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PU.1-mediated upregulation of CSFIR is crucial for
leukemia stem cell potential induced by MOZ-TIF2

Yukiko Aikawal, Takuo Katsumoto', Pu Zh;mgl, Haruko Shima’, Mika Shino!, Kiminori Terui®, Etsuro Ito?,

Hiroaki Ohno', E Richard Stanlev®, Harinder Singh®, Danicl G Tenen= & Issay Kitabavashi

Leukemias and other cancers possess self-renewing stem

cells that help to maintain the cancerl:2, Cancer stem cell
eradication is thought to be crucial for successful anticancer
therapy. Using an acute myeloid leukemia (AML) model
induced by the leukemia-associated monocytic leukemia zine
finger (MOZ)-TIF2 fusion protein, we show here that AML can
be cured by the ablation of leukemia stem cells. The MOZ
fusion proteins MOZ-TIF2 and MOZ-CBP interacted with

the transcription factor PU.1 to stimulate the expression of
macrophage colony—stimulating factor receptor (CSF1R, also
known as M-CSFR, ¢-FMS or CD115). Studies using PU.1-
deficient mice showed that PU.1 is essential for the ability

of MOZ-TIF2 to establish and maintain AML stem cells. Cells
expressing high amounts of CSFIR (CSF1RMgh cells), but not
those expressing low amounts of CSF1R (CSF1R cells),
showed poternit leukemia-initiating activity. Using transgenic
mice expressing a drug-inducible suicide gene controlled by the
CSF1R promoter, we cured AML by ablation of CSF1RMg" cells.
Moreover, induction of AML was suppressed in CSF1R-deficient
mice and CSF1R inhibitors slowed the progression of MOZ- :
TIF2-induced leukemia. Thus, in this subtype of AML, leukemia
stem cells are contained within the CSE1RMe cell population,
and we suggest that targeting of PU.1-mediated upregulation of
CSF1R expression might be a useful therapetitic approach.

Chromosomal translocations that involve the MOZ gene? (official gene
symbol Mys3) are (ypically associated with acute myclontonocytic
feukemia and predict a poor prognosis. Whereas MOZ s essential for
the'scllZreneival of hematopoictic stem cells™®, MOZ fusion proteins
cnable the transformation of non—scli-renewing myeloid progenitors
into leukemia stem cells?. We previously generated & mouse model
for AML byintraducing ¢=Kitt mouse mveloid stem/progenitor cells
infectedavith a retrovirus encoding MOZ-TIF2 and EGFP intolethally
irradiated mice®. :

To identily Teukemia-initiating colls (L1Cs), we investigated: the
bone marrow cells of these mice forvarious cell surface markers by
FACS analysis, CSFIRMh and CSFIR'Y cells were present in the bone
marrow (Fig. Ta) and expressed equivalent amounts of NMOZ-T1F2

I

proteintFig  1hx To determine the LIC activity of these el popula-
tions; we isokited CSFTREEN gnd CSETRI colle by cell sorting.and
transplanted limited numbers (1010 1% 10 cellsy into irradiated
mice, One hundred CSFIRMEH cells were suffivient 1o induce AM L in
all transplmied mice (Fig, T Converselvinomice developed AML
ater 13 107 CSEIRM cells were transplanted per mouse;and only
haltof the mice developed AMLowith delaved onset when 1 x 107
CSFIRI cells were transplanted (Fig. Td 1 Thus, the CSFIRM cells
showed a3 100-fold stronger LICactivily than CSFIRM¢ells,

FACS analysis indicated that the CSEIRMEM ol population:had
the phenotype of both granulocvte-macrophage progenitors (GNMPs,
Kit?Sea-17CDI6/CD327 ) and differentiated monacyies (Mac- 19YG217 )
{Supplenientary Fig. Ta). Comparison of the CSFIRMEh ind CSEIRMY
coll populations indicated that Mac- L expression wiss Jower in CSFRbigh
thin in CSEIRY Gells ( Fig: Te): However, we did not observe signili-
cant differences between the CSEIRMED qy3d CSEIRIY ¢ell populations
with respectio their cellmorphology (Fig. 1), colonv=forming ability in
methvlcellulose medim (Fig. 1g), cell cvele distribution (Supplementary
Fig. 1b) or homcobox A9 (HoxA9) expression (Supplenientary Fig. 1¢). .
Toinvestigate whether: downstream: pathways ‘of CSEIR signaling
wereactivated, we measured phosphorylition levels of signal trans-
ducer and activator of traranscription=5. (STAT3 ) -and extracellular
signal=reaulated kinase (ERK) in CSFIRME G 1d CSETRIO cells, STATS
was highlv phosphorylated i the CSEIRME! cell papulation biit not in
the CSEIRI popuilation, whereas ERK was equivalenty phosphorylated
in the two cell populations (Fig, Th.

Side populationcells, which are present in some types of normal
and malignant stem cell populations, were present in the bone
marrow of MOZ-TIF2=induced AML mice (Supplementary Fig. 2a).
Whereas most side population cells were CSEIRNER . the non=side
population fraction contained bath CSFRIMEN g CSEIRMY cells
(Supplementary Fig. 2b). LICs were approximately tenfold more
enrichied inthe side population fraction than'in the non=side popula-
tion fraction (Supplementary Fig. 2c.d). Because the side population
fraction: was vervismall (<0.12% of fota) bone marrow cells); the
fraction of L1Cs in the side population fractionwasilso small (< 1%
of all LICs), and most LICswere present in the non=side populition
fraction (=99%).
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To determine whether a high level of CSE1R expression also occurs
in human AML cells with MOZ translocations, we investigated €SEIR
expression in bone marrow cells from a subject with AML harboring
at1(&:16) translocation, yiclding a MOZ-CREB-binding protein (CBP;
encaded by the Crebbp gene) fusion”; FACS analysis indicated that both
CSFIRMh a5 d GSEIRYY cells were present among thie boie marrow cells
with this translocation (Fig. 1i): We detected MOZ-CBP fusion tran-
scripls inboth the CSFIRME qind CSEIRMY cell populations (Fig. 1j):

These results suggest that Jeakemia stem cells in-this subtype of
AML expressa high amount of CSEIR,indicating that leukemia might
be cured by inducing apoptosis of CSFIRME! cells, To test this idea,
we used {ransgenic mice expressing a drug-inducible FK306-binding
profein (FKBP)-Fas suicide gene and EGEP under the control of the

Figure 2 Cure of AML by ablation of CSF1RME!
cells. (a)-Top; structire of the CSFIR
promoter-EGFP-NGFR:FKBP-Fas suicide
construct; Bottom, schematic showing.the
activation of the NGFR-FKBP-Fas fusion
protein: in transgenic mice carrying this
suicide consiruct, ablation of cells expressing
high'levels of CSFIR can beinduced by
exposure to the ARP20187 dimerizer. (b) FACS
analvsisiof GEP:and:CSE1R expression’in
bone marrow cells of mice with AML 2 months
after {he transplantation-of MSCV-MOZ-TIE2-

a iCSF’Rprommerrl:{‘ EGFP,’-;IRES‘NGFHL‘FKBS?‘ Fasf- b

CSFIR promoter!? (Fig. 2a). The suicide gene products are inactive
monomers under normal conditions but can be activated by injection
of the AP20I87 dimerizer, inducing apoptosis of cells expressing high
amounts of CSFIRIY Weinfected ¢ Kit? bone muarrow cells of transgenic
mice with the MOZ-TIF2 retrovirns and transplanted them into lethally
irradiated wildstype mice: These miee developed ANL <2 months
after transplantation. In.the bone marrow of these mice,we observed
morphologically. indistinguishable: CSEIRMEM and. CSEIRIY cells.
As expected, endogenous CSEIR expression was proportional to EGEP
and FKBP-Fas expression (Fig. 2band Supplementary Fig. 3a).

