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SUMMARY

MY C is an oncoprotein transcription factor that is overexpressed in the majority of malignancies.
The oncogenic potential of MY C stems from its ability to bind regulatory sequences in thousands
of target genes, which depends on interaction of MY C with its obligate partner, MAX. Here, we
show that broad association of MY C with chromatin also depends on interaction with the WD40-
repeat protein WDR5. MYC binds WDRS5 via an evolutionarily conserved “MYC box I11b” motif
that engages a shallow, hydrophobic, cleft on the surface of WDRS. Structure-guided mutations in
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MY C that disrupt interaction with WDRS5 attenuate binding of MYC to ~80% of its chromosomal
locations and disable its ability to promote induced pluripotent stem cell formation and drive
tumorigenesis. Our data reveal WDR5 as a key determinant for MY C recruitment to chromatin
and uncover a tractable target for the discovery of anti-cancer therapies against MY C-driven
tumors.

INTRODUCTION

The MYC oncogenes encode a family of related transcription factors (c-, L-, and N-MYC)
that are overexpressed in the majority of malignancies and contribute to ~100,000 cancer-
related deaths annually in the USA alone (Vita and Henriksson, 2006). MYC proteins derive
their oncogenicity from an aggregate of effects on cell growth, proliferation, metabolism,
genome stability, and apoptosis—actions that in turn depend on their function as sequence-
specific transcriptional regulators (Tansey, 2014). Although the precise number of MYC
target genes is the subject of debate, it is clear that MY C proteins drive tumorigenesis by
regulating thousands of genes and, depending on context, can function as both
transcriptional activators and repressors.

Key to the actions of MYC as a transcription factor is its ability to bind specific DNA
elements within the regulatory regions of its target genes. To bind DNA, MYC must
heterodimerize with its obligate partner, MAX (Blackwood and Eisenman, 1991), forming a
basic helix-loop-helix (bHLH) DNA-binding domain (DBD) that recognizes the major
groove of DNA. MYC-MAX heterodimers preferentially bind the “E-box” motif
(CACGTG) that is found in promoters and enhancers controlled by MYC, although they can
also to bind to E-box variants and sequences that lack this motif entirely (Tansey, 2014).
The importance of MAX to the function of MY C is supported by the widespread overlap of
these proteins on chromatin (Lin et al., 2012), the impact of mutations that disrupt MYC-
MAX dimerization on MYC’s oncogenicity (Amati et al., 1993), and by the demonstration
that genetic inhibition of MYC-MAX association causes tumor regression in multiple model
systems of cancer (Annibali et al., 2014; Soucek et al., 2013).

Despite the role of direct DNA interaction in recruiting MYC to its target genes, evidence
indicates that binding of MYC to DNA in the cell is influenced by additional factors. There
is a particularly strong bias for MYC to bind chromatin that is enriched in ‘active’ histone
modifications such as histone H3 lysine 4 (K4) and 79 (K79) methylation (Guccione et al.,
2006; Lin et al., 2012; Sabo et al., 2014; Walz et al., 2014; Zeller et al., 2006). Indeed, based
on the correlation between MYC binding and these epigenetic marks, it has been proposed
that H3K4/79 methylation is strictly required for MY C to engage target gene chromatin
(Guccione et al., 2006). Whether this requirement reflects the accessibility of the DNA in
modified nucleosomes, recognition of methylated histones by epigenetic ‘readers’, or some
other process, is unknown.

Structure-function analyses of MYC have delineated a critical transcriptional activation
domain (TAD) in the amino-terminal third of the protein and a bHLH DNA-binding domain
in the carboxy-terminal third of the protein (Tansey, 2014). The intervening central portion
of MYC, in contrast, is poorly understood, but is likely to have important functions as it
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contains three highly conserved sequences known as “MYC boxes” (Mb) Illa, 11lb, and IV
(Meyer and Penn, 2008). Mbllla contributes to transcriptional repression by MYC, likely via
association with histone deactylases (Kurland and Tansey, 2008). MblV is required for
MY C to bind naked DNA through an unknown mechanism (Cowling et al., 2006). And
MbllIb has, as yet, no known function. Here, we report that Mblllb acts by binding directly
to WDR5, a WDA40-repeat protein present in multiple chromatin regulatory complexes,
including H3K4 methyltransferases. We show that interaction with WDR5 is not required
for MYC to bind naked DNA, but is required for MY C to broadly associate with target
genes in vivo and to drive tumorigenesis. Properties of the MYC-WDRS interface make it a
potentially viable point for the discovery of small molecule inhibitors that disrupt the MYC-
WDRS interaction and interfere with MY C function in cancer cells.

Identification of WDR5 as a direct MYC-interaction partner

To illuminate the function of the central portion of c-MYC (residues 151-319; Figure 1A),
we searched for factors that interact with this region using a two-pronged approach that
involved two-hybrid and proteomic screening (Figure S1). One protein identified in both
assays was WDR5, a WD40-repeat-containing protein that assembles into a number of
chromatin regulatory complexes including the MLL/SET methyltransferases that methylate
H3K4 and the MOF/NSL histone acetyltransferases that acetylate histone H4. Using co-
immunoprecipitation, we confirmed that T7-tagged WDR5 binds to the central portion of
MY C after transient co-expression with a FLAG-Gal4-MYC (151-319) fusion in human
cells, but does not associate with the MYC TAD (residues 2-127) under similar conditions
(Figure 1B). We observed that retrovirally-expressed FLAG-MYC binds endogenous
WDR5 (Figure 1C). And we found that endogenous MY C robustly associates with
endogenous WDRS5 (Figure 1D). Consistent with identification of WDRS5 via a two-hybrid
assay, we also determined that interaction between the two proteins is direct, as recombinant
full-length MYC and WDRS5 interact when expressed and purified from Escherichia coli
(Figure 1E). WDRS has also been identified as a MYC-binding partner by Ullius et al.,
(2014), and was detected in a recent proteomic survey for MY C-interacting proteins (Dingar
et al., 2014). Together, these data establish that WDRS5 is a bona-fide and direct interaction
partner that associates with the central portion of MYC.

