Check for
updates

Affinity switching of the LEDGF/p75 IBD interactome is
governed by kinase-dependent phosphorylation

Subhalakshmi Sharma®', Katefina Cermakova®<%®1, Jan De Rijck®'?, Jonas Demeulemeester®3, Milan Fabry,
Sara El Ashkar?, Siska Van Belle®, Martin Lepsik®, Petr Tesina®"*, Vojt&ch Duchoslav®, Petr Novak?, Martin Hubalek®,
Pavel Srb®, Frauke Christ?, Pavlina Rezatova®f, H. Courtney Hodges“%*", Zeger Debyser®?, and Vaclav Veverka®

2Molecular Virology and Gene Therapy, KU Leuven, 3000 Leuven, Belgium; PInstitute of Organic Chemistry and Biochemistry of the Czech Academy of
Sciences, 166 10 Prague 6, Czech Republic; “Department of Molecular & Cellular Biology, Baylor College of Medicine, Houston, TX 77030; %Center for
Precision Environmental Health, Baylor College of Medicine, Houston, TX 77030; *Dan L Duncan Comprehensive Cancer Center, Baylor College of Medicine,
Houston, TX 77030; finstitute of Molecular Genetics of the Czech Academy of Sciences, 142 20 Prague 4, Czech Republic; 9Institute of Microbiology of the
Czech Academy of Sciences, 142 20 Prague 4, Czech Republic; hCenter for Cancer Epigenetics, The University of Texas MD Anderson Cancer Center, Houston,
TX 77030; and 'Department of Cell Biology, Faculty of Science, Charles University, 116 36 Prague 1, Czech Republic

Edited by Michael F. Summers, Howard Hughes Medical Institute and University of Maryland, Baltimore County, Baltimore, MD, and approved June 19, 2018

(received for review March 6, 2018)

Lens epithelium-derived growth factor/p75 (LEDGF/p75, or PSIP1) is
a transcriptional coactivator that tethers other proteins to gene
bodies. The chromatin tethering function of LEDGF/p75 is hijacked
by HIV integrase to ensure viral integration at sites of active
transcription. LEDGF/p75 is also important for the development of
mixed-lineage leukemia (MLL), where it tethers the MLL1 fusion
complex at aberrant MLL targets, inducing malignant transforma-
tion. However, little is known about how the LEDGF/p75 protein
interaction network is regulated. Here, we obtained solution struc-
tures of the complete interfaces between the LEDGF/p75 integrase
binding domain (IBD) and its cellular binding partners and validated
another binding partner, Mediator subunit 1 (MED1). We reveal that
structurally conserved IBD-binding motifs (IBMs) on known LEDGF/
p75 binding partners can be regulated by phosphorylation, permit-
ting switching between low- and high-affinity states. Finally, we
show that elimination of IBM phosphorylation sites on MLL1 disrupts
the oncogenic potential of primary MLL1-rearranged leukemic cells.
Our results demonstrate that kinase-dependent phosphorylation of
MLL1 represents a previously unknown oncogenic dependency that
may be harnessed in the treatment of MLL-rearranged leukemia.
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ens epithelium-derived growth factor/p75 (LEDGF/p75 or

PSIP1) is a transcriptional coactivator that works in con-
junction with other factors. LEDGF/p75 contributes to tran-
scription regulation by tethering other proteins to sites of
H3K36me?2/3-marked chromatin using its N-terminal PWWP
domain (1). While most studies revealed that the PWWP domain
of LEDGF/p75 preferentially binds H3K36me2 and me3 marks
(2-4), the LEDGF/p75 chromatin binding profile does not
completely overlap with the genome-wide distribution of these
marks, alluding to the existence of additional interaction deter-
minants. Interactions with other factors mainly occur at the
C-terminal portion of LEDGF/p75, which harbors a protein-
binding scaffold known to recruit different cargo proteins. This
domain is commonly referred to as the integrase binding domain
(IBD) because HIV integrase was the first identified binding
partner of this domain (5). We and others demonstrated that
HIV hijacks the LEDGF/p75 chromatin-tethering function to
direct viral integration into active chromatin (6-9). This research
resulted in the discovery of potent LEDGF/p75-integrase in-
hibitors (10) that are currently in clinical development.

In addition to HIV integrase, a diverse network of physio-
logical IBD interaction partners has been discovered, including
the PI3K regulator JPO2 (CDCA7L) (11-13), the zinc-finger
protein POGZ (14), the cell-cycle regulator ASK (DBF4) (15),
the MLL1-MENIN binary complex (16), and the transcription
elongation regulator IWS1 (17). We previously revealed that all
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known cellular partners of the LEDGF/p75 IBD contain an in-
trinsically disordered IBD-binding motif (IBM) (17, 18).
Several LEDGF/p75 binding partners play important roles in
human disease. Mutations in POGZ are associated with in-
tellectual disability and autism spectrum disorder (19). POGZ
was also found to be disrupted in individuals with congenital
heart disease and neurodevelopmental disorders (20). JPO2 is
up-regulated in medulloblastoma and contributes to metastatic
medulloblastoma in humans by potentiating Myc-dependent
transformation (21). Alongside HIV integrase, perhaps the
best-studied disease-related binding partner of the LEDGF/p75
IBD is MLL1 (KMT2A) (16). Interaction of LEDGF/p75 and
MLL1 is normally not associated with pathology, but LEDGF/
p75 plays a crucial role in acute leukemia development. In
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mixed-lineage leukemia (MLL), the MLL1 gene frequently un-
dergoes chromosomal translocations or partial tandem duplica-
tions resulting in oncogenic fusions (22, 23). A key feature of
these MLL1 fusions is their ability to efficiently transform he-
matopoietic progenitor cells into leukemic stem cells by acti-
vating HOX gene expression (24, 25). The oncogenic function of
MLL1 fusion proteins therefore is critically dependent on
chromatin tethering by LEDGF/p75 (16, 26).

Because the IBD of LEDGF/p75 represents a promising drug
target for HIV infection and MLL, it has been the subject of
extensive structural studies. The solution structure of the IBD
has revealed a compact right-handed bundle composed of five
a-helices (27), comparable to other members of the TFIIS
N-terminal domain family (TND; InterProID IPR017923) (5,
28). Unstructured IBMs, which recognize the IBD, are com-
posed of two distinct parts: a disordered stretch containing acidic
residues followed by a highly conserved hydrophobic FxGF
motif. Despite several attempts (17, 18, 29), characterization of
the interface between the flexible acidic stretch and the IBD has
remained elusive due to its disordered character (17, 18).