Next, we transplanted the.bone marrow cells of these AML mice
{1 x 107 cells per mause) into secondary sublethally irradiated recipi-
ent mice: Seven'daysalier transplantation; we injected the mice with

Primary AML d
Normal = A%

SAP

10°
10° 10‘ 107 1o~ 10?

GFP

Apoptosis

4 AP20187 = AP20187

IRES-GFP=transfectied bone marrow cells
derived from transgenic mice into lethally
irradialed C57BL/6 mice. The red boxes
signify CSFIRMSM and CSEIRPY cell fractions.
(c—e) Bone marrow cells (1 x 10%) of primary

transplanied mice with AML, generaled as in
b were transplanted inlo sublethally irradiated
C57BL/6 mice. Adminisiration.of AP20187

GFP

o° -
10%:101102:90% 10°

Contrel

survival (%)

1 i ] o i ¥

305 60901120 150180
Time!(dy

o
10% 10" 10%10% 10°
GFP

o solvent (control) to the secondary transplanted mice was started by intravenous injection 3-weeks afler transplantation. Expression of GFP and
CSFIR in bone marrow cells {c) and spleen sizes (d) were analyzed 4 weeks afier fransplaniation. Scale bars, .1 ¢m. (e} Letikemia-free survival of
the Untreated (n="6Y and AP20187-1reated {1 = 6) secondary transplanted mice. £ < 0.0001. The resulis are representative of five (b}, four (¢) and

three (d,e) independent experiments.
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conirel and drug-tiealed mice was analyzed, Ind, n= 8, Fa
(control v.e, = Kiz0227) and G.4051 {contral versus + irmatinib}

P (3000
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AP20187 or 1 control solvent, as previously described 2. We observed
an incroase in the number of CSETRM cells (Fig, 2¢)and splenomegaly
(Fig. 2d) in the contral-treated mice 3 weeks after transplantation.
However, we detected neither CSEIRMM cells nor splenomegaly in the
AP20187-treated mice alter a 1-week course of treatment (Fig. 2e,d ).
Althoughive observed CSE TR cells i the bone marrow and peripheral
blood after the 1-week (reatment course, we did not detect these cells
after three months of treatiment (Fig. 2¢ and Supplementary Fig. 3b).
Al control-treated mice doveloped ANIL =6 weeks after transplan-
tation, but none of the AP20187-treated mice died of ANL within
amonths of transplantation (Fig. 2e).Thesc results indicate that abla:
ion of the CSEIRMEN cells was sulficient to'cure MOZ=TIF2-induced
AML; and thata high level of CSFIR expression’is a key contributor
to Jeukemya stem cell potential.

As it has been reported that N-Myc overexpression rapidly causes
AML i micellwe next tested the specilicity of the requirement for
CSEIRMED Gells in ANIL progression. Wetransfected the bone marrow
cells of suicide gene—expressing transgenic mice with a retrovirus
encoding N-Mye and EGEP, and transplanted the cells into lethally
irradiated recipient mice. which developed AM L. Tn these mice, GEFP?
Tetkemia cells were MaclFGr1Z CSFIR blast cells (Supplementary
Fig. 4aby.and treatment with AP20187 did not alfect AML induc-
tion (ﬁupplementfuv Fig. 4¢). These results indicate a specific role
of CSER expression in MOZ-TIF2-induced ANL

To investigate the role of CSFIR in the development of MOZ-T1F2~
induced AML we infected wild-type and Csf1r7* (ref. 12) mouse fetal
liver cells of enibryonic day 16.5 (E16.5) litlermate embryos w ith the
MOZ-TIE2 virus and transplanted theminto lethally irradiated mice.
All mice transplanted with wild-type cells developed AML within
3 months (Fig. 3a). In contrast, AML induction was initially sup-
pressed inmice transplantedivith Cef1r' cells, but half of the mice
developed AML after a Jonger latency period (Fig. 3a). The suppres-
sion of ANL was rescued by co-infection with the retrovirus encod-
ing CSFIR (Fig. 3b). STATS, which was highly phosphorviated in
CSFIRMEb cells but not in CSEIRIY cells (Fig. 1h), was phospho-
rylated in the bone marrow of recipient mice transplanted awith

Csf1r#1 cells but not with Cs/Ti~/= cells (Supplementary Fig, 5). To
test the specificity of the requirement of CSFIR for AML induction by
MOZ-TIE2, we transfected Csf1r and CefTr fetal liver cells with
the retrovirus encoding N-Myc and transplanted them into i radiated

imm xmks WELTE 1 m ricf‘

fter hfms;,.f
0.0001 (cConlrol versus

C st
.. 45C _ = ‘j_ Soeny
£ RN 01
Z 3 e s Control =
% 20 f - = pmztingh
2 200 , , !
& 150 { B [
< 100 (.
v 5: 3 ; [
o 26 2, &40 56 80
Tirne {dj
riia! flerfetal it Cenirol ¢
) - :
+ Imatinit
¢ ¢ 2003640 50 60

{d.eitl
S xma'

s, Tenn
controiverst

d

+ Kl 0227 and

recipient miices Al of the mice transplantedwitly cither Csfli or
Csf1r = cells expressing N-Mye developed ANML tSupplementary
Fig. 4d). These results indicate that CSFIR has a key role in AML
induction by MOZ-TIE2, but not by N-Nye,

Theabove resulis sugsest- that signaling through CSFIR might be
a therapeutic target for kinase inhibitors in leukemogenesis induced
by MOZ fusions. To test this, we used the CSFIR-specific inhibitor
Ki20227 {rel. 137 and the tyrosine Kinase inhibitor imatinib mesylate
(ST1571). which inhibits CSFIR 1M1 Oraladministration of Ki20227
or immatinib inhibited MOZ-TIF2=induced splenomegaly (Fig: 3¢) and

slovved MOZ-TH2-induced AML onset (Fig. 3d 1 However, the drugs
did notalfect the progress of N-Mye=induced ANL (Fig. 3e).

Next, weinvestigated the molecular mechanism of €SFIR expres-
sion in 1he letikemia cells: Monocytesspecific expression of CSETRis
reportedly regulated by transcription factors such as AMLI, PU.1 Land
CCAAT/enhancer-binding proteins (C/EBPs))7. We previously found
that MOZ interacts with ANLTand PULT, but not with C/EBPoor
C/EBPe, to stimulate transcription of their target genes™!¥, Deletion
analysis indicated that PULT interacted with the N-terminaland central
regions of MOZ (Fig. 4a and Supplementary Fig. 6), and that the
acidic amino aciderich region (DE vegion) of PLLT was required for
its high-affinity interaction with MOZ (Fig. 4a and Supplementary
Fig. 7a-d). Although binding of PU.1 to N-terminal MOZ tamino
acids 12313) was inhibited by several delctions in the PU L profein
(Supplementary Fig. 7¢); binding to full-length. MOZ wis not
completely inhibited by these deletions (Supplementary Fig. 7b),
sugaesting that there nyay be other PUT-binding sites in MOZ, its
associated proteins or both. A pull-down assay with Esclierichia coli=
produced GST-PU.1 or GST-AMLI and in vitro-produced Neterminal
MOZ indicated a direct interaction betiveen both PULT and MOZ
and betveen ANLI and MOZ (Supplementary Fig. 8). However,
we cannot rule out-a possibility that other factors. may hcilitate
interactions between PU T or AMLI and MOZ in vivo,