MYC and WDR5 co-localize extensively on chromatin

If MYC and WDRS5 interact in a meaningful way, we might expect these two proteins to
bind to the same or overlapping sites on chromatin. Indeed, we analyzed two distinct
published chromatin immunoprecipitation-sequencing (ChIP-seq) datasets from mouse
embryonic stem cells (Ang et al., 2011; Chen et al., 2008) and found a widespread overlap
between the two proteins, with 1552/3295 (47%) of sites for c-MYC—and 2907/6913 (42%)
of sites for N-MY C—overlapping with a site bound by WDR5 (Figure 2A, B). To probe the
extent of this overlap further, we directly compared localization of MYC and WDRS5 in
HEK?293 cells engineered to express FLAG-epitope-tagged MYC at an average
concentration of ~30,000 molecules per cell (Figure S2); a level sufficient for suppression of
endogenous MYC expression (Penn et al., 1990) but well below that where promiscuous
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binding to all active loci is observed (Lin et al., 2012). Our ChlP-seq analysis identified
2,527 high-confidence binding sites for exogenous MY C (Figure 2C), the majority of which
are located either at promoters or within transcription units (Figure 2D). We mapped 17,171
sites for WDR5 (Figure 2C), which also displayed a marked preference for promoters but
showed significantly higher enrichment in intergenic regions than MYC (Figure 2D).
Importantly, comparison of these profiles revealed that 2004/2527—79%—of the binding
sites for MYC overlap with WDR5 (Figure 2C). Motif enrichment analysis showed highly-
significant enrichment of E-boxes in both the MYC and WDRS5 binding sites (Figure 2E)
with 77% (674/875) of the MYC/WDRS5 colocalized genes carrying this motif (Figure 2F),
compared to the 38% (875/2317) average presence of E-boxes in MYC-bound loci. Finally,
we performed high resolution ChlP mapping at the SNHG15 long non-coding RNA gene
(Figure 2G), which bound both MYC and WDRS5 in our ChlP-seq analyses. We observed
that MYC and WDR5 distribute identically across SNHG15, with the signals for both
proteins peaking at an E-box within exon 1. Because MYC binding is known to correlate
with H3K4 trimethylation, we also monitored distribution of this modification across the
SNHG15 gene (Figure 2G). Interestingly, the profiles for MYC and WDR5 are both
noticeably different from that for H3K4 trimethylation, showing that—at this level of
resolution and at this locus—binding of MY C correlates better with WDRS5 than with
trimethylation of H3 at lysine 4. We conclude that there is a widespread and intimate
overlap of MYC and WDRS5 binding sites on chromatin.

MYC binds WDRS5 via the evolutionarily-conserved Mblllb motif

We next asked how MYC binds WDR5. Co-immunoprecipitation analysis of a set of
transiently-expressed FLAG-Gal4-MYC fusions showed MY C residues 151-275 of MYC
bind T7-WDR5, whereas residues 151-234 do not (Figure 3A). Alignment of the
intervening region of c-MYC with evolutionarily diverse MYC proteins (Figure S3A)
revealed that this segment contains Mblllb, a conserved 10 amino acid block featuring an
invariant “EEIDVV” core present in all MYC family members from all species (Figure 3B).
Interestingly, WDRS5 shows a similar pattern of deep conservation, which prompted us to
ask whether MblllIb is sufficient for interaction of MY C with WDRS5. Using fluorescence
polarization anisotropy (FPA), we showed that a 10-residue Mblllb peptide (residues 258—
267 of human c-MYC) binds to WDRS5 with a K4 of 9.3 pM (Figure 3C), confirming that
Mblllb is a self-contained WDRS5-interaction module.

To understand how MY C interacts with WDR5, we solved the X-ray crystal structure of
WDR5 in complex with an MblIIb peptide at 1.9 A resolution (Table 1; Figure 3D). The
overall structure of WDRS5 in this complex is almost identical to the reported apo structure
for WDRS5 [all backbone atom RMSD 0.21 A; (Schuetz et al., 2006)] indicating that WDR5
does not undergo significant structural alterations when bound to Mblllb. In the complex,
the MbllIb peptide binds WDRS5 in an extended conformation on one face of the WDR5 B-
propeller disc, lying in a cleft formed from loops that link blades of the 3-propeller (Figure
3E). The cleft to which Mblllb binds is hydrophobic in nature but surrounded by positive
charge (Figure 3E), consistent with the negative electrostatic potential of the Mblllb peptide.
Within the WDR5 cleft are two hydrophobic pockets that mediate critical interactions with
residues in the EEIDVV core: pocket 1 is created by tyrosine 228 (Y228), leucine 240
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(L240) and leucine 249 (L249) of WDR5, which accommaodate isoleucine 262 (1262) of
MYC; pocket 2 is created by phenylalanine 266 (F266) and valine 268 (V268) of WDRS5,
which accommodate side chains of valines 264 and 265 (VV264; VV264) of MYC (Figure 3F).
The complex is also stabilized by intramolecular hydrogen bonds, including those involving
the side chains of asparagine 225 (N225) and glutamine 289 (Q289) of WDR5. Accordingly,
mutation of residues N225, L240, or V268 in WDR5 block interaction of recombinant
WDRS5 with recombinant full-length MY C in vitro (Figure 3G), demonstrating that the
Mbll1Ib interaction surface defined in the structure is relevant to interaction of WDR5 with
the entire MYC protein.

