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ABSTRACT
DPY30 facilitates H3K4 methylation by directly binding to ASH2L in the SET1/MLL complexes
and plays an important role in hematologic malignancies. However, the domain on DPY30 that
regulates cancer growth is not evident, and the potential of pharmacologically targeting this
chromatin modulator to inhibit cancer has not been explored. Here we have developed a peptidebased strategy to specifically target DPY30 activity. We have designed cell-penetrating peptides
derived from ASH2L that can either bind to DPY30 or show defective or enhanced binding to
DPY30. The DPY30-binding peptides specifically inhibit DPY30’s activity in interacting with
ASH2L and enhancing H3K4 methylation. Treatment with the DPY30-binding peptides
significantly inhibited the growth of MLL-rearranged leukemia and other MYC-dependent
hematologic cancer cells. We also revealed subsets of genes that may mediate the effect of the
peptides on cancer cell growth, and showed that the DPY30-binding peptide sensitized leukemia
to other types of epigenetic inhibitors. These results strongly support a critical role of the ASH2Lbinding groove of DPY30 in promoting blood cancers, and demonstrate a proof-of-principle for
the feasibility of pharmacologically targeting the ASH2L-binding groove of DPY30 for potential
cancer inhibition.

bioRxiv preprint doi: https://doi.org/10.1101/554386; this version posted February 19, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