Incomplete mapping of the interface also impedes our un-
derstanding of how the associations between LEDGF/p75 and its
interaction partners may be regulated. Each IBM represents a
typical example of a short linear motif (SLiM), an evolutionary
conserved unstructured protein module that adopts a character-
istic structure upon binding its target site. Several examples of
SLiMs have been reported (e.g., SH2, 14-3-3, and PDZ domains),
which are modulated by switch-like posttranslational modifica-
tions to tune their interaction affinities (30-33). Based on the
conservation of the charged residues within the acidic linker in
IBMs, we hypothesized that the addition of extra negative charges
through phosphorylation could modulate the affinity of binding
partners for LEDGF/p75.

To test this hypothesis, we performed here an extensive
structural analysis of the LEDGF/p75 IBD interactome at the
molecular level. Our approach revealed structural features that
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were previously obscured and confirmed that all binding partners
recognize the IBD in a structurally conserved manner shared
with other TNDs. In addition, we validated Mediator subunit
1 as an LEDGF/p75 interaction partner and discovered a second
binding motif in ASK. Importantly, we demonstrated that (i) the
affinities of the LEDGF/p75 IBD and its interaction partners are
modulated by phosphorylation, (ii) IBM components of this
network are subject to phosphorylation both in vitro and in
cellulo, (iii) IBM can be phosphorylated by casein kinase 2
(CK2), and (iv) elimination of IBM phosphorylation reduces the
oncogenic potential of MLL1-ENL leukemic cells.

Results

Structural Conservation of LEDGF/p75-1BM Interfaces. To identify
the comprehensive set of sequence-encoded features important
for LEDGF/p75 IBD binding, we extended our previous bio-
informatics search for IBMs (17) by permitting gaps in the
multiple sequence alignments used for motif discovery. Relaxing
this requirement led to the identification of a previously un-
detected conserved region, which we refer to as helix-1 (Fig. 14).
Helix-1 is characterized by high alpha-helical propensity and a
conserved phenylalanine upstream of the previously described
charged linker region and FxGF motif. This analysis revealed the
existence of a second motif in ASK, in addition to the previous
motifs discovered in a variety of transcription regulators such as
MLL1, MLL2, IWS1, and others. We validated this approach by
NMR spectroscopy of JPO2, a factor with a high-affinity IBM.
NMR resonance assignment of 3D HNCO spectra for JPO2;_39
in the presence and absence of the LEDGF/p75 IBD revealed a
significant shift in the helix-1 region at positions 65-73 where
helix-1 is found in motif 2 (SI Appendix, Fig. S1 A and B), con-
sistent with the binding of helix-1 to the LEDGF/p75 IBD. We
conclude that, in addition to the downstream FxGF motif, helix-1 is
an important conserved element of the IBM.

We set out to characterize the structure of the interface, in-
cluding helix-1. To overcome the modest affinity (K4 > 10 pM)
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Fig. 1. LEDGF/p75 IBD binding partners interact in a
structurally conserved manner. (A) Multiple se-
quence alignment illustrating the conserved LEDGF/
p75 IBD binding motif (IBM). Helix-1, the acidic
linker, and the FxGF region are indicated below the
alignment. (B) Detail of the POGZ IBM-IBD interface
from the obtained solution structure. Conserved side
chains within POGZ supporting the interaction with
IBD are presented as sticks and labeled. The linker
region stabilizes the interaction by nonspecific elec-
trostatic contacts with the positively charged patch
on the IBD surface. (C) Solution structures of the IBD
in complex with the binding motifs from POGZ,
JPO2 motif 1 and 2 (M1, M2), IWS1, and MLL1 de-
termined by NMR spectroscopy. (D) Rmsd values
comparing structural similarity of each pairwise
combination of IBD-bound IBM. (E) The related ARM
subdomain of lws1 from different species interacting
with Spt6 (PDB ID codes 3oak and 2xpo, refs. 34 and
35) highlights binding mode similarity to LEDGF/p75
IBD-IBM interactions as exemplified by JPO2 M1.

Saccharomyces cerevisiae
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(17, 18) and stabilize the IBD-IBM interface, we designed co-
valently linked chimeric proteins combining the IBD with the
IBMs of POGZ (amino acids 1370-1404), MLL1 (amino acids
111-160), TWS1 (amino acids 446-548), JPO2 motif 1 (M1,
amino acids 1-32), and JPO2 motif 2 (M2, amino acids 56-91),
respectively. The flexible linker between the IBD and IBM is
formed by intrinsically disordered natural sequences of the
original proteins already present in the sequences identified
above (except for the IBD-MLLI1 chimera, where we used a 12-
residue GS-repeat to prevent proteolysis). We prepared '*C/**N-
labeled recombinant chimeric proteins and obtained complete
N, B¢, and 'H resonance assignments that allowed auto-
mated assignment of the NOEs identified in the 3D '°N- and
13C.edited NOESY spectra, which we used for structural de-
termination. Statistics for the final water-refined sets of structures
are provided in SI Appendix, Table S1.

Detailed structural analysis of the protein complexes revealed
the presence of a conserved a-helix (helix-1), confirming our
motif analysis described above (Fig. 1 A and B). This helix was
not detected in the absence of the IBD (SI Appendix, Fig. S1C),
indicating that it is only formed upon binding to the IBD.
Obtained solution structures revealed that the overall binding
interface is highly conserved across each member of the LEDGF/
p75 IBD interaction network (Fig. 1C). Helix-1 harbors three
conserved bulky amino acid residues, anchoring it in the hydro-
phobic pocket created by a3, o4, and oS5 of the IBD (Fig. 1B).
Helix-1 is followed by the flexible acidic linker with variable
length spanning 8-16 aa residues. The acidic linker recognizes
the positively charged surface formed by residues K401, K402,
R404, R405, and K407 (Fig. 1B and SI Appendix, Fig. S2). The
third conserved IBM region, the FxGF motif, is anchored be-
tween the two interhelical loops of the LEDGF/p75 IBD (amino
acids 1359 to D369 and K402 to M413) via the two phenylala-
nines. The aromatic ring of first FxGF phenylalanine resides in a
relatively shallow hydrophobic pocket formed by L1363, L368,
1403, F406, K407, and V408 of the LEDGF/p75 IBD. The sec-
ond phenylalanine is buried in a deeper pocket defined by 1359,
K360, L363, T399, K402, and 1403 (SI Appendix, Fig. S2).

