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Abstract
Mixed lineage leukemia (MLL) fusion–driven acute leukemias represent a genetically distinct subset of

leukemias with poor prognosis. MLL forms a ternary complex with the lens epithelium–derived growth factor
(LEDGF/p75) and MENIN. LEDGF/p75, a chromatin reader recognizing H3K36me3 marks, contributes to the
association of the MLL multiprotein complex to chromatin. Formation of this complex is critical for the
development of MLL leukemia. Available X-ray data represent only a partial structure of the LEDGF/p75–
MLL–MENIN complex. Using nuclear magnetic resonance spectroscopy, we identified an additional LEDGF/
p75–MLL interface, which overlaps with the binding site of known LEDGF/p75 interactors—HIV-1 integrase,
PogZ, and JPO2. Binding of these proteins or MLL to LEDGF/p75 is mutually exclusive. The resolved
structure, as well as mutational analysis, shows that the interaction is primarily sustained via two aromatic
residues of MLL (F148 and F151). Colony-forming assays in MLL–AF9þ leukemic cells expressing MLL
interaction-defective LEDGF/p75 mutants revealed that this interaction is essential for transformation.
Finally, we show that the clonogenic growth of primary murine MLL-AF9–expressing leukemic blasts is
selectively impaired upon overexpression of a LEDGF/p75-binding cyclic peptide CP65, originally developed
to inhibit the LEDGF/p75–HIV-1 integrase interaction. The newly defined protein–protein interface therefore
represents a new target for the development of therapeutics against LEDGF/p75–dependent MLL fusion–
driven leukemic disorders. Cancer Res; 74(18); 5139–51. �2014 AACR.

Introduction
The mixed lineage leukemia (MLL) gene, located on chro-

mosome 11q23, is frequently targeted by chromosomal trans-
locations (see Krivtsov and Armstrong for a review; ref. 1).
Balanced rearrangements result in the formation of new fusion
proteins involved in childhood and adult de novo as well as
therapy-related myeloid and lymphoblastic leukemias. Wild-
type (WT) MLL is a histone methyltransferase associated with

the promoters of a large subset of active genes. More specif-
ically, MLL maintains the expression of posterior HOXA genes
(HOXA5, HOXA9, and HOXA10) and as such is essential for
embryonic body plan formation and the self-renewal capacity
of hematopoietic stem cells and immature progenitors (2, 3).

Typical MLL oncogenic fusions retain the MLL N-terminal
region. To date, more than 70 different N-terminal fusions
associated with leukemia development have been identified,
of which MLL–AF4, MLL–AF9, and MLL–ENL originate from
t(4;11), t(9;11), and t(11;19) translocations, respectively, and
are the most prevalent (Fig. 1A; ref. 4). These fusion partners
are part of a complex converting promoter-proximal arrested
RNA Pol II into the elongation state (5), which suggests that a
subset of MLL-mediated leukemias is triggered by aberrant
transcriptional elongation. The mechanism whereby other
MLL fusion partners initiate cellular transformation is, how-
ever, largely unknown. Recent studies also suggest that recip-
rocal MLL fusion proteins may have an important role in
cancer development (6, 7) and that MLL fusions also need the
functional activity of the WT MLL protein to maintain onco-
genic transformation (8).

AlthoughMLL can bind directly toDNA via its AT-hooks and
CXXC-domain, the MLL multiprotein complex is targeted to
specific genes through interaction with various cellular pro-
teins inducing gene activation or repression (9). Among others,
MLL forms a ternary complex with MENIN (MEN1) and the
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lens epithelium–derived growth factor (LEDGF/p75) via the
N-terminal MENIN bindingmotifs (MBM1, 2) and the LEDGF/
p75 binding domain (LBD), respectively (Fig. 1A; refs. 10–12).
Both MENIN and LEDGF/p75 are essential for MLL fusion–
mediated transformation (11, 12). LEDGF/p75 is an epigenetic
reader recognizing H3K36me3 marks via its PWWP domain
and as such it preferentially associateswith the body of actively
transcribed genes (Fig. 1B; refs. 13–15). Alongside the MLL
complex, LEDGF/p75 is known to target several other proteins
or protein complexes to chromatin including JPO2, the pogo
transposable element with ZNF domain (PogZ), and human
immunodeficiency virus type 1 (HIV-1) integrase (16–19). In
this regard, LEDGF/p75 was shown to determine the HIV
integration site preference and was shown to be important
for HIV-1 replication (20–22). Most LEDGF/p75-interacting
proteins, including the MLL complex, interact with the
LEDGF/p75 integrase binding domain (IBD; Fig. 1B). MENIN
functions as a scaffold protein stabilizing the interaction
between MLL and LEDGF/p75. It was shown that replacement
of the MLL–MENIN binding domain by the PWWP domain is
sufficient to rescue leukemic transformation in the absence of
MENIN (12).

We have previously shown that stable overexpression of
the C-terminal fragment of LEDGF/p75 (aa 325–530,
LEDGF325–530; Fig. 1B) containing the IBD, but lacking the
PWWP domain, outcompetes endogenous LEDGF/p75 from

the MLL–MENIN complex and dramatically reduces clono-
genic growth of hematopoietic stem cells immortalized byMLL
fusion proteins both in vitro and in amousemodel (23). Similar
results were obtainedwith smallmolecules targeting theMLL–
MENIN interaction (24). The existence of a ternary complex
comprising LEDGF/p75, MLL, and MENIN is supported by the
available crystal structure (Supplementary Fig. S1A; ref. 25).
This structure represents the assembly of close to full-length
MENIN, the IBD of LEDGF/p75, and an MLL-derived peptide
comprising amino acids (aa) 4 to 135, which was further
engineered by removal of unstructured regions (aa 16–22 and
36–102; MLL4–135DD); Fig. 1A; Supplementary Fig. S1A). Huang
and colleagues used isothermal titration calorimetry (ITC) to
show that theLEDGF/p75 IBDbinds theMLL–MENINcomplex
with high affinity, whereas neither MENIN nor MLL4–135DD
alone stably associate with LEDGF/p75. In contrast, we were
able to detect an interaction between LEDGF/p75 and an N-
terminal MLL-derived fragment (aa 1–160) in the absence of
MENIN using AlphaScreen technology (23). Moreover, we
previously showed that a LEDGF/p75 IBD-derived peptide
spanning aa 375 to 386 (LEDGF375–386) inhibited the LEDGF/
p75–MLL1–160 interaction and leukemic transformation (Sup-
plementary Fig. S1B; ref. 23). Because none of these LEDGF/p75
residues are in direct contact with MLL in the published
structure, these data hint toward the existence of an additional
important interaction between MLL and LEDGF/p75.

