA ARA CAM ARA CCA ARA GAA AAG / ATC ATG GAG GAG GAT TTG CAA GCA

P v K (e} K P ):4 E E M M E E D L Q G
MLL
1 3968
nuc.horm.
receptors CREB Bromo HAT E1A SRC-1
cBP
1 2442
AT-H RD CREB Bromo HAT E1A SAC-1
MiLcer [ YT [ s N 1 O 77
1 MLL 1362 CBP 267 3338
AT-H RD Bromo HAT E1A SRC-1
MLL-CBP =
(Pt. 2)
1 MLL 1362 CBP 1021 2784
nuc.horm.
CBP-MLL
(Pt. 1)

2872
CBP 266 MLL 1363

F16.5. MLL is fused in-frame to CBP in the t(11;16). (4) Sequence
of the der(11) MLL-CBP fusion junction and the der(16) CBP-MLL
fusion junction amplified from patient 1 with the t(11;16) by RT-PCR.
The arrows indicate the breakpoint junctions. (B) Sequence of the
der(11) MLL-CBP breakpoint junction and the der(16) CBP-MLL
breakpoint junction from patient 1 and the der(11) MLL-CBP break-
point junction from patient 2. All fusions are in-frame with no gain or
loss of nucleotides at the cDNA level. (C) Schematic diagram of the
consequences of the t(11;16) including the MLL-CBP and the CBP-
MLL fusion proteins and the normal MLL and CBP proteins. AT-H,
AT-hook DNA binding domain; RD, transcriptional repression do-
main; Zn-F, the C4HC3 zinc cluster (PHD domain); AD, transcrip-
tional activation domain; Bromo, bromodomain; nuc. horm. receptors,
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band 16p13.3, confirming the location of the translocation
breakpoint to this band. The PAC was translocated to the
derivative chromosome 11 [der(11)] in patient 1, but remained
on the der(16) chromosome in patient 2 (1), implying that the
genomic breakpoints in these two patients were likely to be at
least 100 kb apart (the size of a PAC clone). The same 600-bp
STS was used to screen Centre d’Etude Polymorphisme Hu-
main (CEPH) mega YAC pools comprising a nearly complete
physical map of human chromosome 16 (38). A single YAC
clone (615F4) was identified from these pools, but was found
to be chimeric and not useful as a probe for FISH. This YAC
was located on the chromosome 16 physical map near the CBP
gene based on previous STS content results (38), suggesting
that CBP was a good candidate gene for the MLL fusion
partner.

CBP cDNA clones were used as probes to determine
whether the PAC contained any CBP coding sequence. A
probe that codes for the amino end of the protein (a 1.1-kb PstI
fragment containing amino acids 1-346) hybridized to the
PAC, whereas probes that span the more carboxyl regions (a
1.2-kb EcoRI fragment that spans amino acids 722-1,120 and
a 4.8-kb fragment that codes for amino acid 1,121 through the
3’ UTR) did not hybridize to the PAC. This indicated that the
PAC isolated using the genomic breakpoint STS contained
CBP coding sequences corresponding to the amino terminus of
CBP (Fig. 2).

Because CBP exons were contained in the genomic PAC
clone, we next obtained cosmids that spanned the CBP gene
region and used them for FISH analysis of patient material to
determine whether CBP was involved in the t(11;16). Using a
mixture of CBP cosmids, a signal was obtained on both the
der(11) and der(16) chromosomes, confirming that CBP is split
in the t(11;16) (Fig. 3).

Complete Human CBP c¢cDNA Sequence. Although the se-
quence of murine CBP is available (excluding the UTRs), only
partial sequences corresponding to its human counterpart have
been reported. We previously have deposited a partial human
CBP cDNA sequence extending from within the 5 UTR to
amino acid 405 (U47741). Additionally, a preliminary human
protein sequence of the first 1,267 amino acids has been
published (43). The GenBank entry (S39162) for a human CBP
protein is actually a chimera of human and murine sequences
(human from 1-1,267 and murine from 1,268-2,440). Because
three different human disorders are now known to be associ-
ated with mutations within CBP, we decided to sequence the
entire human cDNA to obtain an unambiguous sequence (Fig.
4). This sequence was redeposited as an update of U47741. A
series of overlapping CBP cDNAs from a U937 cDNA library
were sequenced using an Applied Biosystems PRISM DNA
sequencer. Human CBP encodes a protein of 2,442 amino
acids, which is highly conserved with its mouse counterpart
(95% identity, 96.5% similarity). Comparison of our human
CBP sequence with mouse CBP (S66385) and p300 (a func-
tional homologue of CBP) suggests that amino acids 1,418-
1,429 of murine CBP are frameshifted. The human cDNA
sequence was used to design multiple sets of nested primers to
identify the RT-PCR junction fragments between MLL and
CBP.