To quantitatively compare the newly resolved structures, we
measured rmsd values of mean Ca residue coordinates for each
pairwise combination of IBMs (Fig. 1D). The analysis shows that
the motifs of POGZ and JPO2 M1 have the most similar binding
mode (rmsd = 2.9 A), and the MLL1 motif is generally the most
divergent [mean rmsd = 5.6 (+ 0.8 SD) A], likely arising from its
longer unstructured region. We observed some variation be-
tween individual structures, for example additional helices in
JPO2 and IWSI and a flexible glycine repeat in MLL1 (SI Ap-
pendix, Fig. S3 A and B). Despite these differences, the positions
of conserved residues in helix-1 and the FxGF motif, as well as
the charged linker bridging these regions, remain consistent

throughout the structures we obtained. Therefore, the IBD-IBM
interface is structurally highly conserved across the LEDGF/
p75 interactome.

To assess the similarity between LEDGF/p75 IBD-IBM in-
teractions and other members of the TFIIS TND family, we
compared our structures to the previously obtained structures
of the Iws1 ARM domain in complex with its binding partner in
two different species (34, 35). Comparison of Iwsl ARM-Spt6
complexes from Saccharomyces cerevisiae and Encephalitozoon
cuniculi with our LEDGF/p75 IBD-IBM complexes revealed a
striking similarity between the molecular interfaces (Fig. 1FE).
Like all IBMs, the binding motif on Spt6 consists of an alpha-
helix and an acidic flexible linker followed by a hydrophobic
anchoring region. Therefore, in addition to the structural con-
servation of LEDGF/p75 IBD-IBM complexes identified above,
we find that interactions involving distantly related TNDs em-
ploy similar binding modes. These results show that interactions
between TNDs and their binding partners have been largely
preserved throughout evolution.

Helix-1 Is Essential for Interaction with LEDGF/p75. To assess the
importance of helix-1 for interaction with LEDGF/p75, we in-
troduced alanine mutations at positions (i) 1476 and F477 in
recombinant GST-tagged ITWS1446 496, (#) V132 and F133 in
GST-tagged MLL1,_;60, and (iii) 116, F17 (M1) and/or 172, F73
(M2) in maltose binding protein (MBP)-tagged JPO2 (Fig. 24).
We then analyzed the interaction of WT and mutant proteins
with LEDGF/p75 using an AlphaScreen assay. In the case of
IWS1, mutations completely abolished the interaction with LEDGF/
p75, while the effect was less pronounced for MLL1. Because
JPO2 has two IBMs, mutation of helix-1 in both IBMs was re-
quired to fully abrogate the interaction (Fig. 2B). Together these
data confirm the importance of helix-1 residues for maintaining
the interaction.

To evaluate the significance of helix-1 for LEDGF/p75 bind-
ing in a cellular context, we expressed FLAG-tagged JPO2 or
JPO2 116A, F17A, 172A, F73A (“IF-IF mutant”) in HEK293T cells
and probed coimmunoprecipitation of endogenous LEDGF/p75
(Fig. 2C). Whereas WT JPO2 was able to precipitate LEDGF/
p75, we did not detect interaction with the IF-IF mutant JPO2.

Phosphorylated Side Chains of IBM Sample the Positively Charged
Region on the LEDGF/p75 IBD Surface. Since all known IBD inter-
actions are mutually exclusive (17), we investigated their potential
regulatory mechanisms. Because of its observed plasticity in our
structural studies, we hypothesized that the linker bridging helix-
1 and the FxGF motif may serve as a regulatory switch, increasing
or decreasing the affinity of an IBM by varying its charge density.
Specifically, the presence of multiple Ser/Thr residues amenable
to phosphorylation and negatively charged amino acids in the
linker region may contribute ionic interactions (Fig. 34).

Fig. 2. Helix-1 in the IBM is essential to maintain
e interaction with LEDGF/p75 IBD. (A) Diagrams of
MLL1, IWS1, and JPO2 constructs and mutants used
in B and C. (B) The WT and/or mutant recombinant
MLL1, IWS1, and JPO2 protein constructs were titrated
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assay (counts per second). Error bars represent SDs
calculated from independent measurements (n = 4).
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2 3: EEH (C) HEK 293T cells were transfected with FLAG-tagged
- e - e WT JPO2 and/or the IF-IF mutant. After immunopre-
cipitation with anti-FLAG antibody the presence of
e FLAG-tagged proteins and endogenous LEDGF/p75

Input FLAGIP was confirmed by Western blot.
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In support of this hypothesis, the PhosphoSitePlus database
(36-39) includes several entries for phosphorylated serines and
threonines in the IBM region of different LEDGF/p75 interac-
tion partners (SI Appendix, Table S2). To systematically evaluate
phosphorylation sites within IBMs in cells, we employed mass
spectrometry. FLAG-tagged JPO2, POGZ117_1410, MLL1-ELL
(an oncogenic MLL-fusion), and IWS1 were expressed in
HEK293T cells, immunoprecipitated using anti-FLAG anti-
bodies (SI Appendix, Fig. S4), and analyzed by mass spectrom-
etry. We detected phosphorylation events on all Ser and Thr
residues in the IBMs examined, confirming that these residues
are subject to posttranslational modification by kinases in cells.
Together with previous reports (36-39), our proteomic study
reveals that each IBM harbors at least one amino acid residue
that can be phosphorylated in cells (SI Appendix, Tables S2 and
S3). Interestingly, the investigated IBMs had very high abun-
dance of peptides carrying at least one phospho-group in the
linker region (Fig. 3B). Other posttranslational modifications
were not detected in studied IBM regions. A detailed overview
of specific peptides identified by mass spectrometry is provided
in SI Appendix, Table S3.

To visualize the dynamic effects of IBM phosphorylation, we
performed 500 ns of molecular dynamics (MD) simulations for
all of the experimentally confirmed phosphorylated variants of
binding partners based on our solution structures shown in Fig.
1C. Comprehensive networks of electrostatic interactions were
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readily established between every tested phospho-group and the
positively charged side chains from the IBD within 200 ns of MD
simulation (SI Appendix, Fig. S5). Hence, the addition of nega-
tive charge density arising from phosphorylation of the IBM
results in rapid establishment of new ionic interactions with the
LEDGF/p75 IBD.