DPY30-inhibitory peptides suppress blood cancer cell growth
1. Introduction
Epigenetic modulators have emerged as promising targets for treating cancers (1), especially
blood cancers (2). Histone H3K4 methylation is a prominent epigenetic mark associated with
active or poised transcription (3), and also functionally regulates chromatin transcription (4-6). As
the major histone H3K4 methylation enzymes in mammals, the SET1/MLL complexes (7-9)
represent potential drug targets in epigenetic therapeutics due to (i) the intimate connection of
H3K4 methylation with gene expression (10,11), and (ii) their extensive association with multiple
cancers (12).
The SET1/MLL complexes comprise SET1A or 1B, or MLL1, 2, 3, or 4 as the catalytic subunit,
and also WDR5, RBBP5, ASH2L, and DPY30 as shared core subunits that are important for
efficient H3K4 methylation activity (9,13-16). In particular, we have established a direct role of
DPY30 in facilitating genome-wide H3K4 methylation (16). Further studies by us and others have
identified important roles of DPY30 in regulating fundamental cellular processes including growth
(17,18), differentiation (16,17,19), and senescence (18), especially in the hematopoietic system.
An important role of DPY30 in tumorigenesis is also increasingly evident. Genes encoding the
SET1/MLL complex core subunits including DPY30 are frequently amplified across a wide variety
of human cancers (20). DPY30 is overexpressed in gastric cancer cells and also positively
regulates the proliferation and motility of these cells (21). We have shown that DPY30 depletion
impaired c-MYC (MYC) expression and growth of several MLL-rearranged leukemias without
affecting K562 leukemia cells driven by different mechanisms (17). We have also found that the
expression of the core subunits including DPY30 was significantly upregulated in primary MYCtranslocated Burkitt’s lymphoma samples comparing to other lymphoma subtypes (20). Deleting
one Dpy30 allele in mice significantly delayed the Eµ-MYC-driven lymphomagenesis, with virtually
no effect on normal mouse physiology. Mechanistically, we have found that a high Dpy30 level is
crucial for combating oncogene-triggered apoptosis by ensuring efficient epigenetic modulation
and expression of a subset of anti-apoptotic genes. Moreover, we also show that Dpy30
heterozygosity confers primary mouse embryonic fibroblast cells remarkable resistance to
oncogenic transformation without affecting their normal growth. Molecular dissections show that,
in addition to regulating expression of endogenous MYC, DPY30 is important for MYC’s activity
as a transcription factor to bind to its genomic targets, thus providing two different levels of MYC
regulation (20). These results have established DPY30 as a critical regulator for MYC-dependent
lymphomagenesis and leukemogenesis, and may represent a potential target for treating these
hematopoietic malignancies.
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DPY30 associates with and enhances the methylation activity of SET1/MLL complexes by
directly binding to the ASH2L subunit (22). The C-terminal domain (residues 45-99) of DPY30 is
responsible for its binding with ASH2L at a short 14-residue C-terminal region (residues 510-523)
(23,24). While the precise stoichiometry of DPY30 and ASH2L in the complexes is still unclear
(25), multiple structural studies (24,26-28) indicate that dimerization (or weak oligomerization) of
the DPY30 C-terminal domain forms a semi-circle hydrophobic groove, accommodating the
amphipathic α helix of the ASH2L C-terminal region.
Although it is clear that the interaction of C-terminal domain of DPY30 with ASH2L is
responsible for the activity of DPY30 in enhancing H3K4 methylation, there is no experimental
evidence for a role of this region on DPY30 in regulating tumorigenesis. This is an important
barrier for development of potential cancer treatment strategy through targeting DPY30. To more
specifically demonstrate the role of DPY30 as a facilitator of H3K4 methylation in hematopoietic
malignancies, and also to determine the feasibility of pharmacologically targeting DPY30 for these
cancers, we sought a peptide-based strategy to block DPY30 binding to ASH2L and test the antitumor effect.
2. Materials and methods
2. 1. Peptides
Peptides were prepared using a standard, double-addition, FMOC, solid-phase peptide
synthesis strategy on the Prelude system (Gyros Protein Technologies, Sweden). Following
deprotection and cleavage from the resin, they were purified by HPLC on a 1260 Infinity HPLC
(Agilent), and confirmed by mass spectrometry to be over 95% purity. Peptides were lyophilized
and stored at -20°C until reconstituted with sterile and deionized water before use (hence same
volume of water was used as control in multiple assays). FITC-labelling of ASH2L (510-529) was
performed on resin with addition to a N-terminal aminocaproic acid (AHX) linker in a slurry of 1.1
equivalent FITC in a pyridine/DMF/DCM (12:7:5) solution and mixed overnight in the dark. FITClabeled peptide was then cleaved/purified as discussed above, with labeled peptide tracked on
HPLC through the FITC absorbance at 490 nm. Final concentration of all peptides was confirmed
using 1D 1H NMR on a 600 MHz Bruker Avance III spectrometer with a TCI cryoprobe.
2. 2. Recombinant Proteins
Recombinant proteins for SET1/MLL complexes were prepared as described (16) with
modifications. FLAG-ASH2L (F-ASH2L) and FLAG-HA-DPY30 (FH-DPY30) recombinant proteins
were individually prepared by infecting Sf9 insect cells (Invitrogen) with baculoviruses expressing
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FLAG-ASH2L (F-ASH2L) and FLAG-HA-DPY30 (FH-DPY30) for 72 hours. Cells were lysed in
BC500 (500 mM KCl, 50 mM Tris [pH 7.4], 20% glycerol, 0.2 mM EDTA) with 0.05% NP40 and
protease inhibitor cocktail (Roche), dounced and cleared by centrifugation. The supernatant was
incubated with anti-FLAG M2 resin (Sigma) at 4°C for 6 hours and extensively washed with BC500
and 0.05% NP40, followed by BC100. Bound proteins were eluted with 0.4 mg/ml FLAG peptide
(Sigma) in BC100. MLL2 core complex was prepared by co-infecting Sf9 insect cells with
baculoviruses expressing FLAG-MLL2 C-terminal fragment, untagged WDR5, RBBP5, and
ASH2L for 72 hours. Purification of the core complex was the same as that of the individual
proteins, except that the lysis and washing buffers contained BC300 and 0.1% NP40 and the
elution buffer contained BC50, without changing other components.
His-tagged human DPY30 was cloned into pET28a (Novagen), and induced by Isopropyl βD-1-thiogalactopyranoside in BL21 STAR DE3 E. coli cells (Invitrogen). Cell pellets were lysed in
the lysis buffer containing 500 mM KCL, 50 mM Tris [pH 7.5], 20% Glycerol, 0.05% NP40, 1X
EDTA-free protease inhibitor cocktail (Roche), 10 mM Imidazole, and 0.5 mg/ml Lysozyme,
followed by a wash with BC100 with 15 mM Imidazole and 1X EDTA-free protease inhibitor
cocktail (Roche). Cell lysate was sonicated and cleared by centrifugation, and then incubated with
Ni-NTA resin (GE healthcare) at 4°C for 2 hours. The resin was extensively washed by the lysis
buffer. Resin-bound His-DPY30 was used for pulldown assay with peptides. Some His-DPY30
was eluted from Ni-NTA resin by BC100 with 400 mM Imidazole, and used for pulldown assays
with the immobilized ASH2L protein. Resin-bound and eluted proteins were checked by SDSPAGE and coomassie blue staining.