MYC binds WDRS5 via an interaction surface that is shared with RBBP5 and KANSL2

WDRS interacts with a number of proteins, including MLL/SET methyltransferases (Patel et
al., 2008), histone H3 tails (Migliori et al., 2012), and the RBBP5 (Avdic et al., 2011; Odho
et al., 2010) and KANSL2 (Dias et al., 2014) components of the MLL/SET and NSL
complexes, respectively. The MLL/SET and H3 binding sites are located on the opposite
side of WDRS5 that binds Mbll1b, but RBBP5 and KANSL2 bind to the same site on WDR5
that interacts with MY C. Indeed, comparative analysis (Figure 4A, Figure S4) revealed that
MY C binds WDRS5 in a manner virtually identical to RBBP5 (all backbone atom RMSD
0.35 A) and KANSL2 (all backbone atom RMSD 0.25 A), with all three proteins making
key contacts with the same two hydrophobic pockets in WDRS5. These structural similarities
are reflected at the sequence level, as the invariant core motif of MbllIb is highly similar to
the corresponding regions of RBBP5 and KANSL2 (Figure 4B). Consistent with the
identical patterns of WDR5-binding shared by these three proteins, binding of MY C and
RBBP5 to WDR5 appears mutually exclusive, as full-length FLAG-MY C recovered from
cells is devoid of co-associated endogenous RBBP5, even under conditions where FLAG-
WDR5 and endogenous RBBPS5 associate strongly (Figure 4C). Based on these
observations, we conclude that MYC binds WDR5 via a modality that is shared with core
components of the MLL/SET and NSL histone modifiers. Furthermore, because of the
overlapping nature of these interactions, we conclude that MYC must interact with WDR5
in a way that does not involve (or disrupts) MLL/SET or NSL2 complexes.

To validate our structure, we measured the interaction of Mblllb mutant peptides with
recombinant WDRS5 using a fluorescent polarization anisotropy assay (Figure 4D). Alanine
substitutions at 1262, V264, and V265 reduced the affinity of interaction by six- to 10-fold,
while mutation of V264 to glycine (V264G), or simultaneous mutation of 1262/V/264/V265
to glutamic acid (“WBM?”), disrupted interaction with WDR5 (Kq4 >500 pM). Thus, as
predicted by the structure, hydrophobic resides in the Mblllb core are critical to binding
WDRS5. Importantly, both the WBM and V264G mutations also prevented the interaction of
full-length FLAG-MY C with endogenous WDRS after retroviral-mediated expression in
human cells, while leaving MY C expression, and association with endogenous MAX,
unaffected (Figure 4E). The WBM mutation also disrupts the interaction of FLAG-tagged L-
MY C with endogenous WDR5 (Figure 4F). These data demonstrate that MbllIb is the sole
essential element in MY C required for binding to WDR5.
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Association with WDRS5 is broadly required for MYC to bind target gene chromatin

We next characterized how mutations in MYC that disrupt interaction with WDR5 impact
the ability of MY C to bind target genes. The WBM mutation does not affect MYC
expression (Figure 5A) or association with MAX (Figure 4E), demonstrating that this is a
true separation of function mutation that is selective for WDR5. Consistent with the ability
of the WBM MY C mutant to bind MAX, this mutation does not alter binding to a canonical
E-box in naked DNA (Figure 5B). Moreover, the WBM mutation has no effect on nuclear
localization of MYC—as measured by biochemical fractionation (Figure 5C) and
immunohistochemistry (Figure S5A), demonstrating that the mutant protein is localized in
the nucleus and retains its DNA binding characteristics. When we performed ChiP-seq to
examine binding of the WBM mutant to chromatin, however, we found that 80%
(2039/2527) of WT MYC binding sites are lost upon introduction of the WBM mutation
(Figure 5D), 78% (1568/2004) of which are at sites where MY C and WDR5 co-localize
(Figure 5E). Imperceptible differences in the expression of the two forms of MYC are not
responsible for these differences in chromatin association, as vast overexpression of MYC
under the control of a potent inducible promoter (Figure 5F) fails to rescue chromatin
binding of the WBM mutant (Figure 5G). Moreover, the failure of the WBM MY C mutant
to bind chromatin is not due to changes in WDR5 localization, as this mutant has little if any
impact on recruitment of WDR5 to a set of representative MY C/WDR5-bound loci (Figure
S5B). Finally, the effect of the WBM mutation on MY C binding is recapitulated by the more
conservative V264G single point mutation (Figure 5H), supporting the idea that loss of
WDRS interaction underlies the defect in chromatin binding we observe in the WBM
mutant. We conclude that interaction with WDRS is required for MY C to effectively
recognize its target genes in the context of chromatin.

The MYC-WDRS5 interaction is required for MYC-driven tumorigenesis

To determine whether the defects in chromatin binding we observe upon loss of the MY C-
WDRS interaction impacts the biological activity of MY C, we tested WDR5-binding-
deficient MYC mutants in three assays of MY C function. First, we tested the ability of MYC
to cooperate with OCT3/4, SOX2, and KLF4 (OSK) to reprogram mouse embryo fibroblasts
to induced pluripotent stem cells (iPSCs; (Nakagawa et al., 2008)). We selected this assay
because it requires a DNA-binding competent form of MYC (Nakagawa et al., 2010), and
because WDRS is essential for the initial phases of somatic cell reprogramming and iPSc
generation (Ang et al., 2011). In this context, WT MYC efficiently stimulated iPSC colony
formation but the WBM MY C protein did not (Figure 6A, B). Indeed, the combination of
WBM MY C with OSK was comparable in reprogramming efficiency to that seen with OSK
alone, despite the fact that both forms of MYC were expressed at equivalent levels (Figure
6C). We conclude that interaction with WDRS5 is required for MYC to stimulate efficient
somatic cell reprogramming.