To validate the effect of IBM phosphorylation on the in-
teraction with the IBD, we synthesized a comprehensive set of
IBM peptide variants including phosphorylated Ser/Thr residues
or phosphomimetic mutations (Asp or Glu) (Fig. 34 and SI Ap-
pendix, Table S4). We used NMR to follow changes in positions of
the LEDGF/p75 IBD backbone amide signals induced upon ti-
tration with IBM peptide and determined dissociation constants
for all synthetic peptides (Fig. 3B and SI Appendix, Fig. S6). Of all
WT IBMs, IWSI1 contains the highest number of charged residues
in the linker region and also has the highest affinity for the IBD
(Kq="7.6 +0.8 uM). This observation is consistent with the notion
that elevated negative charge density in the linker region stabilizes
the LEDGF/p75 IBD-IBM interface.

Affinity for the LEDGF/p75 IBD was significantly increased
(reflected by reduced dissociation constant K4) upon addition of
negative charge by phosphorylation or phosphomimetic muta-
tion in the IBM linker region in all tested variants (Fig. 3C).
Phosphorylation of the motif typically increased binding affinity
to the IBD 2- to 10-fold. The partial effects of phosphomimetic
mutation observed in some cases can be attributed to the lower
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negative charge (—1) carried by aspartate or glutamate compared
with the phosphate group (-1 to —2) at physiological pH (40).

AlphaScreen experiments confirmed the positive effect of
additional negative charges in the IBM on the interaction
with the IBD (Fig. 3 D-F). WT and/or mutant recombinant
MBP-tagged POGZ,117_1410 Was titrated against FLAG-tagged
full-length LEDGF/p75 (Fig. 3D). Introduction of a S1392D
phosphomimetic mutation (POGZ;117_1410 S1392D) in the IBM
increased the AlphaScreen signal twofold, while mutation of
both Ser residues to Asp (POGZ;117-1410 S1392 D/S1396D) led
to a 16-fold increase (Fig. 3D). Likewise, introduction of S136D
or S136D/S142D double mutation in GST-tagged MLL1;_160
(MLL-GST) resulted in increased AlphaScreen counts (Fig. 3E).
Mutation of the sole Ser residue in JPO2 M1 (S21D) or all
phosphorylatable residues in the second motif (T77D, S79D, and
T81D) yielded no discernible differences in the AlphaScreen
signal, whereas the combination of both mutants did increase
affinity (Fig. 3F).

To confirm these results in a cellular setting we performed
coimmunoprecipitation with FLAG-tagged JPO2 expressed in
HEK293T cells in the absence or presence of phosphatase in-
hibitors. Following expression of FLAG-tagged JPO2, we ob-
served increased coimmunoprecipitation of LEDGF/p75 using
anti-FLAG antibodies in the presence of phosphatase inhibitors
(Fig. 3 G and H). Furthermore, the interaction between
LEDGF/p75 and FLAG-tagged POGZ could not be observed
using anti-FLAG immunoprecipitation in the absence of phos-
phatase inhibitors; however, coimmunoprecipitation of LEDGF/
p75 was detected upon addition of phosphatase inhibitors (Fig. 3
G and ). To confirm that the serine residues in the POGZ IBM
mediate this interaction, we introduced a double S1392A/
S1396A mutation. Because the double mutant did not interact
with LEDGF/p75 in the presence or absence of phosphatase
inhibitors, we conclude that phosphorylation at these positions
acts as a switch to regulate the affinity between POGZ and
LEDGF/p75.

Phosphorylation of MED1 Drives Interaction with LEDGF/p75. MED1
(Mediator subunit 1, DRIP205, Trap220) is a component of the
Mediator complex, a coactivator involved in transcription of
nearly all RNA polymerase II-dependent genes (41). MEDI1
harbors an evolutionarily conserved IBM (Fig. 14) (17). The WT
MED1 IBM synthetic peptide had low-to-modest affinity for the
IBD in NMR titrations (269 + 15 pM) (Fig. 3B). Interestingly, the
MED1 IBM contains three putative phosphorylation sites (S886,
S887, and S889), of which one has been experimentally detected in
vivo (SI Appendix, Table S2) (42). To examine the effects of
phosphorylation on the MED1-LEDGF/p75 interaction, we in-
troduced phosphomimetic mutations in the MED1 IBM upstream
of the FxGF motif and assayed them with AlphaScreen (Fig. 44).
While single substitution of Ser to Glu at positions 887 or 889 did
not stimulate interaction in AlphaScreen, the combination mu-
tants S886D/S887D and S886D/S887D/S889D (“SSS mutant”)
increased the affinity of MED1 for LEDGF/p75 (Fig. 4B). The
interaction was also confirmed by anti-FLAG coimmunoprecipi-
tation in HEK293T cells expressing FLAG-tagged MED1 (SI
Appendix, Fig. S7).

For a detailed characterization of the LEDGF/p75-MED1
interface, we used NMR spectroscopy. Specifically, we compared
the changes in positions of backbone amide signals in the spectra
of *N-labeled LEDGF/p75 IBD (amino acids 345-426) in the
presence or absence of a recombinant MEDI1 fragment (amino
acids 847-930) (Fig. 4 C-E). Analysis of the chemical shift per-
turbations (CSPs) in the IBD backbone induced by binding of
MEDI1 revealed a pattern remarkably similar to that induced
upon addition of MLL1, POGZ, JPO2, and IWS1 (SI Appendix,
Fig. S9). Together, these results establish MED1 as a genuine
LEDGF/p75 IBD interactor and confirm that the MED]1 fragment
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binds in the same conserved structural mode as other factors in
the LEDGF/p75 IBD interaction network.

ASK Bears LEDGF/p75 Interaction Sites with Differential Kinase-
Regulated Affinities. All known physiological LEDGF/p75 IBD
interaction partners harbor several negatively charged residues
in the linker between helix-1 and the FxGF motif of the IBM.
Since negative charge can also be provided through phosphory-
lation, we performed a new search for proteins containing helix-
1 and FxGF motifs interspersed by phosphorylatable Ser/Thr
residues. Surprisingly, ASK showed such a region at its extreme
C terminus (ASK M2), right behind the first motif (ASK M1). To
establish whether ASK M2 is able to interact with LEDGF/p75,
we purified a GST-tagged C-terminal fragment of ASK (amino
acids 598-674, GST-ASK) and evaluated the interaction of WT
and/or mutated ASK constructs (Fig. 54). Using an AlphaScreen
assay with FLAG-tagged LEDGF/p75, we found that WT
ASKsg 674 readily interacts with LEDGF/p75, and that double
mutation of FLGF to ALGA in the FxGF motif of ASK M1
abolished the interaction (Fig. 5B). However, phosphomimetic
mutation of the other motif, ASK M2 (SSPSTS to EEPETE in
the linker, “P-mimic”), restored binding to LEDGF/p75, sug-
gesting that ASK M2 may interact with LEDGF/p75 upon
phosphorylation (Fig. 5B). Indeed, previous studies detected
phosphorylation of at least two of the Ser residues in the ASK
M2 linker in vivo (SI Appendix, Table S2) (36).