Figure 1. Schematic representation of the domain structure of MLL, MLL fusions, and LEDGF/75. A, schematic representation of the domain structure of WT
MLL and N-terminal MLL fusion proteins. MLL contains several domains involved in chromatin binding—AT-Hooks, a cysteine rich domain (CxxC), four plant
homeodomains (PHD) fingers, and a bromodomain (BD). TheMLL protein is expressed as a single polypeptide chain cleaved by taspase 1 into two fragments,
which associate by noncovalent interactions between the FY-rich domain N-terminal (FYRN) and FY-rich domain C-terminal (FYRC). The suppressor of
variegation enhancer of zeste and trithorax (SET) domain at the C-terminal end is responsible for the methyltranferase function. The breakpoint region
indicates the location where fusion partners are merged with part of the MLL protein. The N-terminal end of MLL contains two MBM1 and 2 (MBM) and the
LBD. The structure of the MLL4–135DD peptide was determined in the published LEDGF/p75–MLL–MENIN ternary complex (PDB ID 3U88). The secondary
structure of resolved areas of MLL is indicated schematically. B, schematic representation of the domain structure of LEDGF/p75. At the N-terminal end,
a Pro-Trp-Trp-Pro (PWWP) domain is situated, recognizing H3K36me3marks followed by the first charged region (CR1), the nuclear localization signal (NLS),
two AT-Hooks, and two additional charged regions (CR2 and CR3). These domains are involved in chromatin recognition. The IBD, important for the
interaction of LEDGF/p75with theMLL–MENIN complex is situated at the C-terminal part of the protein. The currently known binding partners of LEDGF/p75
are listed above the LEDGF/p75 cartoon. Methyl-CpG-binding protein 2 (MeCP2), neuro-oncological ventral antigen 1 (NOVA1), and TOX high mobility
group box family member 4 (TOX4) interact with the PWWP domain and HIV-1 integrase, the MLL–MENIN complex, JPO2, Pogo transposable element with
ZNF domain (PogZ), and Cdc7-activator of S-phase kinase (CDC7/ASK) interact with the IBD.
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In this article, we identify and structurally characterize a
novel LEDGF/p75–MLL interface. We show that the LEDGF/
p75 IBD interacts with MLL via the same binding site as other
known LEDGF/p75 binding proteins including HIV-1 inte-
grase, PogZ, and JPO2 (16, 17, 26). In addition, we show that
LEDGF/p75 interacting peptides known to inhibit the LEDGF/
p75–HIV-1 integrase interaction impair clonogenic growth of
primary murine MLL fusion–expressing leukemic cells, which
validates this interface as a new therapeutic target (27).

Materials and Methods
Generation of retroviral vectors
Murine stem cell virus–based (pMSCV) retroviral vector

production was performed as described previously (28). Pro-
duction of Simian immunodeficiency virus (SIV)–derived vec-
tors was performed as described earlier (29). Briefly, vesicular
stomatitis virus glycoprotein pseudotyped SIV-based particles
were produced by poly(ethylenimine) transfection in 293T cells
using the indicated transfer plasmids, the pAd-SIV3þ packag-
ing plasmid (a kind gift from Didier N�egre, Ecole Normale
Sup�erieure, Lyon, France) and the envelope expression plasmid
pMD.G.

Culture and generation of THP1 cells expressing
LEDGF/p75
THP1 human MLL–AF9þ acute myeloid leukemia (AML)

cells were maintained in Roswell Park Memorial Institutes
medium (RPMI-1640; Gibco-BRL) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Gibco, Invitrogen)
and 50 mg/mL gentamycin (Gibco, Invitrogen). To create cells
stably expressing LEDGF/p75 or LEDGF/p75 L368A-K407D,
cells were transduced with the respective SIV vectors or an
empty control vector and selected with 0.5 mg/mL of hygro-
mycin B (Clontech).

Generation and transduction of murine MLL–AF9-
expressing AML cells
Murine MLL–AF9-expressing AML cells were generated by

transplantation of bone marrow cells stably transduced to
express MLL–AF9 using a previously published protocol
with some modifications (30). In brief, bone marrow cells
were harvested from 8-week-old (FVB/Nx129/S1) F1 mice
and enriched for progenitors using a lineage-marker-deple-
tion progenitors kit (Cell Mag Kit; R&D Systems). These cells
were cultured for 24 hours in RPMI-1640 [10% FCS, 1%
penicillin/streptomycin, 10 ng/mL of human interleukin-6
(IL6), 6 ng/mL of murine IL3, and 100 ng/mL of murine stem
cell factor] before transduction with a MSCV-derived retro-
viral vector encoding MLL–AF9 by spinoculation (2,000 � g,
90 minutes at 306 K) on two consecutive days. After the
second spinoculation, 5 � 105 transduced bone marrow cells
were injected into the tail vein of lethally irradiated (950 rad)
syngeneic recipients. As described previously and as shown
in Supplementary Fig. S2, 100% of the mice developed AML
after a median latency of 75 days. Leukemic cells were
harvested from the bone marrow of diseased mice and
expanded in medium containing growth factors until the

next round of transduction using the protocol described
above with pMSCV eGFP-PGK-puro, pMSCV CP65 eGFP-PGK-
puro, or its mutant variants. Cells were flow-sorted for eGFP
expression 24 hours after transduction before analysis.

Clonogenic growth assays in vitro
MLL–AF9þ-expressing murine leukemic cells (described

above) or normal bone marrow progenitors cells were plated
in methylcellulose containing 6 ng/mL IL3, 10 ng/mL IL6, and
100 ng/mL murine stem cell factor (M3534; STEMCELL Tech-
nologies) in the presence of 2 mg/mL puromycin. Five to 7 days
later, the number of colonies was determined.

For the clonogenic growth assay with THP1-derived cells,
cells were seeded in a 96-well plate (1 � 105 cells/well) and
transduced with a lentiviral vector expressing GFP and a
miRNA targeting LEDGF/p75 or a GFP control vector. After
24 hours, cells were selected with puromycin (4 mg/mL). Forty-
eight hours after transduction, 5 � 103 cells were plated in
methylcellulose medium (M3534; STEMCELL Technologies)
in the presence of hygromycin (0.5 mg/mL) and puromycin
(4 mg/mL). Remaining cells were expanded in culture for 2 days
for Western blot analysis. The number of colonies was deter-
mined after 10 days.