To investigate transcriptional regulation of CSFIR, we performed
reporter analysis with a CSFIR promoter-tuciferase construct and
found that MOZ.MOZ-TIE2 and MOZ-CBP could all activate the
CSFIR promoter in the presence of PU1 but nm im:tlie presence
of AMLY (Fig. 4b). NMoreover, MOZ; MOZ=TIFY and MOZ:CBP
did not activite o CSEIR promoter mutant lacking PUL1-binding
sites (Fig. 4¢). These results suggest that MOZ and MOZ fusion
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60 ONio

H15, histone H1-'and H5-like domain;
PHD; PHD-finger domain; PHD, PHD-finger

e
a6 @OZ-Fusion D
domain: HAT, hislone acetyltransferase e “pUA
smain: HAT, histone acetyliransfer 20 PUTY £ Py __C-
. : ’ _ CSFIR — CSFIR
catalylic domain; PQ; proline-‘and ; T - Pt -

glutaminezrich domain; M. methionine-rich 0::10:-20, 1 30 40 50 60
domain; DE, aspartic acid= and glulamic Time dj

acid-rich domain; Q, glutamine-rich domain; PEST, proline-, glutamic acid=, serine- and: threonine-rich domain; ETS, Eis; DNA-binding domain.

(b} Effects of MOZ. MOZ-CEP and MOZ-TIF2 on AML1-and PU.1-medialed transcription of the CSFIR promoter. Osteacarcinoma Sa0S2 cells were
transfected with the CSF1R-luciferase construct and the indicated effector constructs'encoding AMLY or PU.1 together with MOZ, MOZ-CBP or
MOZ-TIF2. Lucilerase aclivity was analyzed 24 b after transfection. Error bars represent s.d. * P< 0.0L and " " F < 0.005 (comparison to PU.1 only).
The results are representative of six independent experiments it which ihree samples were tested for each group:in each experiment. (¢} PU.1-dependent
aclivation of CSFIR promoler. Sa0S2 cells were transfected with the wild-1ype (WT) CSFIR-uciferase construct or ifs mutant lacking the PU.1-binding
site (dPU.1), together with 1he indicaled effeclors. Error bars represent s.d. " P< 0.01 and 77 £ < 0.005 (comparison to PU.1 onlv). The resuits are
representative of three independent experiments in which three samples were tested for each group-in each experiment. (d) FACS analysis of CSFIR
expression in PUER cells infected with-MSCV-GEP (fop) or MSCV-MOZ-TIF2-1RES-GEP (bottom) refroviruses and exposed to 1001 4-HT for 0. Z'or 5d;
Population {S6) of CSF1R"8N and CSFIR'™ cells were indicated, The results are representative of three independent experiments. The horizontal lines
and the numbers above the graphs indicate CSF1RMeh (righty and CSFIR'CY (left) cell fractions and their populations (%), respectively. (e, f) Leukemia-
free survival after fetal liver celis of E12.5 Sfprl** and Sfpil=- mouse embryo litlermates were infected with eitlier MOZ:TIF2= (e).or N=Myc-(f)
encoding viruses and transplanted info irradiated mice. (g) Leukemia-free survival after fetal liver cells of Sfpil=7= mice were infected with PU.1= or
MOZ-TIF2-encoding viruses, or both, and transplanted into irradiated mice. Ine: n='8, P<0.0001;inf, n=4, P=0.0943:ing. n=5. P=0.0001
(PU.1 + MOZ-TIF2 versus either PU.1 or MOZ-TIF2). (h) Fetal liver cells of E14.5 Sip/11'¢1™ ER-Cre mice were infecled with the MOZ-TIF 2-encoding
virus and transplanied info irradiated mice, which developed AML. The bone marrow cells of {hese mice were then transplanted into sublethally irradiated
wild-type mice. Tamoxifen or solvent (control) was adminisiered fo the secondary transplanied mice every 2 d by initravenous injection starting 17 d
after transplantation, when GFP: cells were detected in peripheral biood. Leukemia-Tree survival of (e secondary transplanted mice is shown. n= 5,
F=0.0018. (i) Model for transcriptional regulation by normal and fusion MOZ proleins. MOZ fusion proteins stimulate constitutive CSF1R expression
1o induce leukemia (left). Normal MOZ protein controls CSFIR expression by binding fo PU:1 1o regulate normal hemalopoiesis (right):

Leikemia-free
survival (oa}

profeins activate CSEIR transcription ina PUT-dependent manner. - activate tfanscription, indicating (hat the transcriptional activity of
Jtwas vecently reported that although chromatin réorganization of - MOZ=TIE2 and MOZ-CBP, which do not contain that Citerminal
CsfIr vequires prior PULL expression together with ANMLI binding, = region, requires the TIR2 oy CBP portion of the fusion protein.

stable transcription factor complexes and active chromatin can be To test the requirement of PU:T for the expression of endogenous
maintained at the Csf1r locus without AMLI once the tull hemato- © CSFIR, we used. PU Iodelicient (S/pi1777) miveloid progenitors
poictic program has been established!. This might expliin why  expressing the PU.1=¢strogen receptor fusion protein (PUER) Upon
we found that AMLI was not required for MOZ-TIF2-mediated  restoration of PU.T activity by exposure to d-hydroxytamoxifen
activation of Cyf1r. Deletion-analysis indicated that the DE=#ichy - (4=HT), PUER cells can differentiute into macrophages™, We infected
Q-rich and ETS DNA-binding donmains of PUL T, as well as the his- 2 PUER cellswith the MOZ-TIF2 retrovirus or control retrovirus, sorted
tone H1 and H3-like (H15) and the central PU.1-binding domains  them for GEP expression and cultured the GEP* cells in the presence
of MOZ and MOZ fusion proteins, are required for the activation o of 4-HT. The results of FACS (Fig, 4d) and quantitative RT-PCR
CSEIR transcription (Supplementary Figs. 7e and 9). A truncated - - (Supplementary Fig: 10) analyses indicated that CSFIR éxpression
version of MOZ (1=1518) lacking the C-terminal region failed (o was induced after exposure to4-HT, and that MOZ-TIE2 enhanced
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thie PU. T-induced upregulation of CSTIR. Notably, 5 d after exposure
{0 1-HT, we detected CSFIIM and CSF 1R cellin the population
of PUER cells expressing MOZ-TIH Z,bm only CSFIRM cells werein
the control PUER cell population (Fig.dd . We did not detect CSFIR
expression before addition of 4-HT, cven in PUER cells expressing
MOZ-TIF2 (Fig. 4d7, indicating that functional PU. is required for
MOZ-TIF2-hiduced CSFIR expression. Chroniatin immunoprecipi-
tation (ChIP Y analysis indicated that PULT, MOZ-T1E2 and pussibly
endogenous MOZ were recruited to the €3 f 1 promioter in the bone
pdrrow cells of mice with MOZ-TIE2=induced AML (Supplementary
Fig. 11a). In PUER cells expressing MOZ-TI L
WIOZTIE2 and MOZ 1o the CsfTr promoter was detected after 4-H
freatment. but not before the treatment (Supplementary Fig. 11by,
suggesting that the recruitment of MOZ-THE2 4 nd MOZ s dependent

recruitinent of

upon functonal PUL

Ta determine whcther PULT s essential for the dn\'nlupmuu of
NOZ-TIF2=induced AML, we infected wild-typeand Sfpil=/= fel tal
liver el of E12a tittermates with retroviruses encoding MOZ- TiE2
or N-Myeandtransplanted thenyinto irradiited mice. Althongh mice
transplanted with S/pi 1747 cells expressing ] MOZ-TIF2 developed ANL

8= P4oweeks after transplantation; mice transplanted with Sipil=i=

cells were healthy forat Jeast 6 months (Tlg 4e . ncontrastyallniice
lmnspl.nmd with cither wild-type or $fpi1 =/~ cells expressing N-Myc
developed AML 6=10 weeks after transplantation ¢ (Fig.4{y. \When both

PUTand MOZ-TIF2 were introduced into PULT-deficient fetal liver
cells, the transplanted mice developed leukemia (Fig. 4g). However;
introduction of either PU.Y or MOZ-TIF2 alone was not sufficient
for AML induction. Thus, we conclude that PUL1 is required for the
initiation of MOZ-TIF2-induced AML.

