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Recruitment of the nuclear receptor corepressor N-CoR by the TEL moiety

of the childhood leukemia—associated TEL-AML1 oncoprotein
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The t(12;21)(p13;922) chromosomal trans-
location is the most frequent illegitimate
gene recombination in a pediatric cancer
and occurs in approximately 25% of com-
mon acute lymphoblastic leukemia (CALL)
cases. This rearrangement results in the
in frame fusion of the 5 ’-region of the

ETS-related gene, TEL (ETV6), to almost

the entire acute myeloid leukemia 1

locus and expression of the TEL-AML1
chimeric protein. Although AML1 stimu-
lates transcription, TEL-AML1 functions
as arepressor of some AML1 target genes.
In contrast to the wild type AML1 protein,
both TEL and TEL-AML1 interact with N-
CoR, a component of the nuclear receptor
corepressor complex with histone deacety-
lase activity. The interaction between TEL

TEL, which is retained in TEL-AML1, and
TEL lacking this domain is impaired in tran-
scriptional repression. Taken together, our
results suggest that TEL-AML1 may contrib-
ute to leukemogenesis by recruiting N-CoR
to AMLL1 target genes and thus imposing an
altered pattern of their expression. (Blood.
2000;96:2557-2561)

(AML1) (also called CBFAZ2 or PEBP2AB1) and N-CoR requires the central region of © 2000 by The American Society of Hematology
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Chromosomal translocations involving either the acute myelo®ML1 target genes. Given the unknown nature of the meciga
leukemia 1 AML1) or TEL gene constitute some of the mostisms by which TEL and TEL-AML1 repress transcription, wg
frequently observed genetic aberrations in a variety of differeapbught to examine whether, in analogy with the acute promyefo-
myeloid and lymphoid leukaemiag. The AML1 gene, which cytic leukemia (APL)-associated RARfusion proteing?-2!
encodes a transcription factor with a DNA-binding domain (DBDjhey could involve recruitment of nuclear receptor corepres
related toDrosophila runt was first identified through its fusion complexes.

with the ETO gene in t(8;21)(q22;q22) associated with acute
myeloid leukemia (AML)3* The TEL gene, on the other hand,
encodes an ETS family transcription factor identified by its fusioMaterials and methods
with the PDGFRB locus in cases of chronic myelomonocytic
leukemia (CML) with t(5;12)(g33;p13) Subsequently, in a variety
of hemopoietic neoplasniBEL has been found rearranged with aMammalian and in vitro expression vectors for full-length and partigl
number of different genésncluding AMLL78 The t(12;21)(p13; N-CoR? TEL>!® TRAC-2 (SMRT)? and mSin3A* proteins were
g22)-associated TEL-AML1 fusion protein retains the so- Ca”éaewously described by others. TEL-AML1 was generated from the RE‘H

ell?> RNA by reverse transcriptase—polymerase chain reaction (RT- P(?;Q)
pointed ka_)l_néi;n (F(;D)" \ILVhICh I? responsllble for mefdfht;lrllgoollgome he 5-end of the AML1 construct was generated by RT-PCR from tfge
ization o and all known functional regions o K562 cell RNA and used to replace the TEL portion in the TEL-AMLE

AML1 is required for expression of genes whose producigmplementary DNA (cDNA). The above cDNAs were sequenced do
are associated with blood cell developm&nit? In contrast to  confirm that there were no PCR-introduced errors and were then cloned&to
AML1, the transiently expressed TEL-AML1 protein repressethe pcDNA3.1(+-) expression vector (Invitrogen, Westbrook, ME). All th&
the activities of reporter constructs driven by regulatory regiorfdML1 expression vectors are based on the human AML1 isoform tf?iat
derived from hemopoiesis-specific genes including the |ymph0|ancodes a protein of 479 amino acids in length and is often referred t%‘as
specific TCR enhancef and the IL3 promoter Recent AML1B.% Both TEL(153-116) and TEL{53-116) AMLL were con- g

tructed t | CM diat I ter/
results, which have also shown that the wild type TEL protelS ructed in a cytomegalovirus (CMV) major immediate-early promotes