To confirm this observation and characterize the ASK-IBD
interaction in more detail, we compared the changes in positions
of backbone amide signals of '’N-labeled LEDGF/p75 IBD in
the N/'H HSQC spectra before and after addition of ASK
M1 and ASK M2 peptides as well as a phosphorylated ASK M2
(pS667 and pS669, “M2-P”) (Fig. 5 C and D and SI Appendix,
Fig. S8). The CSPs in the IBD backbone induced by binding of
ASK M1 are comparable to those observed earlier for MED1
(Fig. 4 D and E), as well as the other binding partners (SI Ap-
pendix, Fig. S9) (17). ASK M2 induced only minor changes even
when present at a 16-fold molar excess over the IBD. However,
we could clearly detect interaction with IBD upon titration of the
double-phosphorylated ASK M2-P (Fig. 5F). We obtained dis-
sociation constants for these interactions from NMR titration
experiments (Fig. 3B), with the exception of WT ASK M2, whose
very low affinity (=500 pM) precluded accurate characterization
by NMR due to the peptide’s limited solubility. The modest af-
finity observed for ASK M1 (233 + 16 pM) was comparable to
that obtained for MED1 (269 + 15 pM) and consistent with the
lack of negatively charged residues within the linker region (Fig.
14). In summary, we find that phosphorylation or phosphomi-
metic mutation at Ser624 (ASK M1) or Ser667/S669 (ASK M2)
led to a 5- to 10-fold increase in binding affinity compared with
the unmodified motifs (Fig. 3B).

Kinase-Dependent Phosphorylation of IBMs in LEDGF/p75-Binding
Partners. Using mass spectrometry following anti-FLAG immu-
noprecipitation of either FLAG-tagged MLL1-ELL or JPO2 in
HEK293T cells, we identified several potential binding partners,
including several kinases (SI Appendix, Table S5). Interestingly,
multiple peptides of CK2 subunits were detected as JPO2
and MLL1 interacting proteins. Furthermore, the general
CK2 recognition motifs for phosphorylation are SxxE/D, SxxpS/
pT, and SxE/D (43). All known LEDGF/p75 IBD binders con-
tain at least one of these CK2 consensus motifs in their IBMs.
Because we identified CK2 as a recurrent binding partner, and
because of the presence of CK2 motifs in each IBM, we sought
to test whether CK2 could mediate phosphorylation of the IBM
motifs. To investigate the effect of CK2 treatment on the in-
teraction of LEDGF/p75 with POGZ, we designed constructs
bearing Ser/Thr to Ala substitutions, blocking phosphorylation of
the linker (Fig. 64). We then performed AlphaScreen assays of
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Fig. 4. Validation of MED1 as an LEDGF/p75 IBD
binding partner. (A) Diagrams of MED1 constructs
and mutants used in B. (B) WT and/or mutated
recombinant GST-MED1 was titrated against FLAG-
tagged LEDGF/p75 in AlphaScreen. Error bars rep-
resent SDs calculated from independent measure-
ments (n = 4). (C) Comparison of the 2D '>N/'H HSQC

NMR spectra of the IBD in the absence (black) or
presence (orange) of MED1g47 930. Spectra were
obtained from the '°N-labeled recombinant IBD and
o5 an unlabeled recombinant MED1 fragment. The
residues with the strongest shifts are annotated. (D)
IBD amino acid residues that are significantly per-
turbed upon addition of MED1g47_930 (as determined
by NMR spectroscopy) are highlighted in orange on
the surface of the IBD structure. (E) Representation
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MBP-tagged POGZ with or without CK2 preincubation (Fig.
6B). CK2 treatment significantly increased the affinity of WT
POGZ for LEDGF/p75, whereas S1392/1396A POGZ mutation
(which cannot be phosphorylated in the IBM region) was in-
sensitive to the effects of CK2 preincubation. Similar but less-
pronounced results were obtained for MLL1 (Fig. 6C), where
binding of a S136A/S142A mutant was unaffected by CK2
phosphorylation.

To confirm that LEDGF/p75 binding partners can be phos-
phorylated by CK2 in a cellular context, we expressed FLAG-tagged
POGZ in HEK293T cells and performed coimmunoprecipitation in
the presence or absence of 4,5,6,7-tetrabromobenzotriazole (TBB)
(44), a selective inhibitor of CK2 (Fig. 6D). We reproducibly ob-
served decreased coimmunoprecipitation of LEDGF/p75 using anti-
FLAG antibodies in the presence of TBB (Fig. 6 D and E). While
we do not rule out a role for other kinases, our results confirm that
CK2-dependent phosphorylation of IBMs can act as an affinity
switch regulating association with LEDGF/p75.

Helix-1 and Phosphorylation of the Linker Contribute to Leukemic
Transformation by MLL1 Fusion Proteins. Our bioinformatic and
experimental results above show that the IBM consists of three
distinct conserved regions: helix-1, the acidic linker, and the
hydrophobic FxGF motif. We also demonstrated that mutations
in both the helix-1 and acidic linker regions of IBMs abolish
association with the IBD. Since we previously reported that
mutations at the FXGF-IBD interface interfere with leukemic
transformation (18), we sought to assess the contributions of
IBM helix-1 and linker phosphorylation to MLL1-rearranged
leukemia. To address this, we measured the colony-forming
potential of MLL1 fusions following mutation of these regions
in primary murine lineage-depleted hematopoietic stem cells.
We generated the V132A, F133A double mutation (at helix-1) of
the MLL1-ENL oncogenic fusion (Fig. 74) and measured the
number of colony forming units (CFU) using serial plating. As a
positive control, we mutated the phenylalanine residues in the
FxGF motif to alanine. Like the FXxGF mutant, the helix-1 mutant
significantly reduced the transforming capacity of MLL1-ENL
fusion after three plating rounds (Fig. 7B).
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of the minimal CSP in backbone amide signals of the
IBD upon addition of MED1g47_930-

To assess the effect of phosphorylation of the MLL1 IBM on
MLLI1-rearranged leukemia, we introduced several mutations
that blocked phosphorylation in the linker of MLL1 (Fig. 74)
and expressed them in an MLL1-ENL fusion. Substitution of the
phosphorylatable serines S136 and S142 to alanine significantly
reduced the transformation capacity of the fusions (Fig. 7C). In
contrast, introduction of the phosphomimetic mutations S136D
and S142D rescued this loss, almost fully recovering the onco-
genic activity of the fusion. Overall, these results validate our
structural findings and demonstrate an essential role of helix-
1 and linker phosphorylation for in vivo, with particular impor-
tance for the MLL1 IBD during leukemogenesis.