To determine whether PULT is also required for the maintenance of
MOZ-TIEZihduced AML, we infected fefal iver cells of PUL condi-
vonal knockaut wice (Sfpi11e3Mex and expressing estrogen receptor
(ER)-Cre) with MOZ-TIF2 and transplanted them into irradiated recip-
ienit mice; which developed ANL. We next transplinted bone martow
colls of these mice into irradiated secondary recipients and then treated
half of the mice with tamoxifen to induce PULT deletion. All of the
control inice died 6T AML within 6 weeks, but none of the tamoxifen-
(reated mice developed AML for at least for 6 months (Fig. 4h).
These results indicate that PUL1 is-also required for the maintenianee
ol MOZ-TTF2=induced AML stem cells.

Taken logether, our results indicate that MOZ and its leukemia-
associated fusion proteins activate PU.1-mediated {ranscription of
the monocyte-specific gene Csf1r. MOZ fusion proteins might con-
stitutively stimulate high CsfIr expression to induce AML (Fig. 4i):
I contrast; we previously found that MOZ fusion proteinsinhibit
ANLiimediated activation of ‘granulocytesspecific "Mpa: gene
(ranscription!®, Because MOZ fusion protcins are
monocytic lenkemia, commitment to the monocytic lineage may be
determined by dilferential regulation of target genes by MOZ fusion
proteins (that is, upregulation of monocyte- specific genes such as
Csfirand:downre ceulation of granulocy te-specific genes s such-as that
endoding nnxlopumxda\e) Tt is also Tikely that the normal M Oz
protein modulates Csf1r: expression toan appropriate level ta regulate
nmnml hematopoiesis (Fig. 41), as CsfTr expression was impaired in
AMOZ= Tetal liver cells (Supplementary Fig. 12).

Although AML induction was suppressed in mice transplanted
with CsfTr = cells, half of these mice dev cloped AML, albeit ata
longer latency: Thus, MOZ-TIE2 can prov oke cither a rapid indue-
Hon 6FAML ina CSFIR-de }\ndLlﬂ pranneror a slower induction ina
CSEIR-independent manner. veral possibilities to explain

associated with

Thereare

this CSTIR independence. Firstowe observed increased Hoxa9 espres-
o in both CSFTRME and CSFIRI cclls. | mu(\p)c“mn is

reportedly not sulficient to induce AML and additional mutations or
i

JoxAY

oncogene activation is required for AML I indiiction by this contat
Thus, MOZ-T1E2=transfected Csf1r7 ¢ells might require additional

sutitions to induce leakemis, Second, Because we used a retrovirus
vector o introduce MOZ-TIE2, it is possible that oncogene activation
by retroviral integration might mediate AMLy sathogenesis.

In conclusion, our results indicate that PU 1 medisted upregula-
tion of Cs/1r is crucial for Jeukemia stem cell potential induced by
MOZSTIF2 Our findings add to previous work associating CSFIR
with ANLL (%I R upregulation Bas beeri repurted:in human =7
and Heuse AN CSEIR s also kinownas the ondoprotein ¢ Fims,
anid transplintation of bone mirrow Cells cipressing the v-misonco-
protein induces multilineage hems opoictic disorderst A chromo-
comal translocation resulting in expression of a fusion protein in
which RNA-binding motil protein=6 (RBAf6 ) is fuscd fo CSFIR has
recenthy been reported 1o brassociated with AMLIY CSFIR may thus
be crucial for not only leukemia induced by MOZ fusions but alsoa

widersubset o AML.
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ONLINE METHODS

Human subjects, mice and cells. The studv inveliing human samples was
approved by the Ethics Committec of Hirosaki University Graduate School
of Medicine, and all dlinical samples wore obtained with informed consent,
CATRLA6 mice were purchased from CREA Lipans NGF- FREP-Fis transgenic
wice ™ (Jackson Laboratoricsy, Cefir-deficient mice’ = (provided by RS
PUT-pull £Spi 120y and PLLT conditionally deficient €57pit Noxeds mices?
{provided by D.GT, Cre ERT2 Kiack in mice { Taconic Artemis GmbH ) and
MOZ-deficient inice” were backerassed (o C37BLI6 miceatleast five times.
Mouse cxperinrents were performed i aspecific pathozen=Iree environment
at the fapan National Cancer Conteranimal facility according t institutional
guidedines and with approval of the Japan: National Cancer: Genter animal
Ethics Comnmittee, PUER ¢clis™ were provided by 1 Singh.

Generation of acute myeloid leukemia mouse model$d MSCVAMOZ-THF2:
IRES-EGED MSCVEN-NYCGTRES-EGFE MSCVECSFIRpakspacand JISCV:
PU T prk-pac constructs werer generated: by inserting <DNAs encoding
ROZ-TIF2) N-Myve, CSFIR or PLET into the appropriate vectorn The con-
Structs wore transfected into PIGE cells* cells using the FuGENE 6 reagent
{ Roche Disgnosticsd and supernatants containing retrovirus were collected
S8 W atter transfection: ¢-KitT cells {156 107 eellsy were selected from bone mar
row or Tetal liver cells using CDT17=specificalicroBeads (3 tiltenyi Biotecy; the
cells were then incubated with retroviruses nsing RetroNectin (Takara Bio) foy
24 B i StemPros34 serum-ree medium (Invitrogend containing ¢viokines
(20 ng ml Estem cell Tactor (PeproTechy; 10 ng ml Y interleukin:o (PeproTechy;
10 ngmb L interleuking3 (a gift from Kirin Pharmaceuticals ) The infecied
cells were then transplanted together with bone marrow cells (2 % 10%) into
Jethally irradiated (9:Gy) 65 1o Saweek-old €57 BL/6 mice by intravenous
injection; Secondary transplants were performed by ntravenous injection of
bone marrow cells from primary AMLimice into sublethallv irradiated (6 Gy)
C537BL/6mice.

Administration of AP20187, imatinib or Ki20227. AP20187: (o gift from
Arind Pharmiaceuticals; 10 mg per kg body weight) was administered daily by
intravenous injection for 5.dyand then T mg per kg body weight AP20187 was
administered every 3 d thereafter as described previoushy!® Mice werc orally
administered imatinib mesvlate (Novarts Pharmaceuticalss 100 mg per kg body
weight); Ki20227 (refl 131 {a gift from Kirin Pharmaceuticals; 20 mg per kg
budy weight) orsolvent twice daily from 7 d aftes transplantation.