Reverse transcription quantitative PCR
qRT-PCR analysis of the HoxA9 mRNA expression level was

performed as described previously (23). The sequences of all
used primer pairs are indicated in Supplementary Table S1.

NMR spectroscopy and structural calculations
All nuclear magnetic resonance (NMR) data were acquired

at 298 K on a 600 MHz Bruker Avance spectrometer equipped
with triple-resonance (15N/13C/1H) cryoprobe. NMR spectra
were collected from0.35mL samples of 0.1mmol/L 15N-labeled
LEDGF/p75 IBD for binding site mapping or 0.5 mmol/L
equimolar solution of 13C/15N-labeled LEDGF/p75 IBD-unla-
beled MLL140–160 for resonance assignments and structural
determination of the complex in a 25 mmol/L HEPES buffer,
pH 7.0, containing 100 mmol/L NaCl, 0.05% 2-mercaptoetha-
nol, 5% D2O/95% H2O. A series of double- and triple-resonance
spectrawere recorded to obtain essentially complete backbone
and side-chain resonance assignments for the MLL140–160-
bound 13C/15N-labeled LEDGF/p75 IBD (31, 32). The assign-
ments for the bound MLL140–160 peptide were obtained using
13C/15N-filtered homonuclear TOCSY andNOESY experiments.
1H-1H distance constraints required to calculate the structure
of the LEDGF/p75 IBD–MLL140–160 complex were derived from
3D 15N/1H NOESY-HSQC, 13C/1H HSQC-NOESY, and in 2D
13C/15N-filtered/edited NOESY spectra, which were acquired
with an NOE mixing time of 120 milliseconds. Specific inter-
action of the MLL-derived peptides with the LEDGF/p75
IBD was monitored by changes induced in the positions of
signals of 13C/15N-labeled LEDGF/p75 IBD in 3DHNCO spectra
(33, 34).

The family of converged structures for the LEDGF/p75 IBD–
MLL140–160 complex was initially calculated using Cyana 2.1, as
described previously (33). The combined automated NOE
assignment and structure determination protocol (35) was
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used to automatically assign the NOE cross-peaks identified in
2D NOESY spectra, and to produce preliminary structures. In
addition, backbone torsion angle constraints, generated from
assigned chemical shifts using the programTALOSþ (36), were
included in the calculations. Subsequently, five cycles of sim-
ulated annealing combined with redundant dihedral angle
constraints were used to produce the sets of converged struc-
tures with no significant restraint violations (distance and van

der Waals violations < 0.2 A
�
), which were further refined in

explicit solvent in YASARA (http://www.yasara.org/). Analysis
and validation of the family of structures obtainedwere carried
out using the programs Molmol, iCING, and PyMol (37)

AlphaScreen
AlphaScreen measurements were performed in a final vol-

ume of 25 mL in 384-well Optiwell microtiter plates (PerkinEl-
mer). All components were diluted in assay buffer [25 mmol/L
Tris pH 7.4, 150 mmol/L NaCl, 1 mmol/L dithiothreitol , 0.1%
(v/v) Tween-20, 1 mmol/LMgCl2, and 0.1% (w/v) bovine serum
albumin (BSA)]. The optimal binding concentration for each
protein was determined in cross-titration experiments. For
avidity determinations, MLL1–160–GSTWT (first 160 aa ofMLL
N-terminally fused to glutathione-S-transferase) and/or its
mutants were titrated against 0.3 nmol/L Flag-tagged
LEDGF/p75 (Flag-LEDGF/p75). Flag-LEDGF/p75 and/or its
mutants were titrated against 10 nmol/L MLL111–160–GST. For
50% inhibitory concentration (IC50) determinations, MBP-
JPO2, MBP-PogZ, HIV-1 integrase, CP65-MBP constructs, or
maltose binding protein (MBP) were titrated against 1 nmol/L
MLL1–160–GST and 0.3 nmol/L Flag-LEDGF/p75. In outcom-
petition experiments, Flag-LEDGF/p75 was preincubated with
MBP-JPO2,MBP-PogZ, HIV-1 integrase, CP65-MBP constructs,
or MBP for 1 hour at 277 K. Subsequently, MLL1–160–GST was
added at the indicated concentrations. When all proteins were
added, the plate was incubated for 1 hour at 277 K. Glutathione
donor (20 mg/mL) and anti-Flag acceptor beads (PerkinElmer)
were added, bringing all proteins to the indicated final con-
centrations. After 1 hour of incubation at 293 K, the plate was
analyzed in an EnVision Multi-label Reader in AlphaScreen
mode (PerkinElmer). Results were analyzed in Prism 5.0
(GraphPad software) after nonlinear regression with the
appropriate equations: one-site specific binding, taking ligand
depletion into account for the apparent Kd measurements
and sigmoidal dose-response with variable slope for the IC50

determination.

Peptide synthesis
Peptides were synthesized by solid-phase synthesis in the

Laboratory of Medicinal chemistry, IOCB, ASCR v. v. i. (Prague,
Czech Republic).

Statistical analysis
Mean values and SDs were calculated to estimate the degree

of variation as specified for each experiment. GraphPad Prism
5.0 software (Pnsm Software Corp.) was used for statistical
analysis, unless stated differently.

Additional methods can be found in the Supplementary
Data.

Results
Characterization of the LEDGF/p75–MLL interface

We first examined whether the described LEDGF/p75–
MLL–MENIN interface is sufficient to support the LEDGF/
p75–MLL interaction in the absence of MENIN. Through
coimmunoprecipitation and assessment of the myeloid trans-
formation capacity of MLL fusion proteins, Yokoyama and
Cleary (12) suggested that MLL residue F129 (Supplementary
Fig. S1C) is crucial to support MENIN-mediated binding of
LEDGF/p75 to MLL. We therefore introduced this mutation
into a recombinant protein comprising the first MLL1–160
–GST, which contains both the LEDGF/p75 and the MBM1
and 2 and compared its interaction with LEDGF/p75 to that of
the WT variant. Integrity of all used recombinant proteins
was confirmed by SDS-PAGE (Supplementary Fig. S3). WT
MLL1–160–GST readily interactedwith recombinant triple Flag-
LEDGF/p75 in an in vitro AlphaScreen assay (Fig. 2A). Inter-
estingly, this interaction was only marginally affected by the
F129Amutation. The published crystal structure of the ternary
complex indicates that next to F129, F133 also contributes to
the interaction with LEDGF/p75 (Supplementary Fig. S1C).
Although the F129A, F133A double-mutant decreased the
AlphaScreen signal, it failed to completely abolish the inter-
action with LEDGF/p75 (Fig. 2A). However, mutational anal-
ysis of conserved MLL residues outside the MLL fragment
resolved in the crystal structure revealed that a triple-mutation
(E144Q-E146Q-F148A) abolished the interaction with LEDGF/
p75 (Fig. 2A). This observation indicates the existence of an
additional LEDGF/p75–MLL interface.