Next, we asked whether the WBM mutation impacts the ability of MYC to promote

“transformation”, as measured by anchorage-independent growth of engineered NIH3T3
fibroblasts in soft agar. Remarkably, in this assay, loss of interaction with WDRS5 had no
detectable effect on MYC function, as both the WT and WBM forms of MY C stimulated
equivalent levels of colony formation above the “vector only” control (Figure 6D, Figure
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S6A). Moreover, we detected no notable differences in either the size or morphology of
colonies formed with either MYC protein (Figure S6B), demonstrating that the MYC-
WDRS interaction is dispensable for in vitro transformation by MY C under our assay
conditions.

Others have reported that MY C mutants incapable of DNA binding can drive transformation
in vitro (Conacci-Sorrell et al., 2014), but it is clear that in vivo tumorigenesis by MYC
depends on its chromatin-binding abilities (Tansey, 2014). To follow our MYC mutants in a
more demanding and tumor-relevant context, therefore, we injected the same fibroblasts as
in Figure 6D into the flanks of athymic nude mice and monitored tumor formation (Figure
6E-G, Figure S6C,D). Compared to WT MYC, which produced large, aggressively
growing, tumors during the 21 day course of this experiment, both the WBM and V264G
mutants of MY C were significantly less tumorigenic, promoting slower-growing tumors that
were, on average, 80% smaller than WT MY C-expressing tumors after resection (WT vs
WBM p<0.001; WT vs V264G p<0.001). The dramatic deficit in the behavior of WDR5-
binding-deficient MYC mutants in mice, compared to in vitro transformation assays,
illustrates that these assays measure fundamentally different aspects of MY C function.
Importantly, this deficit also reveals a critical role for the MYC-WDRS5 interaction in the
tumorigenicity of MYC in vivo.

DISCUSSION

The role of MY C proteins as transcription factors means that their ability to engage specific
gene sequences within the context of chromatin is paramount to their activity. It is well-
established that binding of MYC to target genes requires interaction with MAX. However, it
is also clear that precisely where MYC binds to chromatin is influenced by additional
factors. The work presented here argues that one of these additional factors is interaction of
MY C with WDR5. Based on our findings, we hypothesize that, in order to stably associate
with a majority of target genes, MYC-MAX complexes make at least two important
contacts—one with DNA, and the other with pre-bound and proximal WDR5. We further
propose that the avidity provided by this mechanism not only stabilizes MYC on chromatin,
but provides flexibility in terms of where MYC binds by integrating both genetic—DNA
sequence—and epigenetic—WDR5—determinants, the latter of which may be positioned in
a context-dependent manner. Finally, because the MYC-WDRS interface is small and
structurally well-defined, we posit that small molecules capable of interacting with the
MbllIb-binding pocket on WDR5 could disrupt MY C function and provide a novel
approach for targeting MY C-driven tumors.

Mblllb and the central portion of MYC

By comparison to other regions of the protein, the central portion of MYC is understudied.
Yet this portion contains three highly-conserved Myc boxes, implying some important role
for these elements in MYC function. Studies of MYC boxes I and Il within the MYC TAD
have been instrumental in defining how MY C functions (Tansey, 2014), but to our
knowledge MbllIb has not been systematically studied in any mammalian MY C protein.
Early work using large internal deletion mutants failed to reach a consensus on the
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importance of the central portion of MYC, with deletion mutants encompassing Mblllb
active in some in vitro transformation assays, but not others (Biegalke et al., 1987; Heaney
etal., 1986; Stone et al., 1987). As reported here, however, behavior in such in vitro assays
does not necessarily recapitulate what occurs in tumorigenesis in vivo—a discrepancy that
has also been reported for other variant MY C proteins, such as “MYC-nick” which lacks the
entire DNA-binding domain of MYC and yet efficiently promotes transformation in vitro
(Conacci-Sorrell et al., 2014). We suggest that the non-essential nature of MbllIb for in vitro
transformation, and a failure to analyze appropriate mutants in more stringent contexts, is
the reason MbllIb has not been the focus of more attention in the past.

MYC box Illb is extraordinarily conserved. The EEIDVV core of Mbllib is present in all
MY C family members from all animals, including Trichoplax adhaerens, the simplest
known metazoan. This EEIDVV core is also present in MYC from the unicellular eukaryote
Capsaspora owczarzaki (Young et al., 2011), which possesses a WDR5 homolog that is
75% identical to its human counterpart (Genbank accession: EFW41757.1). The level of
conservation of the MbllIb core highlights the significance of this motif in MYC proteins
throughout evolution. Importantly, our analyses reveal the role of both the acidic and the
hydrophobic residues in the EEIDVYV core for interaction with WDRS5. Our ability to
account for all residues in the core in terms of WDR5 binding provides a molecular
rationalization for the conservation of these residues in MY C and leads to the inexorable
conclusion that MbllIb is conserved because it is a docking site for WDR5. Moreover,
because MYC binds WDR5 and not the WD40-protein RBBP5, these data also indicate that
MbllIb is sufficient to discriminate between different types of WD40-repeat containing
proteins. Based on the universal conservation of the Mblllb core motif, and how it engages
WDRS5, we predict that all MY C proteins associate with WDRS5 via this element.