2. 3. Antibodies
Antibodies are as follows: anti-HA (Abcam, ab9110), anti-AKAP95 (Santa Cruz
Biotechnology, sc-10766), anti-His (Santa Cruz Biotechnology, sc-803), anti-GAPDH (Chemicon,
MAB374), anti-FLAG (Sigma, A8592, for blotting), anti-FLAG [M2 beads] (Sigma, A2220), and
anti-H3K4me3 (Millipore, 07-473).
2. 4. Cells
All MLL-rearranged leukemia cell lines and human CD34+ cells have been previously
described (17). P493-6 cells (29) were a kind gift from Alanna Ruddell (Fred Hutchinson Cancer
Research Center, Seattle) with the permission of Dirk Eick (Helmholtz Center Munich, Germany),
and were cultured in RPMI 1640 medium with 10% FBS. Raji and Jurkat cells were kindly provided
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by Tim Townes (University of Alabama at Birmingham), and cultured in RPMI 1640 medium with
10% FBS.
2. 5. Fluorescent polarization assay
Competitive fluorescence polarization assays were performed in flat, black 96-well plates
(Nunc) in 100 μl reaction volumes with a 100 nM final His-DPY30 protein concentration and 10
nM final FITC-ASH2L (510-529) peptide concentration in a 50 mM Tris buffer (pH 7.4) with 100
mM KCl. In brief, the His-DPY30 and unlabeled peptide were added to the reaction well, mixed at
room temp for 30 minutes on a microplate shaker, then the FITC-peptide was added, mixed for
additional 30 minutes at room temperature in the dark, then plates were read on a Victor X5
(Perkin-Elmer) plate reader.
2. 6. Pulldown assays
For in vitro peptide pulldown assays, 1 μg of His-DPY30 on resin or 2 μl of Ni-NTA resin was
pre-incubated with 200 μl binding buffer (300 mM KCl, 50 mM Tris [pH 7.4], 20% Glycerol, 0.05%
NP40, and 1X EDTA-free protease inhibitor cocktail [Roche]), and further incubated at 4°C for 3
hours after the addition of 5 μg of peptide. Resin was extensively washed with the binding buffer
and was checked for bound proteins by SDS-PAGE and western blotting.
For the ASH2L-DPY30 binding inhibition assay, 2.5 μg purified FLAG-ASH2L on M2 resins
or empty M2 resins were incubated with 1 μg of purified His-DPY30, and 1.85 μg of WT or 3R
peptide in 200 μl of binding buffer (200 mM KCl, 50 mM Tris [pH 7.4], 20% Glycerol, 0.05% NP40,
and 1X EDTA-free protease inhibitor cocktail [Roche]) for 3 hours with rotation at 4°C. The resins
were extensively washed by binding buffer (above) and was checked for bound proteins by SDSPAGE and immunoblotting.
2. 7. In vitro histone methylation assay
The assay was performed as previous described (16) with some modifications. Briefly, each
methylation reaction contained 1 µg of calf type II-A histone (Sigma), 64 µM S-adenosylmethionine (SAM), 5 mM MgCl2, 10 mM Tris [pH 8.0], MLL2 core complex that contained ~150
ng MLL2 C-terminal fragment, 400 ng FH-DPY30, and 200 ng peptide in a final volume of 16 µl.
Reactions were carried out at 30°C for 1 hour and stopped by adding 4 µl of 4X SDS loading
buffer (200 mM Tris [pH 6.8], 8% SDS, 0.4% Bromophenol Blue, 40% glycerol, and 400 µM DTT)
and resolved on SDS-PAGE gel.
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2. 8. Cell entry assays
Two million P493-6, MOLM-13, and K562 cells were incubated with or without 5 µM of
indicated peptides for 1 hour in RPMI 1640 (Gibco) without FBS at 37°C and 5% CO2. The cells
were then spun down at 500 x g for 5 mins. The supernatant (media) was collected to load on to
SDS-PAGE gel. The pelleted cells were then washed 3 times with 1X PBS (Gibco) and divided
into 2 pellets during the last wash. 1X SDS loading buffer was added to one pellet to lyse cells for
the loading of total cell lysates. The other pellet was then fractionated by incubating the pellet with
L1 lysis buffer (50mM Tris [pH 8.0], 2 mM EDTA, 0.1% NP40, 10% glycerol, 1mM DTT, and
protease inhibitor cocktail [Roche]) for 10 minutes on ice. The cells were then spun down to obtain
nuclear (pelleted) and cytoplasmic (supernatant) fractions, which were resolved by SDS-PAGE
followed by immunoblotting.
2. 9. Assays for cell growth, colony formation, proliferation, and apoptosis
For cell growth assays, 0.2 million indicated cells (except human CD34+ cells) were grown in 750
μl Advanced RPMI (Gibco) with 2.5% FBS (Gibco) each for 5 days with addition of 10 μM of
indicated peptide every 12 hours at 37°C and 5% CO2. The cell growth was measured by counting
(2 samples) live cells (based on trypan blue exclusion) from each replicate on indicated days. Five
thousand human CD34+ cells were cultured as previously described (17). Cell growth was
measured as mentioned above with an additional count on day 4. For the assays for synergistic
effect of JQ1 and peptide, (+)-JQ1 (ApexBio, Cat# A1910) dissolved at 10 mM in DMSO was
added to cells once in the beginning of the entire assay at 40 nM. Y518R peptide at indicated
concentrations was added once every 12 hours. For the assays for synergistic effect of EZH2
inhibitors and peptide, GSK126 (Cayman Chemical, Cat#15415) dissolved at 4.7 mM in DMSO
and EPZ6438 (Cayman Chemical, Cat# 16174) was dissolved at 4.5 mM in DMSO and were
added to cells once in the beginning of the entire assay at 5nM and 20 nM final concentrations,
respectively. Y518R and 3R peptides at 2 µM were added once every 12 hours for the indicated
numbers of days.
Colony formation assay was performed as previously described (17). A total of 10,000
MOLM-13 cells were plated in human methylcellulose base media (HSC002; R&D Systems) with
no cytokines, containing indicated peptide at 100 μM.
Proliferation and apoptosis were determined by BrdU incorporation and Annexin V staining
assays, respectively, as previously described (19) with some modifications. Briefly, for BrdU
analysis, cells were incubated with BrdU for 15 minutes, then processed with BrdU staining using
the FITC-BrdU Flow kit (BD Pharmingen) following the manufacturer’s instructions. For apoptosis
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assays, cells were incubated with FITC-Annexin V (BD Pharmingen) and 7-amino-actinomycin D
(7-AAD) for 15 minutes in binding buffer (10mM HEPES, 140 mM NaCl and 2.5 mM CaCl2) at
room temperature in dark. The stained cells were analyzed immediately by flow cytometry.
2. 10. RNA-seq and data analyses
Total RNAs were sent to the Genewiz (South Plainfield, NJ) for sequencing including library
construction. We obtained 35 millions of 150 bp paired end reads for each RNA sample. All the
reads were mapped to the human reference genome (hg19) using TopHat (v2.1.1). Low quality
mapped reads (MQ<30) were removed from the analysis. Read count tables were generated
using HTSeq (v0.6.1) (30) and Deferential Expression (DE) analyses were performed using
DESeq2 (v3.7) (31). All of the downstream statistical analyses and generating plots were
performed in R (v3.2.2) (http://www.r-project.org/). Heatmap was generated using heatmap.2 R
function. The selection of the “differentially expressed genes” (3R vs Y518R) list for every cell line
for use of downstream analysis was based on a 2-step sorting—first RNAseq expression values
less than 30 (set arbitrarily) were excluded and then, among the genes in various cell lines and
treatments, only the ones showing greater than a 1.2 fold up or downregulation were included in
downstream analysis. Venn diagram was generated using an online tool, JVenn,
http://jvenn.toulouse.inra.fr/app/index.html by using the “differentially expressed genes” list from
above