We used NMR spectroscopy for a detailed characterization
of the LEDGF/p75–MLL interface. In particular, we followed
the changes in positions of backbone NMR signals of either 15N
or 13C/15N-labeled LEDGF/p75 IBD (aa 345–426) in the pres-
ence of different synthetic MLL-derived peptides. The first
peptide consisted of MLL aa 111 to 139 (MLL111–139) and thus
included the a helical region resolved in the published ternary
structure. The second peptide comprised MLL aa 140 to 160
(MLL140–160) not included in the resolved interface of the
ternary complex. A third peptide (aa 123 to 160; MLL123–160)
combines residues from MLL140–160 with the amino acid
residues known to contribute to interaction with LEDGF/
p75 (MLL F129 and F133). We compared the 2D 15N/1H HSQC
spectrum of the 15N-labeled IBD in the absence or presence of
the unlabeled MLL-derived peptides. MLL111–139 did not
induce significant shifts in positions of the IBD backbone
amide signals (Supplementary Fig. S4A). This observation is
in agreement with the results of Huang and colleagues (25),
who were unable to detect a binary interaction between the
IBD and MLL4–135DD in the absence of MENIN. In contrast,
both MLL140–160 and MLL123–160 induced significant chemical
shift perturbations of the IBD backbone signals (Fig. 2B and
Supplementary Fig. S3B, respectively). The specific shifts of IBD
amino acid residues induced by addition of MLL140–160 or
MLL123–160 were determined by comparison of the positions
of the IBD backbone signals (HN, N, C') in 3D HNCO spectra
(Fig. 2C and Supplementary Fig. S4C, respectively). Overall,
the chemical shift perturbations in the IBD backbone induced
by binding of MLL140–160 and MLL123–160 were found in two
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regions (aa I359 toD369 andK402 toM413). These regions form
two interhelical loops connecting IBD a helices a1–a2 and
a4–a5, respectively. Significantly shifted amino acid residues
were highlighted (dark blue) in Fig. 2D (25, 38).
Binding of MLL140–160 to the IBD was further investigated

using ITC. The ITC results corresponded with a stoichiom-
etry close to 1:1 (n ¼ 1.15). They were fitted by a single-site
binding model, which provided the dissociation constant
(Kd) of 86.3 � 21.3 mmol/L (Fig. 2E). These results confirmed
the existence of an additional interface between LEDGF/p75
and MLL.

Structural analysis of theMLL–LEDGF/p75 IBD interface
To obtain detailed insight into the mechanism of MLL

recognition by LEDGF/p75, we determined the solution struc-

ture of the LEDGF/p75 IBD in complex with MLL140–160.
Comprehensive backbone and side-chain resonance assign-
ments for the MLL140–160-bound

13C/15N-labeled LEDGF/p75
IBD were obtained using established triple-resonance experi-
ments (31, 32) and for the bound unlabeledMLL140–160 peptide
using 13C/15N-filtered homonuclear TOCSY andNOESY experi-
ments. The essentially complete 15N, 13C, and 1H resonance
assignments allowed automated assignment of the NOEs
identified in 3D 15N/1H NOESY-HSQC, 13C/1H HSQC-NOESY,
and in 2D 13C/15N-filtered/edited NOESY spectra using the
CANDID protocol implemented in Cyana (35). This yielded
unique assignments for 95.7% (2,338/2,444) of the NOE
peaks observed, providing 1,313 nonredundant 1H-1H distance
constraints, including 1,199 intra-LEDGF/p75 IBD, 78 intra-
MLL140–160, and 36 intermolecular constraints. Fifty-nine

Figure 2. Identification of the
LEDGF/p75–MLL interaction
surface. A, mutational analysis of
the interaction between LEDGF/
p75 and MLL. Different amounts of
MLL1–160–GST (WT) or its indicated
mutants were titrated against
Flag-LEDGF/p75 (0.3 nmol/L).
Binding was monitored in an
AlphaScreen assay. Error bars, SD
calculated from three independent
experiments performed in
duplicate. B, comparison of the
NMR 2D 15N/1H HSQC spectra of
the IBD in the absence (black) and
presence (blue) of MLL140–160. The
spectra were obtained from the
15N-labeled recombinant IBD and
an unlabeled synthetic MLL-
derived peptide. C, representation
of the minimal chemical shift in
backbone amide signals of the IBD
upon addition of MLL140–160. The
graph summarizes the minimal
chemical shift values divided by
corresponding SD for backbone
resonances. Backbone amide
signals (15N and 1H) were assigned
for all residues of the IBD except
E345, M348, Q410, and T417.
D, diagram depicting significantly
shifted amino acid residues at the
surfaceof the IBDasdeterminedby
NMR spectroscopy. Significantly
shifted IBD amino acid residues
were highlighted (dark blue) in the
ternary structure representing
MENIN (orange), the LEDGF/p75
IBD (light blue), and MLL4–135DD
(green; PDB ID 3U88). E, ITC
measurement of the IBD–
MLL140–160 interaction. Top, the
experimental data; bottom, the fit
of the integrated heats (full circles)
from each injection of MLL140–160.
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converged structures for the LEDGF/p75 IBD–MLL140–160
complex with no distance violations >0.2 A

�
were obtained

from 100 random starting conformations using 1,451 NMR-
derived structural constraints (�14.8 constraints per resi-
due). The 20 lowest energy conformers were further refined
in explicit solvent in YASARA (39). Structural statistics for
the final water-refined set of structures are shown in Sup-
plementary Table S2. The structures, NMR constraints and
resonance assignments have been deposited in the Protein
Data Bank (PDB, accession number 2msr) and BMRB data-
base (accession number 25130).