WDRS5 as a critical co-factor for MYC proteins

Four observations point to a fundamental role for WDR5 for MYC activity. First, the
WDR5-interaction motif is strictly preserved in all metazoan MYC proteins, as discussed
above. Second, MYC and WDR5 extensively co-localize on chromatin, as documented in
HEK?293 and mouse embryonic stem cells. Third, structure-guided point mutations in MYC
that disrupt interaction with WDR5 block interaction of MY C with the majority of its target
genes, but do not impact MYC expression, localization, interaction with MAX, or binding to
naked DNA. Finally, these same mutations attenuate the ability of MYC to promote somatic
cell reprogramming and to drive tumorigenesis in mice. Although it is formally possible that
these mutations perturb some unknown aspect of MY C behavior, the most parsimonious
way to reconcile the evolutionary, structural, genomic, and genetic data presented here is to
conclude that direct interaction with WDR5 facilitates MY C recruitment to its target genes,
which in turn is required for its functions in iPSc formation and tumorigenesis.

One important question raised by this work centers on the biochemical context in which
MYC and WDRS5 associate. Recent work by Ullius et al., (2014) may shed light on this
issue. Specifically, they reported that MY C binds directly to two components of MLL/SET
methyltransferases, WDR5 and ASH2L. Although they did not investigate how MYC
associates with WDRS5 nor interrogate the significance of the interaction, they examined
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published ChlIP-seq data sets from normal human epidermal keratinocytes and similarly
found a widespread overlap of MYC and WDR5 on chromatin and an enrichment of E-
boxes in motifs bound by WDR5 (Ullius et al., 2014). In contrast to our study, however,
Ullius et al., concluded that these interactions allow MYC to bind functional MLL/SET
complexes. This may be possible via interaction of MYC with ASH2L, but cannot occur via
the interaction of MYC with WDRS5 we describe here. Because MYC binds WDRS5 via an
interaction surface that is identical to RBBP5, and because RBBPS5 is required for the full
enzymatic activity of MLL/SET complexes, MYC cannot associate with active and
complete MLL/SET complexes via its interaction with WDRS5. A similar argument can be
made for KANSL2 and the NSL histone acetyltransferase complexes. The observation that
WDR5 binding to chromatin precedes that of MYC (Ullius et al., 2014) and is not impacted
by the WBM mutation (Figure S5B) strongly implies that WDR5 must be brought to
chromatin through a mechanism that is MY C-independent, and likely as part of a chromatin
regulatory complex. One possibility is that MY C associates separately with pre-bound but
biochemically-distinct forms of ASH2L and WDRYS5, the latter of which is part of a complex
that contains neither RBBP5 nor KANSL2, such as the ATAC histone acetyltransferase
(Suganuma et al., 2008). Alternatively, MYC may initially recognize a chromatin-bound
MLL/SET (or KANSL2) complex—perhaps by interaction with proteins such as ASH2L—
and then selectively disengage RBBP5 (or KANSL2) from the complex, leaving in its wake
a ‘ghost’ complex that is enzymatically inactive but anchored to its original location on
chromatin. In this way, MY C binding would be linked to active histone modifications, as
many studies have shown (Tansey, 2014), but by direct recognition of core enzymatic
components, rather than through a dedicated set of ‘reader’ proteins. Further work will be
required to decipher the biochemical form of WDRS5 that binds MYC.

Possibilities

MY C is one of the most important oncoproteins in human malignancy, suggesting that
effective therapies to treat cancer could stem from the discovery of drug-like molecules that
interfere with MY C in cancer cells. Consistent with this notion, MYC is a highly-validated
anti-cancer target, as genetic inhibition of MY C consistently causes tumor regression in
mouse animal models, including in those cancers where MY C is not the primary oncogenic
lesion (Soucek et al., 2013). Although recent success has been achieved with small-
molecules that inhibit MYC gene transcription via inhibition of the bromodomain-containing
protein Brd4 (Delmore et al., 2011), these inhibitors will likely only work in the subset of
tumors where MYC transcription is Brd4-dependent. Targeting the MY C protein itself might
be expected to more globally inhibit MY C-driven tumors, but the amino-terminal
transactivation and carboxyl-terminal DNA-binding domain of MY C are unfolded in
solution and difficult to target with small molecules, and there is as yet no small, soluble,
and potent inhibitors of MYC function. Our work, however, suggests that the MYC-WDR5
interface may be a viable point for development of MY C inhibitors. Association of MYC
with WDRS appears to be almost entirely mediated by Mblllb, which binds weakly to
WDR5 and in a shallow hydrophobic cleft that buries just ~1000 AZ of protein surface. The
tractable and structured properties of this interface, together with its universal conservation
in MYC proteins, make it well-suited for the discovery of small molecules that attenuate
MY C function by preventing stable recruitment of MYC to chromatin. This could be a
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promising strategy for targeting the many and diverse tumors that depend on MYC for their
survival.

EXPERIMENTAL PROCEDURES

Plasmids and Recombinant DNA manipulations

Details of plasmids used in this analysis are presented in Extended Experimental Procedures.

Two-hybrid and proteomic screening—Yeast two-hybrid Screening was performed
by Hybrigenics Services, S.A.S, France using a Gal4-DBD-MYC (220-270) fusion as bait.
For proteomic screening details, see Extended Experimental Procedures.

Production of recombinant proteins—For production of recombinant MYC and
WDRS5, appropriate pSumo plasmids were transformed into BL21 DE3 Rosetta 2 cells
(EMD Millipore) and induced and purified on Ni NTA Agarose (Qiagen). For FPA assays
and structure determination, large-scale protein production was carried out by fermentation
at 30°C overnight. Additional details are provided in Extended Experimental Procedures.