5 5 Bhhancer-based expression vector pSC¥@Xpression vectors for the“’
can bind DNA®and/or exert transcriptional repressintflend i type TEL and TELA119-336) were as previously descritéd. §

support to the notion that the TEL moiety of the fusion protein iftammalian 2-hybrid expression vectors were derived from pGALO and
chiefly responsible for its action as a transcriptional repressor jgfLVP16 plasmid¥ by subcloning indicated cDNAs in frame with the

Expression and luciferase reporter plasmids
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coding regions for the GAL4 DNA-binding and VP16-activating domains, e
. . I i B +aTEL C + aAML1
respectively. The GAL4(UAS)TKLUC reporter was as previously de g 53 T ~
scribed?! TEL-RE-TKLUC was constructed by inserting an annealed g 3 & 3 I 3 E’
oligonucleotide pair with a single ETS consensus binding site, 5 4 3 g 20 . 83 " '22 3 - :
GATCCTAAACAGGAAGTG-3, into the Bacillus amyloliquefaciens H 2 & 3 @ § @ @ 2, Bgg 2p%g 8 &
(BanHl) site of pT109LUC?®
g m ome g -
. . . o . . 12 3 4 58 7 1 2 3 4 5 1 2 3 4 5
In vitro and in vivo co-immunoprecipitation assays 348.N.CoR (1.2453) %8.N.CoR (1-2453) 8. SMRT (1-1495)
We synthesized sulfur 35%5)—methionine—labeled proteins in vitro using a D E ¢
rabbit reticulocyte lysate—coupled transcription-translation system (TNT; % %‘”",ﬂ: P i
Promega, Charbonnieres, France). To ensure that approximately equ :-"3 ?; e
amounts of various in vitro translated proteins or deletion mutants of & g g 4 E' g
given protein were used in each experiment, efficiency of each translatio F—" 2 g F-" E 2 5 g E" E" &
reaction was checked by Western blot analysis with an appropriate antiboc .= = ' - =S o = Lk
(not shown). For a given co-immunoprecipitation, {l2in vitro translated "'w "R o= T R
rotein (from a 50uL transcription-translation reaction) was incubated at ' 2 3 4 1 2 3 4 3 12 88 %0
P ( O P ) 355.N-CoR (1-1461) 35.N-CoR (1586-2453) 358.N-CoR (1-758)

4°C for 1 hour in NETN [20 mmol/L Tris (tris[hydroxymethyl] aminometh-
ane) (pH 8.0),100 mmol/L sodium chloride (NaCl),1 mmol/L ethylenediaFigure 1. TEL and TEL-AML1 interact with N-CoR in vitro.  The in vitro—translated
mine tetraacetic acid (EDTA), and 0.5% NP-40] with.L of a specific TEL, TEL(A53-116), TEL(A119-336), TEL-AML1, TEL(A53-116)-AML1, and/or AML1
antibody The total reaction volume was 50D, proteins were evaluated for their abilities to interact with (A, B) 35S-methionine—

. L K labeled N-CoR or (C) SMRT as well as with (D-F) the indicated amino- and
Following the addition of 15l Protein A/G PLUS aggrose l_Jeadst:arboxy—terminal deletions of N-CoR. The co-immunoprecipitation with mSin3A
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA), the incubation W&§own in panel F, lanes 5 and 6, was used as a positive control. The numbers
continued for an extra hour. Protein A/G PLUS agarose beads were thepresent the first and the last amino acid in a given protein (or its deletion mutant). In
washed twice with 500pL H buffer [20 mmol/L HEPES (4-(2- panels A-F, lane 1, 20% of the input is shown. Specificity of the antibody used for a
Hydroxyethyl)-1-piperazineethanesulfonic acid) (pH 7.7), 50 mmol/L potagi_ven co-immunoprecipitation is indicated above each panel. In the absence of a
sium chloride (KC|) 20% glycerol. and 0.1% NP-40] and resuspended %/en antibody target protein (TEL or AML1), neither full-length N-CoR nor its deletion

! o gly 5 ! 7 0 _ p mutants (amino acids 1-1461, 1586-2453, or 1-758) were co-immunoprecipitated by