Detailed analysis of the NOESY data revealed that the inter-
action of MLL140–160 with the LEDGF/p75 IBD is maintained
exclusively by the aromatic side-chains of two phenylalanine
residues (F148 and F151), as illustrated by a region of the 2D
13C/15N-filtered/edited NOESY spectrum in Fig. 3A. This obser-
vation is supported by the chemical shift changes in MLL140–160
Ha orHNproton signals uponbinding to LEDGF/p75 IBD,which
were identified in the region includingMLL140–160 residuesE146-
S153. The limited distribution of intermolecular distance con-
straints is reflected in a differential conformational behavior
observed for both binding partners in the resulting structure of
the LEDGF/p75 IBD–MLL140–160 complex. The LEDGF/p75
IBD adopts a well-defined conformation that is highly similar
to that found in thecomplexwithHIV-1 integrasewithbackbone

a rootmean square deviation of 0.92 A
�
whileMLL140–160 remains

relatively unstructured. MLL140–160 is anchored between the
two interhelical loops of LEDGF/p75 IBD (aa I359 to D369 and
K402 to M413) via F148 and F151 (Fig. 3B). In addition, the lack
of a defined conformation in the backbone region of bound
MLL140–160 between anchored residues F148 and F151 is in
agreement with the absence of amide proton signals for G150
and F151 in NMR spectra due to exchange-related signal broad-
ening. The aromatic ring of F148 resides in a relatively shallow
hydrophobic pocket characterized by a number ofNOE contacts
with backbone and side-chain protons from L363, L368, I403,
F406, K407, and V408 (Fig. 3C). In contrast, F151 is buried in a
deeperpocketand itsposition isdefinedbyanextensivenetwork
of NOEs including side-chain protons from I359, K360, L363,
T399, K402, and I403. To corroborate the NMR structure, F148A
and F151A single mutations and the F148A, F151A double-
mutant were introduced in MLL1–160–GST. The integrity of
purified proteins was verified by SDS-PAGE (Supplementary
Fig. S3) and their binding ability to Flag-LEDGF/p75 was tested
in an in vitro AlphaScreen assay (Fig. 3D). As expected, both
F148A and F151A mutations affected interaction of MLL1–160
–GST and Flag-LEDGF/p75, however, residual binding sub-
sisted. The F148A-F151A double mutation reduced the binding
comparably.

To develop a full model of the ternary complex, a representa-
tiveNMR structure ofMLL140–160 bound to the IBDwas superim-
posedon the previously published crystal structure of the ternary
complex (PDB ID 3U88) in Chemical Computing Group's Molec-
ular Operating Environment 2012.10 (25, 40). Loop modeling
resulted in a model of the IBD–MENIN complex binding one
chimeric MLL polypeptide chain combining available structural
information Fig. 3E. This model also gives a possible explanation

for the fact that the triple E144Q-E146Q-F148A mutant is more
effective in abolishing of the interaction with LEDGF/p75
than the F148A-F151A double mutant (Fig. 3D). Introduction
of opposite charge into the modeled loop of MLL most likely
complemented the inhibitory effect of the F148A mutation.

The MLL and HIV-1 binding domains in LEDGF/p75
overlap but are not identical

The structure of the LEDGF/p75 IBD in complex with the
HIV-1 integrase core domain has been resolved by X-ray
crystallography (26, 38). The NMR-derived structure of the
IBD–MLL140–160 complex clearly shows an overlap between the
MLL and HIV-1 integrase interfaces on the IBD (Fig. 4A). HIV-1
integrase W131, one of the vital residues for interaction with
the IBD (26), andMLL F148 share a hydrophobic pocket on the
IBD surface. The binding site of MLL F151, however, is not
occupied by any of the HIV-1 integrase side-chains. Both
proteins interact with IBD residues K360, L363, I365, L368,
K402, I403, F406, and V408. In addition to these residues, only
I359 and T399 are unique for the interaction with MLL140–160,
while IBD residues K364, D366, N367, and V370 participate in
binding to HIV-1 integrase but not to MLL. Interestingly,
LEDGF/p75 D366, a key residue for the HIV-1 integrase inter-
action (38), is largely buried upon interaction of the IBD with
integrase but remains fully exposed upon MLL binding (Sup-
plementary Table S3). Indeed, MLL1–160–GST binding to Flag-
LEDGF/p75 was not affected by the presence of a D366N
substitution asmeasured by AlphaScreen (Fig. 4B). To evaluate
mutually exclusive binding of MLL and HIV-1 integrase to
LEDGF/p75, a competition experiment was performed. As
expected, recombinant C-terminally His-tagged HIV-1 inte-
grase could outcompete the interaction of Flag-LEDGF/p75
with MLL1–160–GST in an AlphaScreen assay with a apparent
IC50 of 39.7 nmol/L [95%confidence interval (CI), 32.6–50.0; Fig.
4C]. In the presence of LEDGF/p75 D366N, the IC50 increased
10-fold (IC50, 447.9 nmol/L; 95%CI, 309.2–648.7), corroborating
the specificity of the competition (Fig. 4C).

In addition, our latest NMR data defining the interaction of
the LEDGF/p75 IBDwith the cellular interaction partners JPO2
and PogZ revealed that these proteins also share the same
interface on the IBD (unpublished data). We therefore purified
full-length JPO2 and the transposase-derived C-terminus com-
prising the DDE domain of PogZ (aa 1117–1410), known to
bind the LEDGF/p75 IBD (17, 18, 26) as N-terminal MBP
fusions (MBP-JPO2 and MBP-PogZ, respectively). Unlike MBP
alone, both proteins efficiently outcompeted MLL from the
LEDGF/p75–MLL complex with apparent IC50 values of 26.6
nmol/L (95% CI, 21.1–33.4) and 8.7 nmol/L (95% CI, 6.6–11.6),
respectively (Fig. 4D).

Selection of LEDGF/p75 mutants defective for
interaction with MLL

On the basis of the structure of the LEDGF/p75–MLL
complex, we predicted several mutations in LEDGF/p75 that
would interfere with the interaction and assessed their ability
to bind MLL111–160–GST. Exposed amino acid residues located
in the newly defined MLL binding site were targeted. An
overview of all analyzed mutants and their effect on the MLL
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interaction is presented in Supplementary Tables S4 and S5.
The integrity of purifiedWT Flag-LEDGF/p75 and interaction-
defective mutants was verified by SDS-PAGE (Supplementary
Fig. S3). Folding of these interaction-defective mutants was

additionally analyzed by differential scanning fluorimetry
(DSF; Supplementary Fig. S5 and Supplementary Table S6).
Themelting curves of all Flag-LEDGF/p75mutants used in this
study were comparable with that of WT Flag-LEDGF/p75.