as

input.

Regulatory factor predictions were performed using BART, a bioinformatics tool for
identification of functional transcription factors and epigenetic regulators that regulate a query
gene set by leveraging public ChIP-seq data (32). Taking a differentially expressed gene list as
input, BART first uses the MARGE model (33) to quantify genome-wide enhancers with
informative H3K27 acetylation signals from relevant ChIP-seq datasets selected from the public
domain and then associates the quantitative enhancer profile with ChIP-seq data for numerous
regulatory factors to identify the factors with highest correlated binding patterns. Target genes of
each predicted factor were identified using a similar strategy as described (34,35). For each of
the top 10 ranked factors in the BART prediction, the ChIP-seq profile highest associated with the
cis-regulatory profile was selected to calculate a regulatory potential (RP) score on every gene in
the genome using BETA (34), quantifying how likely a gene is bound by this factor at its regulatory
regions. The average rank between RP rank and differential expression rank was used to
integrate the binding and expression information and the top 50 ranked genes were output as
most confidently predicted target genes.
2. 11. Statistical analysis
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One-factor ANOVA was used to evaluate the statistical significance of the difference between
indicated samples. If ANOVA was overall significant, post hoc t test was used for pairwise
comparisons. A P value less than 0.05 was considered significant.
Accession Codes
All RNA-seq data sets have been deposited in Gene Expression Omnibus database with the
accession number GSE115988.

3. Results
3. 1. Design of peptides
We adopted a peptide-interference strategy successfully shown before to inhibit B-cell
lymphomas (36), and synthesized a peptide comprising the HIV TAT protein-transduction motif
that mediates cell entry of its fused protein/peptide (37), an HA epitope tag, and the ASH2L (510529) sequence (WT, Fig. 1A). We originally only incorporated a shorter sequence of ASH2L (510523) that was shown to be sufficient for DPY30 binding (24), but later found that incorporation of
the slightly longer sequence of ASH2L (510-529) enhanced DPY30 binding (data not shown).
Because mutations of three key hydrophobic residues, L513/L517/V520, to glutamic acid on
ASH2L were previously shown to disrupt its binding to DPY30 (24), we designed a negative
control peptide (3E) with these mutations. However, the 3E peptide failed to enter cells (data not
shown). This is presumably due to the interference of the negatively charged glutamic acids with
the positive charge of the TAT protein-transduction motif, which is thought to be critical for cell
penetration (38). We then generated another control peptide with these three key hydrophobic
residues mutated to the positively charged arginine residues (L513R/L517R/V520R or 3R,
Fig.1A). To provide further control for specific effects and also to explore the possibility if
enhanced DPY30 binding may result in enhanced cellular effects, we also designed a peptide
with a point mutation of tyrosine 518 to arginine (Y518R, Fig.1A), which was reported to enhance
ASH2L binding to DPY30 by about one order of magnitude (27).
3. 2. Differential binding of the peptides to DPY30
We first used pull-down assays to assess the binding of the peptides to DPY30 (Fig. 1B).
While the WT peptide was efficiently pulled down by resin-immobilized DPY30, the 3R peptide
was not pulled down by DPY30, indicating the efficient binding of the WT peptide and the defective
binding of the 3R peptide to DPY30.
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We next quantitatively assessed the binding of these peptides to DPY30 using a fluorescent
polarization assay (FPA) (Fig. 1C). In the absence of unlabeled competitor peptide, the FITCconjugated and unfused ASH2L (510-529) peptide bound to DPY30 protein, resulting in a high
level of fluorescent polarization signal. In the presence of increasing concentration of the
unlabeled WT ASH2L fusion peptide competing for DPY30 binding, the released FITC-conjugated
ASH2L peptide decreased the polarization signal as a result of reduced binding to DPY30. As
expected, the Y518R peptide competed for DPY30 binding more efficiently than the WT peptide.
The IC50 for Y518R peptide is ~1 μM compared to ~2 μM for the WT peptide (Fig. 1C). The 3R
peptide was inefficient in competing for DPY30 binding, with an IC50 much greater than the WT
and Y518R peptides (Fig. 1C). These data further indicate that the WT and Y518R, but not the
3R, peptides efficiently bind to DPY30, and the Y518R binds to DPY30 modestly better than the
WT peptide.
3. 3. Specific inhibition of DPY30 activity by the peptides
We next examined if the peptides affected the binding of DPY30 with ASH2L (Fig. 2A). Resinimmobilized ASH2L was able to efficiently pull down DPY30 from solution. However, pull-down of
DPY30 by resin-bound ASH2L was markedly reduced in the presence of the WT peptide. No
effect was seen when the same amount of the 3R peptide was present. These results indicate
that the WT, but not the 3R, peptide inhibits binding of DPY30 to ASH2L.
We next asked if the peptides directly affected the biochemical activity of DPY30 in enhancing
SET1/MLL complexes-mediated H3K4 methylation. In an in vitro histone methylation assay (Fig.
2B) composed of all purified proteins, the MLL2 core complex containing MLL2 (C-terminal
fragment with the catalytic domain), WDR5, RBBP5, and ASH2L was able to tri-methylate H3K4.
Addition of DPY30 significantly stimulated H3K4me3 of the core complex (Fig. 2B, compare
reaction #3 with #2). Further addition of the WT or Y518R peptide, however, essentially negated
the stimulatory effect of DPY30, so that the methylation level was similar to that by the core
complex with no DPY30 (Fig. 2B, compare reactions #4 and 6 with #3 and also with #2).
Conversely, this inhibition was not seen when comparable amount of the 3R peptide was coincubated in the reaction (Fig. 2B, compare reaction #5 with #3). These results clearly
demonstrate that the WT or Y518R, but not the 3R, peptides specifically inhibit DPY30 in
enhancing H3K4 methylation.