Discussion

IBMs present in all LEDGF/p75 IBD interaction partners are
typical examples of SLiMs, conserved amino acid sequences
found in natively disordered parts of a protein. Protein sequence
motifs lacking well-defined structure are surprisingly common in
eukaryotes. However, the characterization of SLiM-mediated
interactions represents a major challenge due to their modest
affinity as well as the transient and dynamic nature of their in-
teractions. An ideal tool to overcome these issues is NMR
spectroscopy, which allowed us to examine the structures of
IBMs in the context of their native protein-binding scaffold. Our
approach has permitted characterizing the complete binding
interfaces of these complexes and revealed a well-defined ter-
tiary structure of the IBM upon docking to its cognate binding
site on the IBD of LEDGF/p75. Extensive structural analysis of
the LEDGF/p75 IBD interactome revealed that IBMs recognize
the IBD through three distinct structurally conserved regions:
helix-1, the flexible acidic linker, and the FxGF motif. Our mu-
tational analysis of various IBMs underscored the importance of
each of these regions for stabilization of the IBM-IBD complex.
In addition, the conservation of the IBM-IBD binding mode
extends beyond the LEDGF/p75 interactome. We found that
other TNDs are recognized by their binding partners in a
structurally conserved manner preserved throughout evolution.

MLL1 is the only known IBD binding partner that forms a
ternary complex with tumor suppressor MENIN (16, 29). In
comparison with the other interaction partners of LEDGF/p75,
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the MLL1 IBM shows greater flexibility of the linker, likely
mediated through poly-G repeats and some flexibility (~40° ro-
tation) in the positioning of helix-1 in the absence of MENIN
(Fig. 1C and SI Appendix, Fig. S34). Comparison of our solution
structure with an available crystal structure that includes
MENIN, the IBD, and an MLL1-derived peptide, but which did
not resolve the full IBM-IBD interface (29), suggests that
MENIN binding induces a ~50-90° rotation of helix-1 (SI Ap-
pendix, Fig. S3C), likely necessitating the elevated flexibility of
the MLL1 IBM. Because this flexibility precluded resolution in
previous X-ray crystallography studies, our NMR experiments
provide important insights into the highly dynamic interaction
surface between MLL1 and LEDGF/p75.

While most IBD binding partners have a single IBM, ASK and
JPO2 each have two copies of the motif, leaving open the pos-
sibility that these factors may participate in higher-order struc-
tures such as oligomers, or nucleate higher concentrations of
LEDGF/p75 at biological active sites. Such a model would, for
example, permit the accumulation of LEDGF/p75 in gene bod-
ies. Future studies are needed to test and confirm this notion.

Despite LEDGF/p75’s only containing a single PWWP do-
main capable of binding methylated H3K36, the genome-wide
chromatin binding profile of LEDGF/p75 does not simply follow
H3K36 methylation marks. Instead, LEDGF/p75 is enriched at
sites containing additional marks of active transcription like H3
and H4 acetylation, H3K4mel, and RNA polymerase II binding
(45). Since several LEDGF/p75 binding partners have diverse
roles on chromatin, it is appealing to speculate that physiological
binding partners may contribute to the specificity of the LEDGF/
p75—-chromatin interactions.

Through motif conservation and biochemical characterization,
we validated MED1 as a LEDGF/p75 interaction partner that
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addition of ASK-derived peptides.

recognizes the IBD through its IBM. Mediator is a large tran-
scriptional coactivator complex composed of ~30 distinct sub-
units that acts as a bridge between transcriptional activators and
RNA polymerase II (46). It remains to be investigated under which
conditions MED1 interacts with LEDGF/p75 and how LEDGF/p75
may influence the association of the Mediator complex at tran-
scription start sites and/or gene bodies.

In our studies, we have found that the flexible linker con-
necting helix-1 and the FxGF motif of IBMs spans 8-16 residues,
and negatively charged residues contribute >50% of its sequence
content (Fig. 14). Furthermore, we found that addition of neg-
ative charges through phosphorylation increases the affinity of
binding partners for LEDGF/p75. The increased charge density
in the acidic linker results in stabilization of the complexes by
formation of new electrostatic interactions between the linker
and a positively charged surface on the LEDGF/p75 IBD (Fig.
1B and SI Appendix, Fig. S2). Phosphorylation provides a re-
versible mechanism for affinity switching (Fig. 7D), which can
respond to intrinsic and extrinsic signaling cues. This property
makes IBMs versatile elements whose interactions with LEDGF/
p75 can be tuned in a modular differential fashion through
posttranslational modification. Because IBM-IBD interactions
are stabilized through a small number of intermolecular contacts,
the addition of a single electrostatic contact can shift the steady-
state equilibrium, dramatically affecting the interaction land-
scape between individual IBMs and LEDGF/p75. The strong
changes we observe are reminiscent of the strong sensitivity of
SH2-binding proteins to tyrosine phosphorylation (31).

HIV integrase is the only known LEDGF/p75 IBD interaction
partner which does not harbor an IBM. Although the interaction
mechanism differs significantly, the HIV integrase binding site
on the IBD partially overlaps the surface recognized by IBMs.
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Fig. 6. IBM phosphorylation by CK2 increases the affinity of POGZ and MLL1 for the LEDGF/p75 IBD. (A) Diagrams of POGZ and MLL1 constructs and
mutants used in B and C. (B and C) WT or mutants of POGZ (B) and MLL1 (C) were titrated against FLAG-tagged LEDGF/p75 in AlphaScreen after pre-
incubation with or without CK2. Error bars represent SDs calculated from independent measurements (n = 4). (D) HEK 293T cells were transfected with
FLAG-tagged POGZ. The proteins were immunoprecipitated with anti-FLAG antibody in the absence (-) or presence (+) of selective CK2 inhibitor (TBB).
The presence of FLAG-tagged POGZ and endogenous LEDGF/p75 was confirmed using Western blot. (E) Densitometry of Western blot bands. Data are
plotted as the ratio of LEDGF/p75 over FLAG-POGZ, normalized by DMSO control (mean + SD from n = 3 independent replicates). P values obtained from

Student’s t test; ***P < 0.0001.