500 p.L NETN buffer. A Sl.'-,‘COI’ld; S'm?th'on'neflabeled protein (B out 4 TEL (shown in panels A, B, and F, lane 2, and panels D and E, lanes 4 and 5,
of 50 pL total transcription-translation reaction) was then added to th@spectively) or anti-AML1 (shown in panel A, lane 3). Prior to their use in a given
above solution, and incubation was continued in NETN buffer at 4°C for an-immunoprecipitation reaction, levels of each in vitro translated protein were
additional hour with gentle rocking. Subsequently, Protein A/G PLUSvaluated by Western blotting to ensure that approximately equal amounts of all
agarose beads were washed 5 times with 506 buffer. Bound proteins antibody-specific input proteins were used for each experiment (data not shown).
were eluted in Laemmeli loading buffer and separated on a 5% or 10% ) )
sodium dodecy! sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)ently been shown to be part of the multisubunit corepressor
The gels were fixed in 25% isopropanol and 10% acetic acid, dried, aa@mplexes, which include associated histone deacetylages
exposed to Kodak Biomax film (Kodak-Eastman, Rochester, NY). (HDACs)3435 To evaluate whether the abilities of TEL an

For co-immunoprecipitation of endogenous N-CoR and TEL-AMLITEL-AMLL to repress transcription may be due to recruitment &f
from REH cell$® or transfected 293T cells, vyhole cell extracts wergyclear receptor corepressor/HDAC complexes, we first inveti-
prepared ?‘E delscl”bé?f'T hfj’bc‘a'_' ex”aa_?_ were '”CUbS"’?te&a;“ c f(”\lr go ated their interactions with N-CoR and SMRT using in vitr®
minutes with polyclonal antibodies specific against mSin3A, human N-Cog, 5,y noprecipitation experiments. Both TEL and TEL-AMLE

(C-20), murine N-CoR (N-19) (all from Santa Cruz Biotechnology; bran . . . . -
names in parentheses), AML1 (J.H. and L.M.W., unpublished data, Ap Il’It not the wild type AML1 protein, readily Co-Immunoprecipis

1998), or amino terminus of TEE in NETN buffer containing protease tated with 3°S-methionine—labeled N-CoR (Figure 1A, compagg
inhibitors. Immunocomplexes were isolated by overnight incubation at 49@n€e 5 with lanes 4, 6, and 7). These results were entirely dependent
with Protein A/G PLUS agarose beads, washed 5 times in H buffer, afé the presence of TEL in the co-immunoprecipitation reaction,u;%s
analyzed using an anti-TEL antibddyy SDS-PAGE and Western blotting. anti-TEL antibodies alone failed to co-immunoprecipitate tfg
355-methionine—labeled N-CoR proteins (Figure 1A, B, and F, lagie

Cell culture, transfections, and reporter assays 2). In this respect, it is also noteworthy that cross-reactivity was ot

Mammalian 2-hybrid experiments were carried out by cotransfecting tpServed between anti-AML1 antibodies and N-CoR (Figure 13,
293T cells with 100 ng of GAL4(UAS)TKLUC reporter plasmid; 50 ng 1ane 3). Association between N-CoR and TEL in vitro wa$
GAL4(DBD)-N-CoR, GAL4(DBD)-SMRT, or GAL4(DBD)-mSin3A ex- unaffected by the deletion of TEL amino acids 53-116 (Figure 1B,
pression vector (or an empty vector, pGALO); 100 ng CMV-lacZ interndane 4), which contain its PD and are important for its interaction
control; and 200 ng of an expression vector for a given VP16 fusion proteifith the mSin3A proteiff (F.G and A.Z., unpublished results,

In the remaining transient cotransfection assays, 200 ng of a given repofibruary 1999). However, deletion of the central region of TEL,
and 50 or 100 ng (Figure 3, legend) of each expression vector were usgfhich lies between its PD and ETS domains (amino acids

Western blot analysis of transiently expressed proteins was carried ou tf9-336) considerably (more than 50%) reduced the level of
monitor the levels of expression of each protein (not shown). All transient '

transfections 0293T cells, maintained in Dulbecco’s modified Eaghesdium co-immunoprecipitate®S-methionine-labeled N-CoR (Figure 1B,

(DMEM,) with 10% fetal calf serum (FCS), were performed usingahteium ~'n€ 5), thereby indicating that this region is required for interac-
phosphate precipitation method as previously descibad transfections 10N bet\{veen th_e 2 proteins in vitro. le_en that the abqve mapped
were performed in triplicates, and the results represent an average of at B¢ OR interaction domain is retained in the TEL moiety of the

d-sjo1B/poojqeu-suonealgndyse//:dpy woly papeojumod

3 independent experiments. The error bars correspond to SD. TEL-AML1 fusion protein, these results are consistent with the
ability of TEL-AML1, but not AML1, to interact with N-CoR
(Figure 1A).