Figure 3. Model of the ternary MLL–
MENIN-IBD structure. A, region
from the 2D 13C/15N-filtered/edited
NOESY spectrum obtained for the
LEDGF/p75 IBD–MLL140–160
complex. The spectrum shows
intermolecular NOE contacts
between protons from 13C/15N-
labeled LEDGF/p75 IBD (y-axis)
and unlabeled MLL140–160 complex
(x-axis). The spectral analysis
reveals that the interaction
between the molecules is
exclusively maintained by the two
aromatic side-chains of MLL F148
and F151. B, converged structures
determined by NMR (PDB ID 2msr).
The IBD is depicted in blue, MLL in
green. MLL F148 and F151 are
highlighted in red. The structures
are overlaid on the LEDGF/p75 IBD
secondary structure elements. C,
detailed view of the MLL140–160
–LEDGF/p75 IBD interface. The
diagrams show a representative
NMR structure of MLL140–160
(green) in complex with the LEDGF/
p75 IBD (blue).MLL F148binds into
a hydrophobic pocket on the IBD
surface formed by L363, L368,
I403, F406, K407, and V408 and
MLL F151 is buried in a pocket
formed by I359, K360, L363, T399,
K402, and I403. D, the F148A and
F151mutations affect LEDGF/p75–
MLL interaction. Recombinant WT,
F148A, or F151A single mutants or
a F148A-F151A double mutant of
MLLwere titrated against 0.3 nmol/
L LEDGF/p75 in an AlphaScreen
experiment. The E144Q-E146Q-
F148A mutant was analyzed in
parallel to enable the comparison
with Fig. 2A. Error bars, SDs
calculated from three independent
experiments performed in
duplicate. E, model of the MLL–
MENIN–LEDGF/p75 ternary
complex. The published crystal
structure of the ternary complex
(PDB ID 3U88) and a representative
NMR structure were used as a
template. MENIN is depicted in
orange and the LEDGF/p75 IBD in
blue. The MLL4–135DD peptide
derived from the crystal structure is
depicted in lime green. The part of
MLL derived from the NMR
measurements (MLLNMR) is shown
in dark green and themodeled loop
(MLLMod) in pale green. A detail of
the interface is presented in
Supplementary Fig. S6.
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A moderate reduction in the AlphaScreen signal was
observed with the LEDGF/p75 L368A mutant (Fig. 5A) that
contributes to formation of the hydrophobic pocket important
for interaction withMLL residue F148 (Fig. 3C). This effect was
increased when K407D was additionally mutated (L368A-
K407D). A comparable effect was obtained with the R404D-
R405D double mutant (Fig. 5B). R404, R405, and K407 most
likely interact with negatively charged side-chains in the
flexible loop connecting the fragment ofMLL from the resolved
crystal and the NMR structure (Supplementary Fig. S6; ref. 25).
Residual binding may subsist in both cases due to the inter-
action supported by MLL F151, F129, and F133. We also tested
a subset of pointmutants known to be defective for interaction

with HIV-1 integrase (38). None of these mutations signifi-
cantly affected the binding to MLL, supporting the notion that
their binding domains overlap but involve different residues of
the IBD (Supplementary Table S5 and Supplementary Fig. S7).

The LEDGF/p75–MLL interface is important for LEDGF/
p75-dependent MLL fusion–mediated leukemias

Knockdown of LEDGF/p75 expression impaires the clono-
genic growth of MLL fusion–transformed hematopoietic cells
(12, 23). To evaluate the importance of the newly defined
LEDGF/p75–MLL interface, we analyzed whether the reduced
colony-forming capacity of MLL–AF9þ leukemic cells upon
LEDGF/p75 knockdown could be rescued by overexpression of

Figure 4. MLL, Jpo2, PogZ, and HIV-1 integrase share the same binding interface on the IBD. A, comparison of the HIV-1 integrase-, and MLL–LEDGF/p75
interaction. HIV-1 integrase W131, I161, R166, and Q168 (red) are known to be important for the HIV-1 integrase–LEDGF/p75 interaction. HIV-1 integrase
W131 and MLL F148 (dark green) occupy the same hydrophobic pocket on the IBD (light blue) surface. MLL F151 does not compete with any of HIV-1
integrase side chains. D366 (dark blue) of the IBD is crucial for interaction with HIV-1 integrase, but not for interaction with MLL140–160. The structure
of the IBD–HIV-1 integrase interfacewas previously described (PDB ID 2B4J). B, the LEDGF/p75D366Nmutation, defective for HIV-1 integrase binding, does
not affect binding of MLL1–160–GST. Recombinant WT or D366N mutant Flag-LEDGF/p75 was titrated against 1 nmol/L MLL1–160–GST in an AlphaScreen
assay. C, HIV-1 integrase impairs the LEDGF/p75–MLL interaction in vitro. The interaction between recombinant WT or D366N mutant Flag-LEDGF/p75
(0.3 nmol/L) and MLL1–160–GST (1 nmol/L) was monitored in an AlphaScreen assay, while an increasing amount of HIV-1 integrase (HIV-IN) was added.
D, Jpo2 and PogZ inhibit the LEDGF/p75–MLL interaction in vitro. Recombinant MBP,MBP-JPO2, orMBP-PogZ (aa 1117–1410) were titrated against a fixed
concentration of Flag-LEDGF (0.3 nmol/L) and MLL1–160–GST (1 nmol/L) in an AlphaScreen assay. Error bars, SDs calculated from three independent
experiments performed in duplicate.
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WT and/or the L368A-K407D LEDGF/p75mutant. First, MLL–
AF9þ THP1 cells stably transduced with an empty vector
(Mock) or a vector expressing WT or L368A-K407D–mutant
LEDGF/p75were generated. These cell lineswere subsequently
transduced with a lentiviral vector expressing eGFP (control)
or eGFP together with a LEDGF/p75-specific miRNA to knock-
down expression of endogenous LEDGF/p75 (LEDGF/p75
knockdown). The transduction efficiency was analyzed by
FACS (>80%) and cells were subsequently seeded in methyl-
cellulose. In the absence of LEDGF/75 backcomplementation
(Mock), an 80% decrease in colonies could be observed upon
LEDGF/p75 knockdown compared with the GFP control (P <
0.0001; Fig. 5C). In contrast, after backcomplementation with
WT LEDGF/p75, the relative amount of colonies increased to
43% (P ¼ 0.0016), whereas no rescue was be observed for
LEDGF/p75 L368A-K407D. The knockdown of LEDGF/p75was
verified by Western blot analysis (Fig. 5D). Moreover, in
absence of LEDGF/p75 (Mock) or upon LEDGF/p75 L368A-
K407D overexpression, the remaining colonies in LEDGF/p75
knockdown conditions were phenotypically smaller compared
with the GFP control (Supplementary Fig. S8). These results

indicate that the identified LEDGF/p75–MLL interface is
important for the maintenance of transformation by the
MLL–AF9 fusion.