RT-PCR Analysis of t(11;16) Patient Material. To deter-
mine where within MLL and CBP the break occurs, and
whether the translocation results in an in-frame fusion of MLL
to CBP, we used RT-PCR to amplify the cDNA junction from
two patients. Oligonucleotide primers were designed from
exons 5 and 6 of MLL and from the CBP gene (Fig. 4). Patient
1 had a more centromeric break in CBP at the genomic level,

nuclear hormone receptor binding domain; SRC-1, steroid receptor
coactivator-1 binding domain; HAT, histone acetyltransferase activity;
E1A, E1A binding activity.
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while patient 2 had a more telomeric break as determined by
FISH experiments with PAC DNA (Fig. 2) (1). Amplification
of cDNA from patient 1 resulted in a 1,169-bp fragment after
nested RT-PCR with MLL exon 6 (forward) primers and CBP
(reverse) primers (data not shown). A 768-bp fragment was
obtained on amplification of cDNA from patient 2 with MLL
exon 5 (forward) primers and more telomeric CBP (reverse)
primers. The PCR fragments were subcloned and sequenced.
Analysis of the sequence of these chimeric transcripts revealed
an in-frame fusion between MLL codon 1,362 and CBP codon
267 in patient 1 (Fig. 5). In patient 2, MLL codon 1,362 was
fused to CBP codon 1,021. Use of CBP (forward primers) and
MLL exon 7 (reverse primers) to amplify the CBP-MLL fusion
transcript produced from the der(16) chromosome in patient
1 resulted in a 665-bp fragment. Sequencing of this fragment
showed an in-frame fusion of CBP codon 266 to MLL codon
1,363 (Fig. 5).

DISCUSSION

Cloning of the t(11;16) breakpoint of therapy-related acute
leukemia has demonstrated that MLL is fused to the CBP gene
(Fig. 5C). The breaks in MLL fall within the previously
described 8.3-kb genomic BCR (8, 44). The location of the
breaks within CBP span a very large genomic region that
consists mainly of one intron. It is intriguing that, to date, all
cases of t(11;16) occur secondary to treatment for a primary
malignancy with drugs that target DNA topoisomerase II (1).
We previously have noted the association of prior treatment
with topoisomerase II-targeting drugs, particularly the epipo-
dophyllotoxins, and therapy-related acute myeloid leukemias
with MLL translocations (11). We and others also have
identified a unique strong in vivo topoisomerase II cleavage
site within the MLL BCR that is induced by treatment of cells
with either VP16, VM26, or doxorubicin (45, 46). It may be
that the genomic region of CBP that is involved in the
therapy-related acute myeloid leukemias with a t(11;16) is
especially accessible to rearrangements with MLL after expo-
sure to drugs that target DNA topoisomerase II. It will be
informative to map the location of drug-induced cleavage sites
within CBP, and to determine whether the DNA only becomes
accessible to fusion with MLL after drug treatment.

Translocations involving in-frame fusion of CBP to another
gene result in acute leukemia [both the t(11;16) described in this
report and the t(8;16)]. In the first patient studied here, the break
in CBP occurs after amino acid 266. Interestingly, this is the same
region of CBP that is fused to MOZ in the t(8;16) that also results
in acute myeloid leukemia (25). Patients with t(8;16) are pre-
dominantly classified as FAB M4 (myelomonocytic) or M5
(monocytic), similar to the majority of patients with acute my-
eloid leukemia involving MLL. In the second patient studied
here, however, the break in CBP occurs after amino acid 1,021,
just upstream of the bromodomain and histone acetyltransferase
domain. In contrast, deletions or point mutations of this gene
result in RTS (24). Translocations also have been observed in
RTS, but it is not known whether they result in novel fusion
messages (24). The mutations that occur in RTS are constitu-
tional, therefore are present in all tissues, whereas the CBP
translocations that result in leukemia occur somatically in the
hematopoietic precursor cells. In both cases only one allele of
CBP is affected. This strongly suggests that a novel function, due
to activity contributed by the fusion of CBP to MLL or to MOZ,
can result in leukemia. Alternatively there may be three events
involved, including haploinsufficiency caused by loss of one
functional allele of both MLL and CBP, and gain of function with
the fusion product. General genomic instability of this region is
revealed by the inversions, deletions, and translocations found in
patients with RTS and also by the t(8;16) and t(11;16).