The N-terminal domain of HIV integrase interacts with the
positively charged surface recognized by the IBM acidic linker,
and the integrase catalytic core domain binds to part of the hy-
drophobic pockets occupied by the FxGF motif (SI Appendix,
Fig. S10) (47). Compared with the IBMs, HIV integrase buries
considerably more hydrophobic surface area upon interaction
with the IBD, allowing it to compete with physiological binding
partners and ensure efficient viral replication.

In our studies, we demonstrated that IBMs undergo phos-
phorylation in vitro as well as in cellulo, altering their affinity for
the LEDGF/p75 IBD. Using proteomic approaches, we identi-
fied kinases CK2, DNA-dependent PKC, TPK-JAK1 and P38
associated with JPO2 and CK2 and Rho-PK2 associated with
MLL-ELL. Interestingly, JPO2 and its target monoamine oxi-
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Fig. 7. Helix-1 and phosphorylation of flexible linker in MLL1 IBM are both
crucial for MLL1-fusion-driven transformation. (A) Diagrams of MLL1 constructs
and mutants used in B and C. (B and C) The colony-forming capacity of murine
stem cells transformed with an MLL1-ENL fusion was compared with those
transformed with MLL1-ENL mutants in helix-1 (B) or in the flexible linker and
FxGF motif (C). CFU of lineage-depleted murine hematopoietic stem cells
transduced with vectors carrying the WT or mutated MLL1-ENL fusions were
determined in three rounds. Errors bars indicate SDs determined from inde-
pendent replicates (n = 3). Statistical differences were determined using Stu-
dent’s t test; *P < 0.05; ns, nonsignificant compared with WT. (D) Summary and
conceptual model of IBM affinity switching.
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dase A are involved in serum starvation-induced p38 kinase-
mediated apoptosis downstream of p38 kinase activity (48).
Additionally, both LEDGF/p75 and DNA-dependent PKC reg-
ulate DNA end resection and are components of the homolo-
gous recombination DNA repair machinery (49-52). The exact
relationship between the LEDGF/p75 interactome and these
kinases remains to be investigated.

Since CK2 was found in both the JPO2 and MLL-ELL mass
spectrometry experiments and all IBMs possess at least one
general recognition motif for phosphorylation by CK2, this ki-
nase represents a prime candidate for phosphorylation of
LEDGF/p75 interactors. However, we do not exclude that the
IBMs may be modulated by other kinases as well. CK2 is over-
expressed in numerous types of cancer and associates with poor
prognosis (48, 53-56). CK2 promotes cell proliferation, cell
growth, and survival and is involved in the modification of cell
morphology and angiogenesis (57-59). The ability of CK2 to act
as an oncogenic factor is largely based on its role in several signal
transduction pathways including PI3K/PTEN/Akt/mTOR, JAK/
STAT, Wnt, and Ras/MEK/ERK signaling (53, 60, 61). By
phosphorylation of specific residues in components of these
pathways, CK2 contributes to the up-regulation of genes con-
ferring a survival advantage (62-64). An example of CK2-
mediated regulation in the Ras/MEK/ERK signaling cascade is
its direct phosphorylation of ERK1/2 S244, S245, and S246
within the nuclear localization signal with subsequent enhance-
ment of nuclear translocation and activity (65). In addition, CK2
is known to inhibit both intrinsic and extrinsic apoptotic path-
ways by targeting caspase signaling (66). These findings make
CK2 an attractive target for anticancer therapy, with several
inhibitors currently in clinical trials (67-69).

Interestingly, CK2 was recently shown to play a role in regu-
lating transcriptional elongation in both gene bodies and en-
hancer regions through phosphorylation of Y57 of histone H2A
(70). Genome-wide binding analysis revealed that CK2a, the
catalytic subunit of CK2, binds across RNAP2-transcribed cod-
ing genes and active enhancers. Kinase-dependent regulation
of the LEDGF/p75 interactome therefore remains an exciting
frontier with great potential for therapeutic application. Our
results reveal that phosphorylation of IBMs plays a crucial role in
the transformation of MLL-rearranged leukemic cells. Hence
phosphorylation of IBMs (in particular on MLL1) represents an
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oncogenic dependency that may be exploited for development of
precision therapies to treat MLL-rearranged leukemia.

Materials and Methods

Cloning, Protein Expression, and Purification. For NMR experiments, the expression
plasmids coding for the IBD (LEDGF/p75345 426), JPO21_130, POGZ1117-1410, IWS 1352548,
or MLL1441_160, Were described earlier (17, 18). The IBD-BM chimeras described in
this study consist of the C-terminally extended IBD (LEDGF/p75345.44) fused to
JPO2, 35, JPO2s 91, POGZ1370 1404, IWS1447-548, and MLL14q1460, respectively. In
case of the IBD-MLL1 tandem protein chimera, the flexible linker SG(GS)4SG
was introduced between the IBD and MLL parts. Detailed information about
plasmid construction for either prokaryotic or eukaryotic expression is pro-
vided in S/ Appendix, Supplementary Methods. Expression and purification of
FLAG-tagged LEDGF/p75, MBP-JPO2, MLL1_160-GST, and MBP-POGZ;117-1410 OF
mutants thereof was described earlier (7, 11, 14, 26). GST-tagged MED 1547962,
ASKsog 674, and IWS1446 496 plasmids were expressed in Escherichia coli cells
and purified using Glutathione-Sepharose beads (GE Life Sciences) using
standard protocol.

NMR Spectroscopy and MD. NMR spectra were acquired at 25 °C on 600-MHz
and 850-MHz Bruker Avance spectrometers equipped with ">N/"*C/'H cryo-
probes. A series of double- and triple-resonance spectra (71, 72) were recorded
to determine essentially complete sequence-specific resonance backbone and
side-chain assignments. Restraints for 'H-'H distance required for structural
calculations were derived from 3D ">N/'H NOESY-heteronuclear single quan-
tum coherence (HSQC) and '*C/'"H NOESY-heteronuclear multiple quantum
coherence, which were acquired using a NOE mixing time of 100 ms.