3. 4. Efficient entry of all peptides into cells
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Before studying the effects of the peptides on cells, we asked if they were able to efficiently
enter cells, an activity conferred by the HIV TAT protein-transduction motif included in the fusion
peptides. We incubated the peptides with human leukemia cell lines, MOLM-13 and K562 cells
(17), and a Burkitt’s lymphoma cell model P493-6 cells (29). We then examined the steady state
levels of the peptides in the culture medium, total cell lysates, and the cytoplasmic as well as
nuclear fractions of the lysates (Fig. 3). The WT, Y518R, and 3R peptides all entered cells and
reached the nuclei of P493-6 (Fig. 3A) and K562 (Fig. 3C) cells with comparable efficiency.
Overall, entry into the nuclei of MOLM-13 cells was less efficient compared to the other cells, and
the WT and Y518R peptides reached MOLM-13 cell nuclei less efficiently than the 3R peptide
(Fig. 3B), possibly due to the increased charge of the 3R peptide.
3. 5. Specific suppression of blood cancer cell growth and clonogenicity by DPY30inhibitory peptides
Having established the specific inhibition of DPY30 activity by the peptides and their ability
to enter cells, we next examined the effects of these peptides on blood cancer cells. Continuous
treatment with the WT or Y518R peptide significantly inhibited the growth of a panel of leukemia
cells driven by three different MLL-rearrangements, including MLL-AF9, MLL-ENL, and MLL-AF4
(Fig. 4A). Moreover, Y518R peptide often showed stronger inhibition than the WT peptide,
consistent with its enhanced binding to DPY30. The 3R peptide, despite its more efficient entry
into (at least MOLM-13) nuclei than the other two peptides (Fig. 3B), had no effect on the growth
of any of these leukemia cells (Fig. 4A).
Importantly, although all peptides enter the nuclei of K562 cells more efficiently than MOLM13 cells (Fig. 3), none of the peptides affected the growth of K562 cells, a leukemia cell line driven
by mechanisms other than MLL-rearrangement (Fig. 4B). Moreover, none of the peptides
significantly affected the growth of the normal human CD34+ cells that were enriched with
hematopoietic stem and progenitor cells (Fig. 4B).
In addition to the effects on growth in liquid culture, we also found that the colony formation
ability of MOLM-13 cells, one of the MLL-AF9-driven leukemia cell lines, in the semi-solid medium
was significantly reduced by treatment of the WT or Y518R peptide, but not the 3R peptide (Fig.
4C and D). These results thus demonstrate specific inhibition of leukemia cell growth and
clonogenicity and by the DPY30-binding peptides, and are fully consistent with our previous
findings that shRNA-mediated DPY30 knockdown specifically inhibits growth and clonogenicity of
MLL-rearranged leukemia cells.
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As we have shown that shRNA-mediated DPY30 knockdown abolished or greatly impaired
the growth of MYC-dependent blood cancer cells including Burkitt’s lymphoma and certain T-cell
leukemia cells (20), we also examined the effects of the peptides on the growth of P493-6 (29), a
Burkitt’s lymphoma cell model, Raji, a Burkitt’s lymphoma cell line, as well as Jurkat, an acute T
cell leukemia cell line that expresses (39) and is dependent (40) on high level of MYC. We found
that the growth of all these cells was significantly inhibited by treatment with the WT or Y518R
peptide, but not the 3R peptide (Fig. 4E). These results expand the specific inhibitory effects of
the DPY30-binding peptides to other MYC-dependent hematologic malignancies.
3. 6. Effects on proliferation and apoptosis by DPY30-inhibitory peptides
We then asked if peptide treatment affected proliferation and apoptosis of cancer cells. After
short incubation with BrdU, our analyses showed that proliferation of both MOLM-13 and P493-6
cells was slightly, yet significantly reduced after treatment with the Y518R compared to 3R peptide
(Fig. 5A and B). Treatment with the WT peptide also reduced proliferation, although the difference
was too little to reach statistical significance.
By analyzing Annexin V staining, we found that apoptosis of MOLM-13 and P493-6 cells was
also slightly, yet significantly increased after treatment with the Y518R compared to 3R peptide
(Fig. 5C-E). Again, treatment with the WT peptide increased apoptosis, although the difference
was too little to reach statistical significance. These results indicate that the DPY30-binding
peptides modestly inhibited the proliferation and increased apoptosis of both the MLL-rearranged
leukemia cells and the Burkitt’s lymphoma cell model.
3. 7. Gene expression profiling reveals genes commonly deregulated in blood cancer cells
by peptide treatment
To understand how the DPY30-binding peptides