Immunofluarescent staining, detection of side population cells, flow ey to:
metric analysis and cell sorting, Bone marrow cells frony mice with AML
were preincubated with rat G and then incubated onice with the following
staining reagents: antibody to CD LIS (AFSYS) conjugated o phycoeryth-
rin (PE) (cBioscience): antibody to Mac=1 (M1/720) conjugated 1o PE-Cy7
{eBioscience), antibody (o Gr=1{RB6-8C3) conjugated 1o allophycocvanin
(APC) (BD Pharmingen and antibady to ¢-Kit (2B8) Conjugated 10 APC
(BD Pharmingen). For the detection of side population cells; bone marrow
cells were stained with g ml ! Hoechst 33342 in the presence or absence of
S0 pAEverapamil at 37 °C for 60 min. Flow cvtometric analvsis and cell sovting
were performed using the JSAN eell sorter { Bavbioscience) and the results were
analvzed with Flowjo software (Tree Star).

Reporter analysis. CSFIR-luciferase constructswere generated by insertion
of CSFIR pramoter constructs, either wild typeor lacking the PUit-binding

site™ L inta pGLLI0 tuc2)y (Promegal. Sa082 cdls fa gift from 1. Tava) wore
transfected with CSFIR-Iuciferase comstrunts and pGLETS (hRL-CAIV)
(Promega) together with varicus expression constructs (pLNCX-ARML]
(ref, 183, pLNCN-PULT Ocf. 333 pENCX-A10ZY, pLNCN-MOZ-TIF2
(rel. 18) and pLNEXN-MOZCBP Iy in2dawellplucs and JuoTerase activity was
assaved 2R afier transfection using the microplate lniminometer GEOMAX
(Promear. Theresulisshown for the reporterassivs representaverage values

for rekitive Juciferase activity generated fromat least three independent experi=
menigreliive values were obtained by normalizing to the Juciforascacuvity
of phRE:CMV whichiservedavan internal control,

Immunoprecipitation and immunoblotting, For Flag tag immumoprecipitation
cxporimentssedis were Fesedinsa Ivsis butfer contaming 250 ma NaCL20 mAl
sodivmephosphate (plE 00 300md b sodinny pyraphiaphate: 10 mhE NaF,
10 X P=os s mabdithiathreitol Fmd phcnsimcduncsalfom ioride ind
Complete protease inhibitor e Rocher Cell Fesates were incubated with Flag-
pecitic antibodv=conjogated agarose beads oStz and rotied at 10 pam,
CTAITEC RT-3050at 1 C overnighty, The adsorbed beads were washed thice
times with Isis butten Precipitated proteins were elated frony the beads by Flag
peptide-and dissolved with the same volume o 22 SDS sample butfer; When
immunoprécipitiion was not peiformed, total protein Rsates were prepared
in:2:% SDS sample bufter, Anuboedies were detected by chiemiluminescence with
ECL plus Detection Reagents (Amersham Biosciences), The primaryantibodies
tsed: in this dudyiwere Flag-specific antibody (323 (Sigma)y homagglatinin:
specific antibody (3F10) (Rochey and NOZ-specific antibody!¥, which was
gencrated by immunizing rabbitwith peptides corresponding residue 44 1160 of
human MOZ.

GST pull-down assay. The Find111-Clal fragment corresponding to' the
Neterminal region: (1=664) of MOZ was cloned into) the pSP6dpolyA
vector [FIS1-MOZ (1=664) was produced by incubating pSPedpolyA-MOZ
with' [278]-methionine using the TNT Coupled: Rabbit Reticulocyte Lysate
Svstem (Promega). pGEN-6P-PULT and pGEXN=6P-ANLT were generated by
subcloning full:length human PUTand AMET ¢DNAS Into pGEXN-6P (GE
Healtheare), GST, GST-PULTand GST-AMLL were produced in Esclierichia col
BE2Feontaining pGEN-6P pGEN-6P-PUL Lind pGEN-6P- AMLI, respectively.
The [9S1-MOZ (1-664) protein: was incubated with GST-; GST-PU.14 or
GST-AMLi1~conjugated glutathione-agarose at 4. °C for 60 min inlysis buffer,
washed three Uimesawith Ivsis buffer, analvzed by SDS-PAGE und detecied
by autoradiography.

Statistical analyses, We perfornied unpaired two-tailed Student’s flests for com-
parisonsand aog-rank fest for survival datwith NP8 softweare (SAS Insttate).

clwasakic Hielal: Distinclive and: indispensable roles of: PULY in maintenance of
hematopoietic. stem::cells  and - their: differentiglion;: Blood: 106,:1590=1600
(2005,

; Seibler; J. ef:al; Rapid generation of inducible:niouse mutanis. Nucieis Acids Res,
31.e12.(2003).

SMorita,: S Kgiimas T & Kitamura, T Plat-Ey onvefficient: and: siable system: for
fransientipackaging of retioviruses:: Gene Ther, 7,:1063=1066 (2000}

o Zhiang, DiE  Hetherington,: CiJi Cheny Hildi & Tenen, DG The ‘macrophage
{ranscription factor PULL directs lissue-specific expression: of -the :mactophage
celony-stimulating: factor recepior. Mol Cell. Biol::14,:373-381 (19%4).
~Yoshida, Hi et al. PhiL-retinoic acid receptor. v inhibits ‘PML V. enhancément. of
PU.Isinduced  C/EBPe expression: in myelaid. differentiation. Mol Cell. Biok: 27
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SUMMARY

AF4 and ENL family proteins are frequently fused with MLL, and they comprise a higher order complex (desig-
nated AEP) containing the P-TEFb transcription elongation factor. Here, we show that AEP is normally

‘recruited to MLL-target chromatin to facilitate transcription..In-contrast, MLL oncoproteins fused with AEP

components constitutively form MLL/AEP: hybrid complexes to cause sustained target gene expression,
which leads to transformation of hematopoietic progenitors. Furthermore, MLL-AF6, an MLL fusion with
a cytoplasmic protein, does not form such hybrid complexes, but nevertheless constitutively recruits AEP
to target chromatin via unknown alternative mechanisms. Thus, AEP recruitment is an integral part of both
physiological and pathological MLL-dependent transcriptional pathways. Bypass of its normal recruitment
mechanisms is the strategy most frequently used by MLL oncoproteins.

INTRODUCTION

Leukemia is a heterogeneous disease with distinctive biological
and ¢linical properties that are conferred by a variety of acquired
genetic mutations (Gilliland, 2002). Chromosomal translocations
of the MLL gene account for 5%-10% of acute leukemias and
are generally associated with poor prognosis (Daser and Rab-
bitts, 2004; Krivisov and Armstrong, 2007; Pui et al, 2004).
MLL gene rearrangements create fusion genes that contain the
&' portion of MLL and the 3 portion of its fusion partner, whose
products cause sustained expression of MLL target genes and
consequent enhanced proliferation of hematopoietic progenitors
(Ayton and Cleary, 2003; Lavau et al.. 1997; Cozzio et al., 2003).
The amino-terminal portion of MLL serves as a targeting unit to
direct MLL oncoprotein complexes to their target loci through
DNA binding (Ayton et al., 2004; Slany et al., 1998) and associa-
tion with menin and LEDGF (Yokoyama et al., 2005; Yokoyama
and Cleary, 2008), whereas the fusion partner portion serves

as an effecter unit that causes sustained transactivation (Cheung
et al, . 2007; Lavau et al.. 2000: DiMartino et al., 2000;2002;
Slany et al., 1998; So and Cleary, 2002; 2003). To date; approx-
imately 50 different fusion partners have been reported to form
chimeric MLL oncoproteins (Huret et al.; 2001). However, the
mechanisms underlying this molecular diversity have not been
revealed.