The families of converged structures were initially calculated using Cyana
(73). Subsequently, five cycles of simulated annealing combined with re-
dundant dihedral angle restraints were used to produce sets of converged
structures with no significant restraint violations, which were further refined
in explicit solvent. The statistics for the resulting structures are summarized
in SI Appendix, Table S1. The structures, NMR restraints, and resonance as-
signments were deposited in the Protein Data Bank (PDB ID codes 6EMO,
6EMP, 6EMQ, 6EMR, and 5Y19) and the Biological Magnetic Resonance Data
Bank (accession nos. 34179, 34180, 34181, 34182, and 36120).

To follow the changes in the chemical shifts of a protein when a ligand is
bound and to determine the location of the ligand interaction site,
we calculated minimal CSPs. Minimal CSP of each assigned resonance in the
2D '>N/'H HSQC spectra of the protein in free state is calculated as the
geometrical distance in parts per million to the closest peak in the 2D ">N/'H
HSQC spectra of the same protein upon ligand binding using the formula

As= A5ﬁ+(A5N~a)2, where a is a weighing factor of 0.2 accounting for

differences in the proton and nitrogen spectral widths (74).

The representative models from the experimentally derived NMR struc-
tures for the IBD complexes with JPO2 M1 and M2, POGZ, IWS1, and
MLL1 were changed into phosphorylated variants by automatic building in
the LEaP module of AMBER14 (75). The production run was 500 ns long,
executed on graphics processing units. The resulting trajectories were ana-
lyzed using CPPTRAJ program (76) of AMBER14 and hydrogen bonds formed
between the IBD and the residues from the flexible linker of binding part-
ners are summarized in S/ Appendix, Table S6.

Cell Culture and Isolation of Primary Murine Hematopoietic Stem Cells. All cells
were grown in a humidified atmosphere containing 5% CO, at 37 °C. The
293T cells were grown in DMEM (Gibco-BRL) supplemented with 8% vol/vol
heat inactivated FBS (Sigma-Aldrich) and 50 pg/ml gentamicin (Gibco). To
isolate lineage-depleted murine hematopoietic stem cells, femurs and tibias
of 8- to 10-wk-old C57BL/6J mice (Janvier) were harvested to extract crude
bone marrow cells. Lineage-depleted (Lin-) progenitors were isolated from
the crude extracts with the EasySep Mouse Hematopoietic Progenitor Cell
Isolation Kit (STEMCELL Technologies) and cultured in RPMI-1640 (10% FCS
and 50 pg/mL gentamicin), supplemented with miL-6 (10 ng/mL), miL-3 (6 ng/mL),
and mSCF (100 ng/mL; PeproTech).

Coimmunoprecipitations. HEK 293T cells were transfected with the plasmids
using branched polyethylenimine. On the second day, cells were washed with

1. Dhayalan A, et al. (2010) The Dnmt3a PWWP domain reads histone 3 lysine 36 tri-
methylation and guides DNA methylation. J Biol Chem 285:26114-26120.

2. Eidahl JO, et al. (2013) Structural basis for high-affinity binding of LEDGF PWWP to
mononucleosomes. Nucleic Acids Res 41:3924-3936.

3. Okuda H, et al. (2014) MLL fusion proteins link transcriptional coactivators to pre-
viously active CpG-rich promoters. Nucleic Acids Res 42:4241-4256.
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PBS and lysed. Nuclei were pelleted and lysed. The lysate was cleared by
centrifugation and incubated with ANTI-FLAG M2-agarose affinity resin (Sigma-
Aldrich) and DNase (Roche). In the phosphatase inhibitor condition, all buffers
contained PhosStop inhibitor (Roche). Immunoprecipitated protein was eluted
and visualized by Western blotting (S/ Appendix, Supplementary Methods).

AlphaScreen. AlphaScreen measurements were performed in a total volume
of 25puL in 384-well Optiwell microtiter plates (PerkinElmer). The optimal
protein concentrations for each experiment were determined by cross-
titration to avoid binding curve perturbation while still yielding a high
signal-to-noise ratio. The concentrations of proteins used in these titrations
were selected to optimally distinguish the WT and mutant curves. At these
concentrations, WT proteins remain close to background, while higher-
affinity mutants yield high AlphaScreen counts. Each titration was per-
formed in duplicate, and assays were independently repeated three times.

Mass Spectrometry. For detection of JPO2 and MLL1 interactors, HEK
293T cells were transfected with the respective FLAG-tagged expression
constructs, nuclear extracts were prepared and proteins were immunopre-
cipitated and digested using trypsin or chymotrypsin. All samples were an-
alyzed on UltiMate 3000 RSLChano system (Dionex; Thermo Scientific)
coupled to a TripleTOF 5600 mass spectrometer with a NanoSpray Il source
(Sciex). TOF MS mass range was set to 350-1500 m/z; in MS/MS mode the
instrument acquired fragmentation spectra within m/z range 100-2000. For
analysis of phosphopeptides, immunoprecipitated proteins were separated
by SDS/PAGE. Peptides generated by trypsin digestion were subjected to
mass spectrometric analysis using MALDI-FTMS solariX (Bruker Daltonics)
equipped with a 15-T superconducting magnet and SmartBeam laser.

Generation of Retroviral Vectors. For retroviral vector production, 6 x 10°
HEK293T cells were seeded in 8.5-cm Petri dishes. On the next day, 5 pg of the
respective pMSCV transfer plasmid and 5 ug ecotropic packaging plasmid (iPak), a
kind gift from J. Schwaller, University Children’s Hospital Basel, Basel, Switzerland,
were incubated for 15 min at room temperature in the presence of 2 mL serum-
free medium and 20 pL turbofect (Thermo Scientific). The transfection mix
was added to the cells in a final volume of 5 mL DMEM supplemented with 10%
FCS (Thermo Scientific) and 50 pg/mL gentamicin (Thermo Scientific). After 24 h,
the medium was refreshed. Vector-containing supernatant was harvested 48 h
posttransfection, filtered through a 0.45-uM filter, and stored at —80 °C.

Clonogenic Growth Assays in Vitro. Murine lineage-depleted stem cells were
transduced on two consecutive days with the respective pMSCV-based vectors
using spinoculation (2,000 x g, 90 min) in the presence of 4 pg/mL polybrene.
After 24 h, the murine myeloid CFU assay was initiated. Transduced lineage-
depleted cells were plated in murine methylcellulose containing miL-3, mIL-
6, and mSCF (Methocult M3534; STEMCELL Technologies). The number of
colonies was scored after 6-7 d. Colonies were harvested and washed twice
with RPMI-1640 (containing 10% FCS and 50 pg/mL gentamicin). Cells were
counted in a Neubauer chamber using trypan blue for dead-cell exclusion
and plated in fresh medium for the subsequent round.
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