Structural determination

Amino-terminally truncated WDR5 (24-334) was crystallized in the presence of a five-fold
molar excess of the MbllIb peptide. A single flash-cooled crystal diffracted to 1.9 A, and
data were collected on the Life Sciences Collaborative Access Team (LS-CAT) 21-1D-D
beamline at the Advanced Photon Source (APS), Argonne National Laboratory. The
WDR5-MblIIb structure was determined by molecular replacement method using the
WDR5-RBBP5 peptide complex (PDB ID: 2XL2) as the search molecule in Phaser (McCoy
et al., 2007). The model was refined to a final R and R-free values of 17% and 21%,
respectively.

Chromatin immunoprecipitation and analyses

ChIP experiments were performed as described in Extended Experimental Procedures.
ChlIP-seq data sets have been deposited at the Gene Expression Omnibus (GEO).

Anchorage-independent growth

Soft agar assays, in retrovirally-transduced NIH3T3 cells, were performed as described
(Overholtzer et al., 2006). Cultures were grown for 30 days before colonies were counted.

iPSC reprogramming—These experiments were performed using MEFs that carry a
GFP-IRES—puro cassette integrated in the Nanog locus (Nanog-GFP) (Maherali et al.,
2007). Retroviral transduction was used to express OSK and MYC proteins. Transduced
MEFs were plated onto Mitomycin-C treated SNL feeder cells. Three weeks after plating,
iPS cell colonies were visualized for activation of the Nanog-GFP reporter and staining for
alkaline phosphatase activity. Reprogramming efficiency was calculated as total number of
alkaline phosphatase-positive colonies per 100,000 transduced MEFs.
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In vivo tumorigenesis assays—6-week-old athymic nude mice (strain Foxn1nu/nu;
Harlan Laboratories) were subcutaneously injected with NIH3T3 cells stably expressing
MY C proteins. Tumor size was measured every two days and ellipsoidal tumor volume
calculated. Tumor mass was determined by resection of tumors from surrounding tissue and
weighing. Experiments with mice were pre-approved by the Vanderbilt Institutional Animal
Care and Use Committee and followed all state and federal rules and regulations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. WDRS5 binds directly to the central portion of MYC
(A) Schematic representation of MYC proteins. Functional domains of MYC are shown at

top (transcriptional activation domain, TAD; MAX/DBD, MAX-interaction and DNA
binding domain; nuclear localization signal colored red). Below represents conserved
sequences in MYC family members. Shown are five “MY C boxes” (Mb) and the basic
region-helix-loop-helix-leucine zipper (BR-HLH-LZ). (B) WDRS5 binds to the central
portion of MYC. FLAG-tagged Gal4 DBD alone (A), or fused to the indicated portions of
MYC, was transiently expressed in HEK293 cells together with T7-tagged WDRS5,
immunoprecipitated (IP) with anti-FLAG antibodies, and subject to immunoblotting (IB)
with either anti-T7 or -FLAG antibodies. (C) Full-length MY C binds WDR5. Co-
immunoprecipitation of retrovirally-expressed FLAG-tagged c-MYC (F-MYC) with
endogenous WDRS5 in extracts of stably-transduced HEK293 cells. FLAG
immunoprecipitates (IP) were immunoblotted with antibodies against WDR5, the FLAG
epitope, or MAX. 0.5% of the input (inp) is shown for WDR5; 10% is shown for MAX and
FLAG (MYC). Due to low abundance, FLAG-tagged MYC is not detectable in the input
under these conditions. (D) Endogenous MYC and WDRS5 interact. Co-immunoprecipitation
of endogenous MYC, MAX, and WDRS5 proteins from HEK293 cells treated with
proteasome inhibitor MG132 for 90 minutes. Extracts were subject to IP with antibodies
against MYC, or an IgG control, and immunoblotted with the indicated antibodies. 0.04% of
the input is shown for WDRS5; 1% is shown for MAX and MYC. (E) MYC and WDR5
interact directly. Recombinant FLAG-tagged MYC and recombinant untagged WDR5 were
mixed in equimolar ratios, and subject to immunoprecipitation with anti-FLAG resin.
Immunoprecipitates, and a sample of the input, were resolved by SDS-PAGE followed by
staining with Coomassie Blue.
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Figure 2. MYC and WDRS5 co-localize on chromatin
(A) MYC and WDRS5 binding sites overlap in mouse embryonic stem cells. Summary of