The AF4 and ENL protein families are the most frequent MLL
fusion pariners, accounting for two-thirds. of MLL-associated
leukemia  incidence (Huret et al. 2001). The AF4 family
comprises four paralogous proteins, including AF4, AF5q31,
LAF4, and FMR2. The ENL family includes ENL and AF9 and
has structuralhomology to the yeast An¢1 protein. The members
of both protein families possess transactivation: domains and
therefore are thought to be involved: in transcriptional regulation
(Prasad et al.; 1995; Ma and Staudt, 1996; Morrissey et al., 1997;
Slany et al.; 1998). All but FMR2 have been reported to form
fusion genes with MLL in leukemia (Domer et ‘al., 1993; Taki

Significance

molecular therapy.

MLL is fused by chromosomal translocations in 5%=-10% of acute ieukemias to a variety of partner proteins (550) of diverse
molecular composition and function. Recent studies show that several of the more common MLL fusion partners (e.g., AF4,
ENL, and AF9) associate in a higher-order complex containing transcription elongation factors. Here we show that this
complex is biochemically distinct from the MLL histone methyltransferase complex, but nevertheless normally present at
MLL target genes during physiologic gene expression. In acute leukemias, the complex is constitutively recruited to target
chromatin by covalent fusion of MLL with one of several complex components or noncovalent mechanisms used by other
MLL fusion proteins, thereby representing a unifying mechanism for MLL-mediated leukemogenesis that can be targeted by
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el al., 1899; von Bergh et al., 2002; lida et al., 1993; Nekamura
el al., 1993: Tkachuk et al., 1992). AF4 family proteins associate
with ENL family proteins and P-TEFb {(Positive Transcription
Eiongation Factor b} (Erfurth €t al., 2004; Zeisig et al., 2005;
Bitoun et al,, 2007; Mueller et al.. 2007).-P-TEFb is. composed
of CDK9 and cyclin T1 (or cyclin T2) and is capable of phosphor-
ylating the carboxy-terminal domain (CTD) of RNA polymerase |I
(RNAPIl) and DSIF to facilitate transcriptional elongation (Saurn-
ders et al., 2006;: Peterlin and Phice, 2006)."AF4 functions as
a positive regulator of P-TEFb kinase (Bitou et al:; 2007); which,
in turn, controls the transactivation activity or stability of AF4 and
ENL family proteins. ENL family proteins also associate: with
DOTI1L (Bitoun et al., 2007; Mueller et al., 2007; Zhang et al.,
2006}, the major histone methyltransferase responsible. for the
H3K79 methylation mark (Jones et al.. 2008); which is predomi-
nantly associated with actively transcribed genes (Steger et al.,
2008). It has been reported that DOT1L also associates with
MLL-AF10 and plays‘a critical role in its oncogenic transforma-
tion (Okada et al.. 2005). However, the molecular roles of these
componentsin: MLL-dependent - leukemogenesis  have not
been clearly defined.

In this study, we investigated the contributions of a  higher
order complex containing AF4 and ENL family proteins with
P-TEFb' in-physiologic and: pathologic MLL-dependent trans-
cription:

RESULTS

AF4 Forms a Higher Order Complex with AF5q31, ENL,
and P-TEFb in Hematopoietic Cells

To: identify AF4-associated: proteins in vivo, we biochemically
purified AF4 complexes from K562 cells using column chroma-
tography followed by immuno-affinity purification with a highly
specific anti-AF4 monoclonal antibody (Figure 1A). Mass spec-
trometry identified AF5q31, ENL, CDK9, and cyclinT1 inthe puri-
fied materials (Figure 1B}, Reciprocal immunoprecipitation (IP)
further confirmed that all five proteins compose an endogenous
bona fide complex (Figure 1C) consistent with previous observa-
tions {Erfurth et al., 2004, Zeisig et al., 2005; Bitoun et al., 2007;
Mueller et al., 2007). In gel filtration analysis, the AF4 complex
components codistributed in fractions that eluted at an average
mass of ~0.8 MDa (Figure 1D). A similar. complex was obtained
using a monoclonal antibody specific for AF5g31 in the immuno-
affinity step (see Figure S1A available with this article online).
However, neither purification: process vyielded ‘other proteins
previously reported to interact with. ENL (e.g;, DOT1L and
AF10). (Zeisig et al., 2005; Bitoun et al., 2007; Mueller et al,
2007). These data demonstrate that AF4, AF5q31, and. ENL
associate in an endogenous . higher-order: complex (hereafter
referred to as "AEP” for the AF4 family/ENL family/P-TEFb
complex) containing P-TEFb in hematopoietic lineage cells.

Leukemogenic Fusion Proteins Inappropriately Tether
AEP Components with MLL

Co-IP -analyses: were performed: to. determine whether MLL
chimeric oncoproteins: participate in higher-order associations
that recapitulate the composition of AEP.-Reciprocal IP:using
human leukemia cell lines that express: MLL-ENL, MLL-AF4, or
MLL-AF5q31 showed that the respective fusion proteins: form

similar AEP-lke complexes (Figure 1E and Figure S1iB).
Conversely, MLL-AF8, an MLL fusion with a cytoplasmic protein
that was not copurified with AF4 or AF5g31, did not coprecipitate
any of the AEP components in ML-2 cells (Figure 1E). Similarly,
wild-type (WT) MLL did not pull down AEP components in
K562 cells while coprecipitating menin, a component of the
MLL complex (Yokoyama et ai. 2004y (Figure 1C). Therefore,
the MLL and AEP complexes are separate biochemical entities
that are inappropriately tethered to form MLL/AEP hybrid
complexes by a subset of covalent fusions of MLL in human
leukemia cells:

MLL-ENL and MLL-AF4 Consislently Recruit AEP
Componenis to MLL Target Genes

Genomic - localizations of  MLL- chimeric- proteins: and AEP
components were analyzed by chromatin immunoprecipitation
(ChiP}y in human leukemia cell lines: Histone marks indicative of
open: chromatin states. (tri-methyl: H3K4. and acetyl H3K9} (Li
et al;, 2007) were associated with transcriptionally active loci,
whereas histone marks indicative of closed chromatin (di-methy!
H3K9-and high levels of histone H3) were associated with tran-
scriptionally inactive loci (Figures 2A-2C), verifying the integrity
of ChiP assays. In-HB1119 cells; MLL-ENL specifically colocal-
ized with AF4 and AF5q31 at promoter-adjacent regions of the
HOXAQ and MEIS 1 genes, which are known to serve critical roles
in’ MLL-associated leukemogenesis: (Ayton and Cleary, 2003;
Nakamura et al., 1996; Wong et al:, 2007), whereas the presence
of AEP at non-MLL target loci such as §-ACTIN and GAPDH was
minimal or negligible (Figure 2B and Figure S2A). Similarly, ChIP
analysis showed that AF5q31 and ENL colocalized with endog-
enous. MLL-AF4 on the  HOXA9 and: MEIST. promoters in
MV4-11 cells (Figure 2C and Figure. S2B).  Colocalization of
AEP components: with. MLL: oncoproteins was 'also ‘observed
on other MLL target genes, such-as COKNT1B and. CDKN2C
(Milne et al., 2005}, and the transcribed regions of HOXA9 and
MEIS1. (Figures 2B -and 2C), suggesting that MLL/AEP. hybrid
complexes may function in transcriptional elongation. Therefore,
a subset of MLL 'oncoproteins results in consistent recruitment of
AEP components at MLL target chromatin in leukemia cells,