selectively inhibit the growth of the

malignant blood cells, we performed RNA sequencing of the MLL-rearranged leukemia cell lines,
MYC-dependent blood cancer cells, as well as K562 cells as control, all following treatment of
either Y518R or 3R peptide. Using 1.2 fold as the cutoff for expression alteration, our analyses of
the sequencing results (Table S1) showed: (i) that 9 genes were commonly downregulated in all
4 MLL-rearranged leukemia cell lines by Y518R compared to 3R peptide treatment, and none of
these genes overlapped with the genes downregulated in K562 cells (Fig. 6A and E, and Table
S2); (ii) that 5 genes were commonly upregulated in all 4 MLL-rearranged leukemia cell lines, and
none of these genes overlapped with the genes upregulated in K562 cells (Fig. 6B and E, and
Table S2); (iii) that 33 genes were commonly downregulated in 3 MYC-dependent hematologic
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cancer cell lines/model, and 4 of these genes overlapped with the genes downregulated in K562
cells (Fig. 6C and F, and Table S3); and (iv) that 8 genes were commonly upregulated in 3 MYCdependent hematologic cancer cell lines/model, and 2 of these genes overlapped with the genes
upregulated in K562 cells (Fig. 6D and F, and Table S3). These results suggest a vastly different
response of gene expression between K562 cells and either the MLL-rearranged leukemia cell
lines or MYC-dependent blood cancer cell model or lines to the treatment of the Dpy30-binding
peptide. These results thus offer a molecular basis for the selective inhibition of these types of
blood cancer cells while sparing K562 leukemia cells by the Dpy30-binding peptides. Although
our pathway analysis on genes commonly altered in these blood cancer cells but not in K562 cells
was unproductive (data not shown) due to the small number of genes, some of these genes may
functionally mediate the inhibition of blood cancer cells by the Dpy30-binding peptides.
We next sought to gain information on regulatory factors of these deregulated genes using
BART, a bioinformatics tool for predicting functional transcription factors and epigenetic
modulators that bind to genomic cis-regulatory regions and likely responsible for the differential
expression of a given gene set based on thousands of publicly available ChIP-seq datasets for
over 400 factors in human or mouse (32). The program recommends a minimum of 100 genes
for input, and this limited our analyses to only a subset of samples that showed downregulation
or upregulation (separately) of over 100 genes by Y518R peptide compared to 3R peptide
treatment. Core components of the SET1/MLL complexes, including WDR5 and RBBP5, were
among the top-ranked factors that were predicted to be associated with genes downregulated by
Y518R peptide in the MLL-rearranged MOLM-13 and THP-1 leukemia cells (Table S4), validating
the reliability of this bioinformatics tool. Interestingly, the analyses show that multiple components
of the Polycomb repressive complex 2 (PRC2), including EZH2, SUZ12, and JARID2 (41), were
ranked at the top of the factors predicted to be enriched at and likely responsible for the genes
downregulated by Y518R peptide in MOLM-13 and THP-1 cells (Tables S4-S6). These results
suggest that genes regulated by Dpy30-inhibitory peptides in MLL-rearranged leukemias may
also be targeted by the PRC2 complex.
3. 8. DPY30-inhibitory peptide confers hypersensitivity of leukemia to other epigenetic
inhibitors
The extensive crosstalk among the various types of epigenetic modifications (42,43) may
provide a rationale to explore combinatorial approach to improving the efficacy of existing
epigenetic intervention approaches to cancer treatment. We thus sought to determine if our
DPY30-binding peptides sensitize other established agents that inhibit hematologic malignancies
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through chromatin-based mechanisms. We first examined the dose-dependent inhibition of
leukemia cells by the peptides. Treating MOLM-13 cells with increasing amount of either the WT
or Y518R peptide showed increasing inhibitory effect, while the 3R peptide showed no inhibitory
effect at the same dosed tested (Fig. 7A). We then determined whether the more consistent
peptide, Y518R, could sensitize the leukemia cells to inhibition of two other types of epigenetic
modulators, bromodomain and extraterminal domain (BET) proteins and PRC2 complex.
JQ1 (44) is the representative of a type of agents that disrupts the binding of BET proteins to
acetylated histones. This type of inhibitors is prominent for their potent anti-cancer effects (4547), but tumor cells that are resistant to them have also emerged (47-49). We treated MOLM-13
cells with a low dose of JQ1, two different doses of the Y518R peptide, or the combination of JQ1
with Y518R peptide, and monitored the growth of the cells. We found that while treatment of either
JQ1 or peptide individually inhibited MOLM-13 growth, the combinatory treatment of both JQ1
and either dose of the Y518R peptide greatly and significantly enhanced the inhibitory effects, to
levels that were modestly higher than the additive effects of JQ1 and the respective dose of
peptide (Fig. 7B and C). These results demonstrate that the DPY30-binding peptide sensitizes
the MLL-rearranged leukemia to BET family inhibitors.
Since PRC2 is required for MLL-AF9 leukemia (50,51) and its components were predicted to
be the highest-ranked transcription/chromatin modulator regulating the genes downregulated by
Y518R peptide in a few MLL-fusion leukemia cell lines (Tables S4-S6), we sought to examine the
effect of peptide together with two different EZH2 inhibitors, GSK126 (52) and EPZ6438 (53). We
found that MOLM-13 cell growth was modestly suppressed by either of these two EZH2 inhibitors
alone at low concentration. Co-treatment of either of these agents with Y518R, but not 3R, peptide
significantly enhanced the inhibition effect, to levels that were modestly higher than the additive
effects of the corresponding agents (Fig. 7D and E). These results demonstrate the DPY30binding peptide sensitizes the MLL-rearranged leukemia to EZH2 inhibitors.