analysis of published ChIP-seq datasets (Ang et al., 2011; Chen et al., 2008) comparing
localization of c-MYC, WDR5, and H3K4 trimethylation (H3K4me3) in the two studies.
Numbers inside the Venn diagram report the number of binding sites for each factor/
modification mapped, and the overlap between them. (B) As in (A), except comparing N-
MYC, WDR5, and H3K4me3. (C) MYC and WDR5 binding sites overlap in HEK293 cells.
Venn diagram, showing the number of binding sites detected for virally-expressed FLAG-
tagged MYC (red) and endogenous WDR5 (green) in HEK293 cells by ChlP-seq, and the
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overlap between them. n=3. (D) Percentage distribution of MYC and WDR5 ChiP-seq
peaks into intergenic, promoter, and transcription units, as defined by HOMER (Heinz et al.,
2010). (E) E-box motifs are enriched in MYC and WDRS5 binding sites. Motif enrichment
analysis was performed on the ChlP-seq data from HEK293 cells. For both MYC (top) and
WDR5 (bottom), E-boxes are centrally located in ChlP-seq peaks and the enrichment is
highly significant (WT-MYC, p=2.9x107109; WDRS5, p=2.4x107134). (F) MYC/WDR5-
bound genes are enriched in E-boxes. The figure shows the total distribution of E-boxes in
genes (containing one or more peaks) for each protein, together with the subset of genes
where MY C and WDRS5 both bind (MYC/WDR5). Numbers in the lower blocks represent
the number of E-box-containing genes; numbers in the upper blocks represent the total
number of E-box-containing genes in each category. (G) MY C distribution at the SNHG15
locus closely parallels that of WDRS5. ChIP analysis was performed in HEK293 cells,
probing for distribution of MYC, WDR5, or H3K4me3 across the 5’ end of the SNHG15
gene. Dashed blue lines indicate the relative position of the primers used to interrogate ChlP
DNA. Exons 1 and 2 are numbered blue boxes, and the direction of transcription is indicated
by the arrow. SNHG15 carries two perfect E-box motifs, cartooned as red boxes. Signals are
normalized according to the maximum ChIP signal for each protein. Data are presented as
mean +/— SEM. n=3.
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Figure 3. Mblllb is a WDR5-interaction module
(A) Residues 235-275 of MYC are necessary to bind WDRS. Lysates were prepared from

HEK293 cells transiently expressing FLAG-tagged Gal4DBD fused to the indicated portions
of MYC, as well as T7-epitope-tagged WDRS5, and subject to FLAG IP. Recovered proteins
were probed with antibodies against the FLAG or T7 peptides. (B) Mblllb contains an
invariant “EEIDVV” motif. Alignment of MblIlb sequences from indicated MY C proteins,
showing homology to residues 258-267 of human c-MYC. See also Figure S3. (C) Mblllb
is sufficient to bind WDRS5 in vitro. Saturation binding curve of FITC-labeled Mbllib
peptide with purified recombinant WDRS5. Data are presented as mean +/— SEM. (D)
Structure of the MbllIb-WDRS5 complex. The MYC Mblllb peptide is shown in stick
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representation (colored by atom type) and WDRS5 is shown in surface representation (grey).
(E) Surface potential of the MbllIb—-WDR5 complex. WDR5 is shown in transparent
surface/ribbon representation. Mblllb is shown as solid surface representation. Positively-
charged features are colored blue; negatively-charged features are colored red. (F) Summary
of important interactions between the Mblllb peptide and WDR5. The MYC peptide is in
black, and critical WDRS5 residues are in red. Red arcs indicate hydrophobic contacts.
Intermolecular hydrogen bonds are shown as dotted lines. (G) Mutation of key residues in
WDRS5 required for interaction with MbllIb disrupt interaction with full-length MYC.
Recombinant FLAG-tagged WT MY C and recombinant untagged WDRS5 (WT or the
indicated mutants) were mixed in equimolar ratios, and subject to immunoprecipitation with
anti-FLAG resin. Immunoprecipitates, and a sample of the input, were resolved by SDS-
PAGE followed by staining with Coomassie Blue.
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Figure 4. MYC binds WDRS5 via an interaction surface that is shared with RBBP5 and KANSL?2
(A) MbllIb interacts with WDRS in a manner similar to that of RBBP5 and KANSL2. The

figure shows a superimposition of the Mblllb peptide (cyan, this study), the RBBP5 peptide
(orange, PDB ID: 3P4F) and the KANSL2 peptide (purple, PDB ID: 4CY2) in complex with
WDR5 (semi-transparent surface). See also Figure S4. (B) Conservation of the Mblllb core
in KANSL2 and RBBP5. Sequence alignment of the regions of KANSL2, RBBPS5, and
MY C shown to bind to WDR5. The IDVV/LDVV/VDVT core is boxed in red; conserved
negatively-charged residues preceding the core are in red. (C) MYC associates with WDR5
but not RBBP5. Lysates were prepared from HEK293 cells transiently expressing FLAG-
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tagged MYC (F-MYC) or WDR5 (F-WDR5), subject to FLAG immunoprecipitation, and
immunoblotted with antibodies against endogenous RBBP5, endogenous MAX, or the
FLAG epitope. (D) Conserved hydrophobic residues in the Mblllb core mediate interaction
with WDRS5. FPA was used to determine the equilibrium dissociation constants for each of
the indicated peptides with recombinant WDRS5. (E) Mblllb is an essential point of contact
between MY C and WDRS5. Co-immunoprecipitation of stably expressed FLAG-tagged c-
MYC (WT, WBM, or the V264G mutant) with endogenous WDRS5 in extracts of
retrovirally-transduced HEK293 cells. FLAG immunoprecipitates (IP) were immunoblotted
(1B) with antibodies against WDR5, the FLAG peptide, or MAX. 2% of input is shown for
WDRS. (F) L-MYC associates with WDR5 in an Mblllb-dependent manner. FLAG-tagged
variants of the indicated MYC proteins were transiently-expressed in HEK293 cells, subject
to FLAG immunoprecipitation (F-IP) and immunoblotted (IB) with antibodies against the
FLAG peptide or endogenous WDR5.
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Figure 5. Interaction of MYC with WDRS5 is broadly required for MYC to bind target genes in
the context of chromatin