Formation of a Higher Order MLL-AF5q31/AEP Hybrid
Comiplex Is Required for Sustained Transcription

of Target Genes and Transformation

AF4 ‘and AF5q31 share. extensive sequence  similarity that
resides in four subregions of the respective proteins (Figure 3A).
A structure/function analysis (Figures 3B and 3C) revealed
that: (1) P-TEFb interacts with AF4 and AF5q31 via subregion 1,
which contains the N-terminal homology domain: (NHD). (Nilson
et al., 1997); (2) strong transactivation activity is conferred by
subregion 2, consistent. . with. previous observations (Prasad
et'al, 1896: Ma and Slaudt; 1996; Mortissey: et al;, 1997); (3)
ENL interacts with AF4 and AF5q31 through subregion 3. that
encompasses the AF9 interaction domain (Srinivasan et al;,
2004; Zeisig et al; 2005); and (4) the C-terminal homology
domain (CHD) within subregion 4 mediates hetero-association
of AF4. and AF5q31, which appears to be highly preferred over
their - respective  homo-dimerization: (Figure. 3B). Preferential
hetero-dimerization: was. also: observed . in  ¢o-|P. experiments
of :endogenous. or transfected MLL-AF5G31: (Figure 1E and

Cancer Cell 17, 198212, February 17; 2010 ©2010 Elsevier Inc. 199
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Figure 1. Heierologous Associations of Wild-Type and Oncogenic AF4 and ENL Family Proteins

(A)-The scheme used for purification of the AF4 complex.

(B) A silver-stained image shows the proteins immuno-purified using anti-AF4 antibody and subsequently identified by mass spectrometry, as indicated by

arrows on the right. Anti-GST antibody: served as:a negative control.

(C) K562 nuclear extracts were analyzed by P western blotting. IP was performed with the antibodies indicated on the top, and the precipitates were immuno-
blotted with the antibodies indicated on the right. Anti-GST and anti-FLAG antibodies served as negative conitrols. Asterisks indicate signals from igG used for P,
(D) Selected fractions from gel filtration analysis of K562 nuclear extracts were analyzed by western blotting for AF4-associated factors (PARP served as a nega-
tive control). Molecular weight standards are shown on the top. A cartoon of a putative AEP complex is depicted. €8, CDKS; cyc T1, cyclin T1.

(E) 1P western blot analysis was performed as in (C) on-human leukemia cell lines that harbor MLL chromosomal transiocations and express MLL chimeric
oncoproteins (indicated at tops). Carioons of putative MLL fusion complexes are depicled below. See also Figure S1.

Figure S3A), as well as an interaction assay based on GAL4-
dependent transactivation (Figure S3B).

MLL: fusion proteins containing the respective subregions of
AF4 or AF5q31 were assessed for their oncogenic potentials:in

- a myeloid progenitor transformation assay. (Figure 3D) (Lavau

et'al, 1997). Only MLL-AF531 constructs containing subregion
4 (MLL-AF5-4 and MLL-AF5-34) induced serial replating activity
and up-regulation of Hoxa9 transcription (Figures 3E and 3F).
This result indicates that none of the single functions (i.e.,
P-TEFb recruitment, transactivation, or association with ENL)
is sufficient for transformation but rather CHD-mediated associ-
ation with endogenous AEP isrequired. The corresponding MLL-
AF4-4 and MLL-AF4-34 proteins were not stably expressed and
thus unable to be evaluated (Figure 3F). Although recruitment of
Enl was not sufficient for MLL-AF5q31-dependent transforma-

200 Cancer Cell 17, 198-212, February 17,2010 ©2010 Elsevier Inc.

tion,” Enl was required because its knockdown by sh-RNA
substantially decreased the clonogenicity and Hoxa9 expression
of MLL-AF5q31-transformed cells (Figures 3G-3J). This pheno-
type was rescued by exogenous expression of human ENL;, thus
verifying the target specificity of the sh-BNA. Hence, formation of
a higher order MLL/AEP hybrid complex:on: target genes: is
necessary for MLL-AF5G31-dependent transformation.

Transforming Properties of MLL-ENL and MLL-AF9
Correlate with Association with AF4 Family

Proteins and DOT1L

A 'similar structure/function analysis of MLL-ENL demonstrated
that C-terminal ENL residues (494-559) are required for the inter-
action-with AF5q31: (Figures 4A and 4B}). This region, which is
evolutionally conserved with AF9 and Saccharomyces cerevisiae
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Figure 2. Colocalizalion of MLL Fusion Proteins and AEP. Components on-Chromatin

(A} Relative expression of various genes (indicated on the right) in seven human cell lines was analyzed by quantitative RT-PCR. Expression levels were normalized
to GAPDH and are depicted relative 10 the highest value among the seven celllines arbitrarily sel as 100, Error bars represent standard deviations of friplicate PCRs:
(B) Genomic localizations of various proteins in HB1119 cells were delermined by ChiP assay. Cross-linked chromatin was immunoprecipitated with antibodies
specific for the indicated proteins and analyzed by quantitative PCR using primer/probe sets that target promoter-adjacent regions or other genomic regions
indicated at the bottom. Occupancies are displayed relative to the highest value in the group arbitrarily set as 100. Error bars represent standard deviations of
triplicate PCRs. Genes expressed. more than 20% of the highest levels'in (A) are defined as active genes.

(C) A comparable analysis as in (B) was performed for MV4-11 cells, which harbor a t{4;11) translocation and express MLL-AF4 proteins. The purple rectangle
highlights-a locus on which dimethyl H3K79: marks were absent, but the MLL-AF4/AEP complex was present. See also Figure S2;
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Anc1 (designated AHD: Anct homology domain), displayed
transactivation potential that correlated with association with
AF4 family proteins (Figure 4C). The AHD of ENL also mediated
association with DOT1L (Figure 4D), consistent with results: of
previous studies (Mueller ‘et-al;;' 2007). Mutations: of MLL-ENL
that abolished AF5¢31 and DOT1L interaction (including a single
L550E point mutation) resulted in failure to up-regulate Hoxa9
transcription and: transform myeloid: progenitors (Figures 4k~
4G). Similarly, the portion of AF9 retained in MLL-AF9 oncopro-
teins, which includes ‘AHD  (residues: 502-568) (Figure <A},
mediated - AF5q31 - and: DOT1L: association and : conferred
GAL4-dependent ' transactivation,” MLL-dependent = Hoxa9
expression, . and. myeloid - transformation - (Figures 4B-4G)
Unlike: MLL-AF5q31-transformed: cells,” MLL-ENL- and: MLL-
AF9-transformed cells did not require W1 Enl because their clo-
nogenicities were unaffected by its: knockdown (Figures: 3l and
3J), consistent with the observation that MLL-ENL did not form
a complex with- WT ENL in HB1119 cells (Figure 1E). These
results suggest that association with AF4 family proteins and/or
DOT1L is required for the oncogenic properties of MLL-ENL and
MLL-AFS.

Interactions of ENL with DOT1L or AF4 Family Proteins
Are Mutually Exclusive

To determine whether ENL can simultaneously coassociate with
AF4 family proteins and DOT1L, IP. analysis was performed on
cells transiently expressing ENL, AF5q31, and DOT1L: Although
ENL coprecipitated both AF5q31 and DOT1L;, the latter two did
not pull:down each other (Figure 5A), indicating that the three
proteins do not form a trimeric complex. Similarly, GAL4-AF5-3
effectively coprecipitated ENL but not DOT1L under conditions
where GAL4-ENL successfully pulled down DOT1L (Eigure S4).
These data demonstrate that the associations of ENL family
proteins with AF4 family proteins or DOT1L are mutually exclu-
sive. Therefore; the ENL/DOTIL complex is a separate entity
from AEP (Figuire 5B).