Results To determine which regions of N-CoR interact with TEL, we

carried out a co-immunoprecipitation analysis using a series of
Although initially discovered through studies of transcriptionat®*S-methionine—labeled N-CoR deletion mutants (Figure 1D-F).
regulation by nuclear receptors, N-C8Rr SMRT® have subse This analysis showed that the first 758 amino acids of N-CoR,



BLOOD, 1 OCTOBER 2000 « VOLUME 96, NUMBER 7 RECRUITMENT OF COREPRESSOR N-CoR BY TEL-AML1 2559

which contain the so-called repression domain | (RPDI), werep 6 D'R‘“
sufficient for interaction with TEL (Figure 1F, lane 3). Consistent .
with these results, an isoform of SMRT that lacks N-CoR-relatec ."R‘“

amino-terminal sequences (including RPD1), but is otherwise
highly homologous to it, did not appear to interact with TEL both in
vitro and in vivo (Figures 1C and 2A). Nevertheless, we cannol
exclude the possibility that a SMRT isoform, which possesse:
N-CoR-related RPD¥,would interact with the TEL protein. | | : |

In addition to the amino terminal TEL-interacting region of —L‘ ﬁ T | |
N-CoR described above, a very low level association between th | ' | | "'ﬂﬁ !-|i m|
carboxy-terminal half of the corepressor (amino acids 1586-2453 m'; v s o E o B S & F G %
and TEL (Figure 1E, lane 2) or TEL-AML1 (not shown) was also VPIETEL - + - - + - - . . - 4 -
detected in our in vitro co-immunoprecipitation assay. In this e any . . . . . . . . o T 7
respect, it is worth noting that a weak association between thi \;F:fa-f;:;: s B B
transiently expressed TEL and SMRT isoform identical to that usec -

~1

Relative luciferase activity

-

L I | J
in this study was detected by a co-immunoprecipitation a¥say. ol CALHODDR SR, SAEMDEGENCOR
Whether these results reflect a second much weaker interactic
domain or some indirect association between TEL and the carboxy
terminal halves of the 2 corepressors remains to be established. It i i
unlikely, however, that these weaker interactions could be mediate | T |
by mSin3A, as deletion of its interaction domain (PD) in PEL
. . - . . TEL-AML1

does not appear to diminish its ability to interact with the N-CoR TEL
proteins (Figure 1B, lane 4; Figure 1D,E, lane 3). BP 0.6ug

The above in vitro data documenting the interaction betweer ap":;‘“
N-CoR and the TEL protein was confirmed in vivo using the QT:_
mammalian 2-hybrid assay (Figure 2A). As expected from the
previously published data, which showed co-immunoprecipitatior
between the TEL and mSin3A proteiffs\VP16-TEL interacted
readily with GAL4(DBD)-mSin3A. Additionally, in agreement
with a well documented mechanism of nuclear receptor aé&éh, WHaTEL
GAL4(DBD)-N-CoR or GAL4(DBD)-SMRT interacted with VP- § <