(A) The WT, WBM, and V264G forms of MYC are expressed equivalently in HEK293
cells. Immunoblot, showing relative levels of the MYC proteins in HEK293 cells used in the
ChIP experiments presented in this figure. (B) The WBM mutation does not affect the
ability of MYC/MAX heterodimers to bind naked DNA. Extracts were prepared from
HEK?293 cells expressing the indicated MYC proteins and a gel shift assay performed using
a radio-labeled double-stranded DNA probe carrying an E-box. To confirm the specificity of
the interaction, reactions also contained an excess of unlabeled specific competitor DNA
(“Sp”, lanes 5-6) or a non-specific competitor with a mutant E-box (“NSp”, lanes 7-8). (C)
The WBM mutation does not alter nuclear localization of MYC. Stably-transduced HEK293
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cells expressing FLAG-tagged WT or WBM MY C were subjected to biochemical
fractionation into nuclear and cytosolic extracts, which were then resolved by SDS-PAGE
and MY C proteins detected by FLAG immunoblot (MY C). Extracts were also probed with
antibodies against GAPDH (cytosolic) or histone H3 (nuclear). (D) Interaction with WDR5
is required for MYC to bind a majority of target sites in chromatin. Venn diagram, showing
the number of binding sites mapped for WT-MYC (red) and WBM-MY C (blue) by ChIP-
seq in HEK293 cells, and the overlap between them. n=3. (E) Summary of 293 ChIP-seq
data for WDR5, WT-MYC, and WBM-MYC. The Venn diagram summarizes the number of
binding sites mapped for each protein, and the overlap between each of them. (F) Inducible
overexpression of WT or WBM MYC. Immunoblot, comparing expression levels of FLAG-
MY C via constitutive lentiviral overexpression in HEK293 cells (“cons”; used in ChlIP
experiments presented in panels D, E, and H) versus doxycycline-inducible overexpression
in HEK?293 cells (“induc”; used in panel G). At this exposure, the constitutively-
overexpressed MYC is undetectable. (G) Overexpression does not rescue chromatin binding
by the WBM MY C mutant. ChIP, performed on inducible MY C-expressing cells presented
in panel (F). Binding to four MYC/WDRS5-bound genes was determined via Q-PCR.
“SN_GB?” corresponds to a primer set within the SNHG15 gene body that binds neither
MYC nor WDR5. Data are presented as mean +/— SEM. n=3. (H) The WBM and V264G
MY C mutants are defective in chromatin binding. ChIP was performed on HEK293 cells
stably expressing the indicated FLAG-tagged MYC proteins (panel A). Binding to 15 MYC
target genes was determined via Q-PCR. ChIP signals are presented as the percentage of the
maximum signal for WT MYC at SNHG15. Data are presented as mean +/— SEM. n=3. See
also Figure S5.
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Figure 6. Interaction with WDRS5 is required for MY C to stimulate iPSC formation and to drive
tumorigenesis

(A) The MYC-WDRS interaction is required for MYC to stimulate iPSC formation. Mouse
embryo fibroblasts (MEFs) were retrovirally-transduced with viruses expressing OCT3/4,
SOX2, and KLF4 (OSK), with or without virus expressing WT- or WBM-MYC. Transduced
cells were grown under conditions that promote iPS formation and iPS colonies scored as
described in Experimental Procedures. Results are presented in terms of reprogramming
efficiency (number of iPSc colonies per 100,000 transduced MEFS). Data are presented as
mean +/- SEM. n=5. (B) Photomicrograph of representative iPS colony formed by WT
MYC. Scale bar represents 400 pM. (C) Immunoblotting of MYC protein expression in
MEFs used for iPSC reprogramming two-days post transduction. (D) The MYC-WDR5
interaction is dispensable for MY C-driven transformation in vitro. NIH3T3 cells were
engineered to express vector control, or FLAG-tagged WT or WBM mutant MYC, and
tested for ability to promote colony formation when plated in soft agar. After 30 days,
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colonies were blind-counted and colony numbers expressed relative to WT MYC (100%).
Student’s t-test showed no significant difference between WT and WBM MY C in this assay
(p=0.26). Data are presented as mean +/— SEM. n=6. (E) The MYC-WDRS5 interaction is
required for the tumorigenicity of MYC in vivo. The same engineered NIH3T3 cells used in
panel D were injected into the flanks of athymic nude mice (vector, n=10; WT, n=11;
WBM, n=11; V264G, n=12). The graph shows tumor volumes at the indicated times post-
injection. Data are presented as mean +/— SEM. (F) Representative tumors from 4 injection
sites for vector control and each of the MY C variants. (G) Tumor masses from mice in panel
E. Tumors were excised 21 days after injection and weighed. For Student’s t-test: vector
versus WT, p=0.00000010; WT versus WBM, p=0.0000025; WT versus V264G,
p=0.00000044; vector versus WBM, p=0.038; vector versus V264G, p=0.0091; WBM
versus V264G, p=0.45. Data are presented as mean +/— SEM. See also Figure S6.
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Crystallographic Data and Refinement Statistics

Data collection
Space group
Cell dimensions
a, b, c(A)
Wavelength (A)
Resolution@ (A)
Total reflections
Unique reflections
Completeness (%)
Redundancy
Overall (I/ol)
Rym® (%)
Structure refinement
No. reflections
Ruork/Riree (%)
No. atoms
Protein
Ligand
Water
B-factors
Protein
Ligand
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Ramachandran favored® (%)
Ramachandran allowed (%)
PDB ID code

P2,2;2

80.76, 87.18, 44.91
0.98
50.0-1.9 (1.93-1.90)

248,946
25,784

99.9 (100.0)
9.7 (9.4)
24.8 (4.3)
7.4 (67.3)

25,709
15.9/18.6

2,466
62
179

36.6
64.1
44.8

0.005
0.9
97

3.2
4YTR

&rhe numbers in parentheses refer to the highest-resolution shell

b
Rsym = hkl 2i [lhkl.i - <IhkI>//Zhkl 2<Ihk>

cValidation was done by MolProbity as implemented in Phenix
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