4. Discussion
In this study, we demonstrate that peptides targeting the binding of DPY30 to the SET1/MLL
complexes can inhibit the growth of certain blood cancer cells. Importantly, our peptide strategy
shows excellent specificity from two different aspects: (i) at the sequence level, the 3R mutant
peptide is largely defective in binding to DPY30 and is also defective in inhibiting growth of cancer
cells, while the WT and Y518R peptides bind to DPY30 and effectively inhibit the cancer cell
growth, with the Y518R peptide showing a better DPY30-binding ability and often a better

13

bioRxiv preprint doi: https://doi.org/10.1101/554386; this version posted February 19, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

DPY30-inhibitory peptides suppress blood cancer cell growth
inhibition of cancer cell growth compared to the WT peptide; (ii) at the cellular level, the inhibitory
effects are not seen for K562 leukemia or normal human hematopoietic stem and progenitor cells.
These specificities strongly support that the effect of these peptides are through their DPY30
binding capacity, and are fully consistent with our previously findings (17,20) that shRNAmediated depletion of DPY30 or other core subunits of the SET1/MLL complexes strongly impairs
the growth of the MLL-rearranged leukemia, Myc-dependent Burkitt’s lymphoma and T-cell
leukemia cells without affecting K562 cells. DPY30 depletion affected the proliferation and
differentiation of normal human hematopoietic stem and progenitor cells (17), but inhibition of
DPY30 by peptides did not seem to significantly affect growth of these cells. This discrepancy is
most likely because the peptide approach is much less complete than the shRNA-mediated
depletion at two different levels: (i) the peptides are not very efficient in getting into nuclei
(especially for MOLM-13 cells, Fig. 3B) and also not very stable in cells (data not shown), and (ii)
the DPY30-binding peptides only competitively inhibit DPY30’s activity in binding to other
molecules through the ASH2L-binding groove, while the shRNA-mediated DPY30 depletion
inactivates all DPY30 activities, although it is unclear what activities DPY30 possesses other than
binding to factors through the groove formed by its dimerization. The selective effects on cancer
cells over normal cells also suggest a possible therapeutic window offered by this targeting
strategy.
Using an unbiased proteomic approach, we previously identified that DPY30 mainly
associated with components in the SET1/MLL complexes, as well as a few other proteins
including AKAP95 and components of the NURF chromatin-remodeling complex (4). These
interactions were also demonstrated by others (25,27,54), and a direct interaction of the BAP18
subunit of the NURF complex with DPY30 was also confirmed (27). Although no structural
evidence is available, BAP18 was suggested to bind to the ASH2L-binding cleft in the DPY30
dimer based on the sequence alignment with the predicted DPY30-binding motif (27). This notion
is also supported by the disruption of BAP18-DPY30 binding by a mutation of a central
hydrophobic residue (Leu69) in the DPY30 dimerization domain (27). Under the same conditions
that readily detected the direct binding of purified DPY30 and ASH2L proteins (Figure 2A), our
attempts to demonstrate a direct binding of purified DPY30 and BAP18 proteins were
unsuccessful (data not shown), suggesting a possibly much weaker DPY30-BAP18 interaction
compared to DPY30-ASH2L interaction. Further work including more careful titration of binding
conditions will be required to determine if our DPY30-binding peptides can also inhibit the binding
of DPY30 to other proteins including BAP18 in the NURF complex.
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Although the overall growth of the blood cancer cells was significantly reduced, we could only
detect very modest reduction of proliferation and apoptosis after treatment of the DPY30-binding
peptides. This is likely because the significant reduction in the steady state level of live cells is a
cumulative effect of the peptides over several days of treatment, and the apoptotic cells are
usually quickly removed in the culture and not easily detected. The peptides may also elicit other
types of cell death, such as necrosis (55,56).
The detailed mechanism by which the DPY30-binding peptides inhibit the growth of the
leukemia and lymphoma cells is unclear. DPY30 is not thought to directly associate with the MLL
translocation products because they have lost the MLL C-terminal region where DPY30 binds.
DPY30 may, however, support MLL-rearranged leukemias by regulating the activity of
endogenous MLL1 and/or MLL2, which have been shown to be important in sustaining these
leukemias (57,58). Moreover, we have previously shown that DPY30 regulates the activity of the
MYC oncogene through two different levels: (i) DPY30 directly promotes the expression of MYC
gene, as shown in MLL-rearranged leukemia cells (17), Burkitt’s lymphoma, and Jurkat cells (20),
and (ii) DPY30 regulates chromatin accessibility and enables efficient binding of MYC oncoprotein
to many of its genomic targeting (20). It is likely that the DPY30-binding peptides inhibit the growth
of blood cancers through inhibiting MYC activity through these two mechanisms. However, we
have not been able to consistently show MYC inhibition after peptide treatment (data not shown).
We surmise that the effect is too modest to be consistently demonstrated, and that other
mechanisms may also contribute to the inhibitory effects. Our gene expression analyses provide
a small number of genes that were commonly downregulated or upregulated by the DPY30binding peptide treatment in either all 4 MLL-rearranged leukemia cells or all 3 MYC-dependent
blood cancer cell lines/model, but not in K562 cells. These genes may offer potential molecular
targets of DPY30 that functionally mediate its control of the growth of blood cancer cells. We also
cannot exclude the possibility that DPY30-binding peptides may inhibit cancer through blocking
DPY30 interaction with proteins not associated with SET1/MLL complexes, as discussed above.
We also showed that the DPY30-binding peptide sensitizes leukemia cells to inhibition of two
other types of epigenetic modulators, BET proteins and EZH2. H3K4 methylation and histone
acetylation generally co-mark active genes (59) and functionally promote gene transcription in a
synergistic manner (4,6). Consistent with these relationships of these two histone modifications,
we observed weak synergy between the Y518R peptide that inhibits H3K4 methylation and JQ1,
which inhibits binding of BET proteins to acetylated histones. It is interesting to note that PRC2
complex components (especially EZH2), which are usually perceived to antagonize the function
of the Trx-group proteins including SET1/MLL complexes (43,60), are predicted to be the highest-
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ranked transcription/chromatin modulators to associate with the genes downregulated by the
DPY30-binding peptide in a few MLL-rearranged leukemia cells. These suggest a possible coregulation of key genes in these leukemias by these epigenetic modulators, though it is unknown
if the expression of these genes is promoted or repressed by EZH2 in these leukemias. We also
observed a weak synergy between this peptide and the EZH2 inhibitors on inhibiting leukemia
growth. While the mechanisms underlying these phenomena remain unclear, more detailed
studies on combinatorial inhibition of these functionally interacting epigenetic pathways may have
the potential to improve efficacy on cancer cells while reducing toxicity on normal cells.
In the SET1/MLL complexes, only the binding of MLL1 with WDR5 (61,62) or Menin (63-65)
have so far been pharmacologically targeted for cancer treatment. Despite the inherent limits of
these peptides (mainly in-cell stability and the variability of penetrating cell nuclei), the biological
relevance and specificity of the ASH2L WT and Y518R peptides allow us to interrogate the
interaction of the DPY30 subunit and the SET1/MLL complexes. This study is a proof-of-principal
that targeting the DPY30-ASH2L interface is a feasible therapeutic strategy for certain
hematologic malignancies, and provides a foundation for further development of more effective
strategies, including peptidomimetics and small molecule inhibitors with better pharmacological
characteristics, to target DPY30 for cancer treatment.
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Supplemental Table legends