Expression of IBD-interacting peptides selectively
impairs clonogenic growth of murine MLL fusion–
expressing leukemic cells

The results discussed above show that besides the binding
pocket formed by the MLL–MENIN interaction, LEDGF/p75
also interacts with MLL via a second interface that overlaps
with the JPO2, PogZ, and HIV-1 integrase binding site. Using
phage display, we previously identified cyclic peptides that
inhibit the LEDGF/p75–HIV-1 integrase interaction and block
viral replication at the integration step (27). Saturation transfer
difference NMR spectroscopy (STD-NMR) indicated that these
peptides bind specifically to the LEDGF/p75 IBD.We therefore
evaluated the effect of one of these peptides (CP65) on MLL
transformation. First, the impact of CP65 on the LEDGF/p75–
MLL and MLL–MENIN interaction was investigated in
vitro with recombinant proteins; MBP-tagged WT peptide
(CP65-MBP, CILGHSDWCGGGK-MBP), a partial interaction-

Figure 5. A MLL interaction-deficient LEDGF/p75 mutant cannot rescue MLL–AF9 transformation upon knockdown of endogenous LEDGF/p75. A and B,
affinity of the indicated Flag-LEDGF/p75 mutants for MLL111–160–GST. Recombinant WT or mutated Flag-LEDGF/p75 was titrated against 10 nmol/L of
MLL111–160–GST in an AlphaScreen Assay. Error bars, SDs calculated from three independent experiments performed in duplicate. C, THP1 cells were
transduced with an empty vector (Mock) or a vector encoding WT miRNA-resistant LEDGF/p75 or the interaction-deficient mutant L368A-K407D.
After selection of transduced cells, cells were transduced with an eGFP vector (control) or a vector expressing eGFP and a LEDGF/p75 miRNA (LEDGF/p75
knockdown). The colony-forming capacity was compared with the control cells (set at 100%). Error bars, SDs of a triplicate experiment; �, P < 0.05;
��, P < 0.005, Student t test. D, levels of LEDGF/p75 and a-tubulin in the cells described in C were determined by Western blot analysis.
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defective mutant (CP65mut-MBP, CILGHSDACGGGK-MBP),
and a scrambled peptide (CP65scr-MBP, GCGLSCGWKGIHD-
MBP) were produced and validated in an AlphaScreen
assay. As shown in Supplementary Fig. S9A, WT CP65-MBP
displaced Flag-LEDGF/p75 from MLL1–160–GST with approx-
imately 6-fold lower apparent IC50 than CP65mut-MBP, while
the CP65scr-MBP did not affect LEDGF/p75–MLL complex
formation. As expected, none of these tagged peptides inter-
fered with the interaction of MLL1–160–GST and His–TRX–
tagged MENIN (Supplementary Fig. S9B).

Next, the effect of CP65 on MLL fusion–mediated cellular
transformation was investigated. To this purpose, we
expressed CP65 in primary murine MLL–AF9-expressing
leukemic blasts isolated from mice developing AML after
transplantation with MLL–AF9-expressing bone marrow pro-
genitors. As shown previously, the disease is characterized by
multiorgan invasion of leukemic cells, such as in the spleen,
leading to splenomegaly (23, 30). These cells were character-
ized by expression of the early progenitor cell surface markers
such as c-kit and FcgRI/II as well as the myeloid markers Gr-1
and Mac-1 and by increased expression of known MLL target
genes such as the Hoxa cluster Hoxa9, Hoxa7, and Meis1
(Supplementary Fig. S2; ref. 41). Normal mouse bone marrow
progenitors (WT BM) and the interaction-defective mutant
peptide were used as controls (27). Cells were transduced with
a MSCV-based retroviral vector (pMSCV) expressing the pep-
tides as N-terminal eGFP fusions. Forty-eight hours after
transduction, eGFPþ cells were flow-sorted and seeded in
methylcellulose containing hematopoietic growth factors
(Supplementary Fig. S2). As shown in Fig. 6A, expression of
CP65 reduced the number of MLL–AF9-expressing colonies by
66% (P < 0.001) and remaining colonies were smaller compared
with the eGFP control (Fig. 6B), while expression of CP65mut

did not significantly impair colony-forming capacity. In addi-
tion, lineage marker-depleted normal (WT) bone marrow was
not affected by expression of the CP65 peptides (Fig. 6A).
qRT-PCR analysis performed on cells harvested from methyl-
cellulose indicated that expression of CP65was associatedwith
a significant reduction (86%; P < 0.01) of HOXA9mRNA levels.
Expression of the mutant peptide also reduced HOXA9 expres-
sion for 44% (P < 0.01)most likely due to residual binding of the
peptide (Fig. 6C). These results suggest that the LEDGF/p75–
MLL interaction interface is important for maintenance of
LEDGF/p75-dependent MLL–AF9-mediated transformation
and can be disrupted by a small peptide that binds to the
LEDGF/p75 IBD.