2 3 d IP
5 § 8 & J

16-RARx in the absence, but not in the presence, oftralfis 3 2

retinoic acid (RA). As indicated by comparable enhancement o £ 3 2
L1 | B

4 5 6 7 8

GAL4(UAS)s-TKLUC

+
+

+

. < TEL-AML1
< TEL

-CoR

ahN-CoR

+ 0.6ugBP
| ahN-CoR

- | +1.4pgBP

reporter gene activation, VP16-TEL or -TEL-AML1 interacted Ao .'
with GAL4(DBD)-N-CoR to a degree similar to that reflected in WA
the interactions between the control proteins. Consistent with our ii. vz
vitro results (see above), AML1 fused to the VP16-activatioRigure 2. TEL and TEL-AMLL interact with N-CoR invivo.  (A) Mammalian 2 hybrid
domain failed to interact with GAL4(DBD)-N-CoR, and similarly, 3nass of Iieracton hetween e ene R0, SR of moinss (@ & posiive
. . .~ _control) fused to the an -activation domain tagge or
VP16-TEL or VPlG.'TEI."AMLl dlq not appear to interact WlthTEL—AMLl. In agreement with the in vitro co-immunoprecipitation results, full-length
GAL4(DBD)-SMRT in this assay (Figure 2A). AML1 fused to the VP16-activation domain failed to interact with GAL4(DBD)-N-CoR.
To further address the physiological relevance of associati®yp significant intera(;)tion was alsogetected (ijn(t:is a?say k))etvgeeg SMRT .;md TEL or
. . AML1. Interactions between VP16-TEL an AL4(DBD)-mSin3A are shown as a
between TEL_AMLl and N-CoR, we set out to (_:O_Imm_unOpremplﬁositive control. Interactions between GAL4(DBD)-N-CoR or GAL4(DBD)-SMRT and
tate the 2 proteins from cells transfected with their respectiv@is tagged RAR« in the absence or presence of all-trans-retinoic acid (RA) are
expression vectors (Figure 2B) or from the REH leukemic cell lin@sed as additional positive and negativg contrpls, respectively. Co-transfectioq ofan
which possesses the TELIAMLL rearrangement (Figure 2C). UsifigEy 2% 0008 Y2 BEteth S0 0 e e o0 oum @) o
antibodies to endernOUSIy EXpress human N-CoR, both TEilﬂTnunoprecipitation of endogenous human (h) N-CoR and TEL-AML1 (lanes 5-7) or
AML1 and TEL were readily co-immunoprecipitated from transTEL (lane 8) from 293T cells transfected with their respective expression vectors.
fected 293T cells (Figure 26, lanes 5 and 8, respectivelyges 0 a1 7 sho dereasng vl of e o mmunoprepaed TEL AL
. . roteimn witn incl Sing unts - igeni | I reaction. Inpu
SDECIfICIty of this assa:y was corrqbprgted py blOCkln.g. of th@o%) is shown in lanes 1-3. Lane 3 corresponds to protein extract derived from
TEL-AML1 and TEL co-immunoprecipitation with the addition of untransfected 293T cells. Size markers in kd are indicated on the left of the panel. (C)
increasing amounts of an antigenic peptide derived from tHetibodies against human N-CoR co-immunoprecipitate the endogenous TEL-AML1
N-CoR tei Fi 2B, | 6 d7 d dat t sh Iﬁ);)tein from REH cells with t(12;21). Proteins were co-immunoprecipitated from
. O protein (Figure T anes a_n ! gn ata no _S_ OWilkole cell extracts using polyclonal antibodies specific against human N-CoR (lane
Similarly, Western blotting of proteins co-immunoprecipitated), murine N-CoR (lane 5), mSin3A (lane 6), TEL (lane 7), and AML1 (lane 8), as
from the REH cell extracts with anti-human N-CoR (Figure 2(QOndicated. Immunoprecipitated material was resolved by SDS-PAGE and Western
lane 2), but not normal rabbit serum (data not shown) or antimurifgtin9 using ant-TEL antibody. Lanes 3 and 4 correspond to co-immunoprecipita-
X . A tion carried out in the presence of 0.6- and 1.4-pg N-CoR antigenic peptide. Lane 1
N-CoR antibody (Figure 2C, lane 5) controls, revealed an anti-TEkpresents 20% of the input for the co-immunoprecipitation reaction. Size markers in
reactive protein. The same band was seen with anti-TEL antibodi@sre indicated on the left of the panel.
in the REH cell extracts without immunoprecipitation (Figure 2C,
lane 1) or after immunoprecipitation with anti-mSin3A (Figure 2Cand 4). It should be noted that the protein co-immunoprecipitated
lane 6); anti-TEL (Figure 2C, lane 7); or anti-AML1 (Figure 2Cfrom REH cells migrates slightly higher than TEL-AML1 co-
lane 8) antibodies. As before, addition of the N-CoR antigenimmunoprecipitated from transfected 293T cells. Nevertheless, the

peptide inhibited the co-immunoprecipitation (Figure 2C, lanes&bove observations strongly indicate that despite its higher than