The function of MLL is unknown; however, because of its
homology to Drosophila trx, it is thought to be critical for
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maintaining the proper expression of homeotic genes. Evi-
dence to support this hypothesis is found in recent experiments
that demonstrate altered Hox gene expression and bidirec-
tional homeotic transformations in MIl-mutant mice (22).
Some information is known about several functional domains
of MLL that suggest potential mechanisms of action. In the
t(11;16), the resultant fusion product expressed from the
der(11) chromosome contains the AT-hooks, the methyltrans-
ferase homology domain, and the repression domain of MLL
and the carboxyl portion of CBP, whereas there is loss of the
cysteine-rich C4HC3 PHD domains (20) and the activation
domain of MLL in the der(11) product (18). What is also likely
to be critical in generating the leukemia phenotype are the
novel domains of CBP that are juxtaposed to MLL sequences.
The der(11) fusion product in patients with the more centro-
meric DNA break, would lose only the domain of CBP that
binds nuclear hormone receptors, whereas in patients with the
more telomeric break, the CREB binding domain is also lost.
The shorter MLL-CBP fusion presumably would not retain the
ability to act as a transcriptional coadaptor in the cCAMP- and
mitogen-responsive signaling pathways, or in the nuclear hor-
mone pathways. However, it should maintain its function as an
adaptor protein that coordinates cell cycle progression with
NF-«B transcriptional regulation. Moreover, the fusion pro-
teins presumably would retain CBP’s ability to acetylate all
four core histones, whether free or in nucleosomes. Targeted
histone acetylation could contribute to promoter activation by
changing or disrupting the repressive chromatin structure (31,
47). The bromodomain also would be retained, which is
thought to be important in protein-protein interactions as well
as modulation of chromatin because of its conservation in the
SWI/SNF2 complex, that appears to modulate the chromatin
of the genes it regulates (48, 49). All of these functions would
be brought to the amino terminal portion of MLL, that
presumably would retain its ability to bind AT-rich DNA,
perhaps redirecting the chromatin modification and coadaptor
functions of CBP to inappropriate genomic regions.

None of the other partner genes of MLL cloned to date has
been characterized in as much detail structurally or function-
ally as CBP. There is strong evidence, though, that these
partner genes are critical in leukemogenesis. Almost all the
breaks occur in the same region in MLL yet the leukemia
phenotype varies depending on the partner gene involved in a
particular translocation. Moreover, MIl-AF9 chimeras, created
by homologous recombination develop acute myeloid leuke-
mia, similar to patients with the t(9;11), whereas Mil-myc
chimeras do not (50). A recent report has shown that ELL, the
partner gene of MLL in the t(11;19)(q23;p13.3) encodes an
RNA polymerase II elongation factor (51). This provides
another example (besides CBP) of a partner gene of MLL that
is involved in gene regulation, although its mechanism of
action has not yet been elucidated. It will be important to study
other partner genes of MLL to determine whether they possess
any domains functionally analogous to some or all of the
multiple domains contributed by CBP to the MLL /CBP fusion.
It will be particularly important to determine whether MLL or
any of its partner genes possess histone acetyltransferase
activity. A similar type of functional activity could be present
in the various genes involved even though they do not contain
a conserved motif that is apparent in the amino acid or DNA
sequence (32). This may generate a more global or unifying
hypothesis with regard to the role of the partner gene(s) in the
many translocations in which MLL is involved.

Note Added in Proof. Since submitting this paper, we have
learned that two other groups also have recently demonstrated
that MLL and CBP are the genes involved in the 11;16
translocation (52, 53). We also have learned that another
group recently sequenced the human CBP cDNA (54).
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