Discussion
MLL fusion–driven acute leukemias represent a genetically

distinct subset of leukemias often facing poor prognosis.
Current research is focused on the development of more
selective small-molecule inhibitors. Unlike WT MLL, the most
prevalent MLL fusion partners directly or indirectly interact
with the histone methyltransferase DOT1L (42, 43). DOT1L-
mediated hypermethylation of H3K79 leads to aberrant expres-
sion of MLL target genes, such as HOXA9 and MEIS1 (44, 45).
Therefore, DOTL1 is considered a promising drug target with
several small-molecule inhibitors in development (45). Recent-
ly, the LEDGF/p75–MLL–MENIN complex was put forward
as a new target alongside DOT1L (10–12, 23). Because nearly all
N-terminal MLL fusions are expected to form this ternary
complex, a potent inhibitor could target a substantial subset
of MLL fusion–mediated leukemias. The interaction between
MLL and MENIN is well described and promising small mole-
cules targeting this interface have been identified (24). These

Figure 6. LEDGF/p75 IBD
interacting cyclic peptides impair
colony formation of MLL–AF9-
expressingmurine leukemic blasts.
A,MLL–AF9-transformed leukemic
blasts derived from murine AML or
WT bone marrow progenitors (WT
BM) cells were transduced with a
MSCV-derived vector expressing
eGFP or eGFP fused to the cyclic
peptide CP65 (CP65-eGFP) or a
partialy interaction defective
mutant (CP65mut-eGFP). The
colony-forming capacity was
compared with the eGFP control
(set at 100%). B, representative
colonies for each condition. C,
HOXA9 expression of the cells
depicted in A was determined by
qRT-PCR. Expression levels were
normalized to the eGFP control
using Gapdh as a reference
gene. Error bars, SD of three
independent experiments.
��, P < 0.01; ���, P < 0.001,
ANOVA with Tukey multiple
comparison test.
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compounds bind to the central hydrophobic pocket of MENIN
and thereby destabilize the LEDGF/p75–MLL–MENIN ternary
complex. However, it has not been shown whether these
compounds can be used without inducing cytotoxic effects.
In this regard, MENIN functions as a tumor suppressor in
endocrine tissues. Mutations in MENIN can induce multiple
endocrine neoplasia type I (MEN1) and some clinical muta-
tions have been shown to abrogate the interaction with
LEDGF/p75 (12). The tumor suppression function of MENIN
is related to its interactionwith JUND (46). Structural data have
indicated that the interaction of JUND with MENIN is highly
similar to the MENIN–MLL interaction (25).
Recently, we showed that MLL fusion–mediated transfor-

mation can be inhibited by outcompeting LEDGF/p75 from the
complex without blocking the MLL–MENIN interaction (23).
This study also demonstrated that the LEDGF/p75–MLL inter-
face represents a potential target to treat MLL-associated
leukemias. Although only MLL–AF9 and MLL–ENL leukemias
have been tested for their LEDGF/p75 dependency, we expect
that like for MENIN inhibitors, all oncogenic MLL fusions
retaining the MLL N-terminus are potential targets (12, 23).
In addition, it was recently shown that MLL fusion leukemia
also requires the presence of the WT MLL protein offering an
additional target for LEDGF/p75–MLL inhibitors (8).
In this report, we show that MLL interacts with LEDGF/

p75 via two distinct interfaces. The first interface is formed
by the LEDGF/p75–MENIN complex as revealed in the
previously published crystal structure (25). The interface
described in this article overlaps with those established for
interaction of HIV-1 integrase, JPO2, and PogZ interaction
with the LEDGF/p75 IBD (unpublished data; refs. 16, 17).
Structural NMR studies, including detailed characterization
of the interaction between LEDGF/p75 and MLL-derived
peptides, revealed that the second interface is maintained by
two aromatic side-chains of MLL (Fig. 3). MLL F148 occupies
a hydrophobic pocket on the IBD surface formed by L363,
L368, I403, F406, K407, and V408 while MLL F151 is buried in
a pocket formed by I359, K360, L363, T399, K402, and I403.
Although the LEDGF/p75 IBD–MLL interface overlaps
with that of HIV-1 integrase, the engaged IBD residues are
not identical (Supplementary Fig. S7 and Supplementary
Table S5).
The LEDGF/p75–HIV-1 integrase interaction is considered a

novel target to treat HIV-1 infection. Small molecules disrupt-
ing this interaction (LEDGINs) bind HIV-1 integrase and avoid
cellular toxicity (47). Recently, we reported that cyclic peptides
and small molecules derived thereof that bind to the IBD,
inhibit the interaction with HIV-1 integrase and viral replica-
tion (27, 48). Taking into account that the LEDGF/p75–MLL
and LEDGF/p75–HIV-1 integrase interfaces overlap, we eval-
uated one of these peptides (CP65) as a potential inhibitor of
the LEDGF/p75–MLL interaction. This peptide specifically
blocked the LEDGF/p75–MLL interaction and affected MLL
fusion–dependent leukemic transformation, supporting the
amenability of the LEDGF/p75–MLL interface for therapeutic
targeting (Fig. 6). However, at this point, it is not possible to
determine whether CP65-mediated inhibition is exerted on the
MLL fusion, WT MLL, or both of them.

Although earlier cellular experiments suggested that the
LEDGF/p75–MLL interaction is dependent on the presence
of MENIN (12, 23), our in vitro data suggest that LEDGF/p75
and MLL can interact in the absence of MENIN. Addition of
MENIN in the LEDGF/p75–MLL in vitro interaction assay
induces a 4-fold stimulation of the interaction (data not
shown). It is still unclear how MENIN regulates the LEDGF/
p75–MLL interaction and how the presence of MENIN
influences MLL targeting. In this regard, a recent study by
Artinger and colleagues (49) revealed that expression of
some MLL-regulated genes is not dependent on MENIN,
which might reflect the presence of a LEDGF/p75–MENIN
independent chromatin tethering mechanism. The possibil-
ity that not all MLL target genes depend on the presence of
LEDGF/p75 has important implications when considering
the LEDGF/p75–MLL interaction as a new therapeutic tar-
get. Indeed, the function of the LEDGF/p75–MLL–MENIN
complex has been studied in the context of MLL-mediated
leukemic transformation but not in normal blood cell dif-
ferentiation. The majority of LEDGF/p75 knockout mice die
prenatally and display a phenotype reminiscent of a Hoxa
gene knockout (22, 50). These results suggest that LEDGF/
p75 is important for the function of MLL and to maintain
Hoxa gene expression during embryogenesis. In light of
future drug development, it will be of interest to evaluate
the role of a LEDGF/p75 for normal hematopoiesis.

Despite a potential role in blood cell differentiation, LEDGF/
p75-dependent MLL-regulated genes are critical to maintain
leukemic transformation (12, 23). In addition to the MLL–
MENIN interaction, our results suggest that the LEDGF/p75–
MLL interaction should also be considered as a target to treat
LEDGF/p75-dependent MLL leukemia. The finding that the
LEDGF/p75–MLL interface overlaps with the LEDGF/p75–
HIV integrase interface implies that we can exploit knowledge
on the LEDGF/p75–HIV integrase interaction and drug devel-
opment giving us a head start in the development of LEDGF/
p75–MLL inhibitors.
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