Recruitment of AEP, versus DOT1L, Plays a Predominant
Role in MLL-Dependent Leukemogenesis

The ability of MLL-ENL to associate with AF4 family proteins or
DOT1L raised the issue of which interaction (MLL-ENL/AEP vs.
MLL-ENL/DOT1L) is essential for leukemic transformation (Fig-
ure 5B). To address this issue, an artificial MLL fusion with
DOT1L(MLL-DOT1L)thatdoes not associate with AF4 (Figure 5C)
but'retains the HMT catalytic domain (thus mimics the MLL-ENL/
DOT1L complex} was assessed for its transformation potential.
MLE-DOT1L failed to sufficiently activate Hoxa9 expression to
immortalize: myeloid progenitors: (Figures 5D and 5E), despite
the comparable levels of protein expression in packaging cells
(Figure: 5F) and mRNA expression in-first-round colonies (Fig-
ure - 5E). In the same experimental condition, MLL-AF5q31
successfully transformed myeloid progenitors (Figure SE) without
being able {o directly associate with:DOT1L (Figure: 5C). These
results, which: contrast with those of previous studies (Okada
et “al;, 2005), 'indicate  that:simple recruitment: of DOTIL
HMT activity alone to MLL target genes is not: sufficient for
transformation and support-a more predominant role for AEP
recruitment.-

Nevertheless, DOT1L-dependent H3K79 methylation colocal-
ized with the presence of MLL-ENL at all target: loci tested in
HB1119 cells (Figure 2B}, indicating that not only AEP compo-
nents but also DOT1L is consistently recruited by MLL-ENL. In
MV4-11 cells, H3K79 methylation marks also: colocalized at
most of the: MLL-AF4-occupied loci, consistent: with previous
observations (Krivtsov et al., 2008; Guenther et al., 2008}, despite
the apparent inability to directly recruit DOT1L (Figures 2C and
5C). However, the signal intensities of H3K79 dimethylation
were relatively low at MLL-AF4-target loci, compared with those
at MLL-ENL-target loci (compare relative intensities to:those of
B-ACTIN ‘and. GAPDH, which served as. internal standards)
(Figures 2B and 2C; Figure S2) and were minimal at the CDKN2C
promoter in spite of the localization of abundant AEP: compo=
nents (Figure 2C, purple rectangle). Thus, DOT1L-dependent

Figure 3. Formation of an AEP-Like Compiex Is Required for MLL-AF5q31-Dependent Myeloid Transformation

{A) The structures of AF4 and AE5q31 are schematically illustrated. Subregions (1-4) of AF4 and AF5q31 are indicated with associated functions: Upward arrows
indicate the sites of fusion with MLL in human leukemia oncoproteins (Jansen et al.; 2005) (A9ID, AFS interaction domain; Srinivasan et al., 2004).

(B). The four subregions fused to GAL4 DNA binding domain were expressed in 293T cells (upper four panels) or coexpressed: with. myc-tagged AF4 or AF5q31
[AF4{m) or AF5q31(m)] (lower two panels) and analyzed by IP western blotting: IP antibodies are indicated on the left and proteins detected by western blotting are
indicated on the right. (§GAL4 fusions and myc-tagged AF4 family proteins were visualized with anti-FLAG and anti-myc antibodies, respectively.

{C) Transactivation activity of respective GAL4 fusions was analyzed using the reponier gene shown below. Error.bars represent standard deviations from trip-
licate analyses.

(D) The experimental scheme of myeloid progenitor transformation assays fo evaluate the oncogenic potentials of various MLL mutants shows the time points at
which CFU. (colony forming unit) activity or. Hoxa9 expression was examined.

(E). The structures of various MLL-AF4/AF5q31 mutants and their associated functions are summarized schematically. Hoxa9 levels were normalized to Gapdh
and displayed relative to MLL-AF5-34-transduced celis arbitrarily set at 100%. Error bars represent standard deviations of three independent analyses (left) or
triplicate PCRs {right). N.A.; not applicable because of unstable expression of MLL: fusion proteins.

(F) Protein levels of respective MLL mutants in virus-packaging cells were examined by western blotting with anti-MLLN antibody. MLL-AF4:4 and MLE<AF4-34
proteins were not stably expressed.

(G) The experimental scheme to evaluate the effect of Eni knockdown on MLL transformation'is shown schematically. (XJENL, Xpress-tagged human ENL;

(H) Transduced myeloid progenitors were analyzed by western blotting with anti-MLLY (top) and anti-Xpress: {bottom) antibodies to: detect exogenous
MLL-AF5q31 and human (XJENL, respectively.

{I} The clonogenic potentials of MLL-AF5-34-transformed cells transduced with or without (XJENL are shown at the second plating after sh-RNA transduction
{vector or sh-Enf). MLL-ENL- or MLL-AF9-transformed cells were also subjected to sh-RNA:transduction for comparison. CFUs are expressed relative o the
vector: control arbitrarily set as:100: Error bars represent standard deviations of three independent analyses.

{J) Cells from first-rotind colonies following sh-RNA transduction (vector or sh-Enf) were analyzed by RT-PCR for expression of endogenous £nf or Hoxa9. Expres-
sion levels were normalized to Gapdh and displayed relative 1o the vector/vector control cells arbitrarily set:at 100. Error. bars represent standard deviations of

triplicate PCRsi See also Figuire S3.
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Figure 4. MLL-ENLand MLL-AF9 Transform Myeloid Progenitors via the AHD, which Is Responsible for Association with AFd Family Proteins
and DOTIL

(A) The structures of ENL and AF9 are schematically illustrated with associated functions {Zeisig et al., 2005). Aligned amino acid sequences for the minimum
tfransformation domain are also shown with the positions of deletion or substitution: mutations and AHD. Upward arrows indicate the sites of fusion with MLL
in human leukemia oncoproteins (Jansen et al;,; ' 2005).

(B) Domain mapping of ENL family proteins for association with AF5q31 was performed with FLAG-tagged GAL4 fusion constructs of ENL (372-559 aa) and AF9
(478-568 aay). IP was performed with anti-GAL4 antibody, and the precipitates were immunoblotted with anti-FLAG antibody for ()GAL4 fusions or anti-AF5q31
antibody for endogenous AF5q31. g

{C) Transactivation activity of indicated GAL4 constructs was analyzed by lticiferase assay as in: Figure 3C. :

(D). The same set of GAL4 fusion proteins used in (B} and HA-tagged DOT1L [DOT1L(H)} were coexpressed in 293T cells and analyzed by IP western blotting.
1P was performed with anti-FLAG antibody and the precipitates were immunoblotied with anti-HA antibody.

{E) The experimental:scheme is shown for. myeloid progenitor transformation assays to evaluate the oncogenic potentials of MLL mutants.

{F)-The structures of MLL-ENL and MLL-AF9 mutants and their associated functions are summarized with schematic representations. Hoxa9 expression fevels
were normalized to Gapdh and displayed relative {o the MLL-ENL-fransduced cells arbitrarily set at: 100%. Error bars represent standard deviations of three inde-
pendent analyses (left) or triplicate PCRs (right). N.A., not applicable becatise of unstabie expression of MLL fusion proteins. The asterisk indicates that asso-
ciation of ENL/A548-559 mutant with. DOT1L was detected but reduced substantiaily, compared with WT ENL;

(G) Protein levels of respective MLL mutants in virus packaging cells were examined by western blotting with anti-MLLY antibody. MLL-ENL A523-547 was not
stably expressed.
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