- i

20z aunr g0 uo jsenb Aq Jpd'2G52000618U/L61.8991/.55¢/2/96/4pd-8|011E/POO|q AU SUOKED!NAYSE//:d]IY WOl papeojumog
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expected molecular size, the species co-immunoprecipitated from 28

REH cells corresponds to the TEL-AML1 protein. In this respect, it 1
is worth noting that previous stud@sdemonstrated anti-TEL
reactive proteins in REH cells, which also migrated above 100 kd.g 1
Taken together, our co-immunoprecipitation results are consisteng
with the in vitro and in vivo data described above and stronglyg’ 1
suggest that TEL-AML1 engages in a stable complex with N-CoR &

GUIDEZ et al

at physiological concentrations in vivo.

Discussion

The above data addressing the interaction between TEL and™"™*
N-CoR suggested that TEL might possess a transcriptional
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N-CoR -
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TEL TEL(A53-116) TEL(A119-336)

i

repression domain that requires N-CoR for activity. Consistent
with the above hypothesis, TEL could repress the expressionFigure 3. Coexpression of N-CoR potentiates transcriptional repression by

a reporter gene containing a single ETS binding site (shown¥

BL, but not by TEL lacking the N-CoR interaction domain.

TEL-RE-TKLUC

TEL, TEL(A53-116),

. . . 15 or TEL(A119-336) expression plasmid (50 ng) was cotransfected with 200 ng of a
bind TEL in VItI’O) fused upstream from the HSV-Tk promOterluciferase reporter containing a single ETS consensus binding site upstream of

(Figure 3). As expected, co-expression of N-CoR stimulatetsv-Tk minimal promoter (TEL-RE-TKLUC) and 100 ng expression vectors for

repression by the wild type TEL, but not by the mutant protein iH-CoR and(qr mSinBA as indicated. The e‘.xpressk_)n of TEL had no effe(_:t on the
. . . . . eporter activity in the absence of the ETS binding site, and there were no significant

which the N-CoR interaction domain was deleted (Flgure 3 ariations observed in the expression of TEL proteins between different samples

Co-expression of mSin3A, an additional component of th@ata notshown).

co-repressor complex with which TEL was shown to intefact

(data not shown), displayed a similar degree of stimulation of

TEL-mediated repression and dependency of this effect on BAen implicated in the function of the t(8;21)-associated AML§-

intact interaction domain (PD) in the TEL protein. It isETO fusion proteirf®#! Given that both N-CoR and mSin3A cary

noteworthy that both corepressors were required for maximiidependently recruit HDAC¥;* it is likely that as with the

repression by TEL, suggesting that both mSin3A and N-CoRPL-associated fusion proteins, HDAC recruitment will prove %)

may interact with independent domains of TEL and with eadpe important in the molecular pathogeneses of leukemias assi;aci-

other to form a stable repressor/corepressor complex. Neverthaged withAML1 gene rearrangements. The discoveries that recrgit-

less, N-CoR was able to potentiate the repression of TEL lackimgent of nuclear receptor corepressors also underlies the moIe@lar

the mSin3A interaction domain, but mSin3A was ineffective ipathogeneses of AML1-associated acute leukaemias highlight tEeir

stimulating repression by TEL lacking the N-CoR bindingmportance in hemopoiesis and further indicate the potential vafiie

region (Figure 3). These results could suggest that interactiohHDAC inhibitors in antileukemic therapies.

between TEL and N-CoR may be more critical for the stability

of the TEL/corepressor complex in vivo. They are also in

agreement with previous repolfsaddressing the role of the

central region of TEL in transcriptional repression as well as thacknowledgments

requirement of both the PD and central region for optimal

effects of TEL on transcription from a reporter gene in vivo.  We are grateful to G. Groseveld, C. D. Laherty, R. N. Eisenman,
Taken together, this work strongly suggests that N-CoR plays &h A. Hassig, S. L. Schreiber, C. K. Glass, M. Soderstrom, andgS.

important role in transcriptional repression by TEL and probabaxman for their generous gifts of molecular clones, expressgpn

also the TEL-AMLL1 fusion protein. N-CoR recruitment has als@ectors, and antibodies, which were used in this study. c
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