Table S1. Differential expression of genes in various cell lines by peptide treatment. The
first tab lists normalized counts obtained from DESeq software and the rest tabs show fold
changes in gene expression following treatment of Y518R compared to 3R peptide in individual
cell lines. Data processing as explained in section 2.10 under Materials and methods.
Table S2. Genes with altered expression in MLL-rearranged leukemias by peptide
treatment. Each tab is the output from JVenn program that lists genes commonly upregulated
or downregulated following treatment of Y518R compared to 3R peptide in the different MLLrearranged leukemia and K562 cells, based on results from corresponding tabs in Table S1.

Table S3. Genes with altered expression in MYC-dependent blood cancer cell lines/model
by peptide treatment. Each tab is the output from JVenn program that lists genes commonly
upregulated or downregulated following treatment of Y518R compared to 3R peptide in Raji,
Jurkat, P493-6, and K562 cells, based on results from corresponding tabs in Table S1.
Table S4. Prediction of transcription and chromatin modulators bound to cis-regulatory regions
of genes with altered expression by Y518R peptide treatment in blood cancer cells, generated
by BART (32). For each differentially expressed gene list as input, BART prediction is presented
as a ranked list of 454 factors that have ChIP-seq data available. The factors are ranked
according to the “relative rank score (re_rank)”, calculated as the average relative rank of the 4
statistical scores used in the BART method, i.e., Wilcoxon test statistic (statistic), Wilcoxon test
P-value (pvalue), background model corrected Z-score (zscore), and maximum association
score (max_auc), respectively. Detailed descriptions can be found in (32).
Table S5. Prediction of target genes of each top 10 predicted regulatory factors regulating the
genes that were downregulated by treatment of Y518R compared to 3R peptide in MOLM-13
cells. The title of each tab shows the factor name, corresponding to each of the top 10 factors in
the “DN in MOLM13 Y518R” tab in Table S4.
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Table S6. Prediction of target genes of each top 10 predicted regulatory factors for regulating
the genes that were downregulated by treatment of Y518R compared to 3R peptide in THP-1
cells. The title of each tab shows the factor name, corresponding to each of the top 10 factors in
the “DN in THP1 Y518R” tab in Table S4.
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Figure 1. Design of the peptides and the differential binding of the peptides to DPY30.
(A) Design of the peptides. Top, diagram showing the structure of SET1/MLL complexes. Bottom, the
three fusion peptides and their sequences.
(B) Empty Ni resins (Mock↓) or His-tagged DPY30 protein immobilized on Ni resins (His-DPY30↓)
was incubated with the WT or 3R peptide. Resin-bound peptide was detected by immunoblotting for HA
tag. Input (5%) was also loaded. Note that the 3R peptide has a different mobility from the WT peptide,
likely due to the difference in charge.
(C) Fluorescence polarization assay (FPA) using purified DPY30 protein and FITC-ASH2L (510-529)
peptide, in the presence of increasing doses of unlabeled TAT-HA-fused peptide (WT, 3R, or Y518R as
indicated) as competitor. Average ± SD from triplicate independent assays are plotted. Table shows IC50
as calculated from the FPA results.
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Figure 2. Specific inhibition of DPY30 activity by the peptides.
(A) Empty M2 beads (Mock↓) or FLAG-tagged ASH2L immobilized on M2 resins (F-ASH2L↓) was
incubated with His-tagged DPY30 in the presence or absence of the same amount of WT or 3R peptide.
Resin-bound ASH2L and DPY30 proteins were detected by immunoblotting for FLAG and His tags,
respectively. Long exposure for DPY30 shows similar level of input DPY30 in the presence of the WT or
3R peptide.
(B) In vitro histone methylation assay with purified MLL2 complex (MLL2+WRA, containing MLL2 Cterminus, WDR5, RBBP5, and ASH2L), DPY30, and peptide as indicated. Ponceau S staining shows the
relative amounts of histones, DPY30, and peptides. H3K4me3 was detected by immunoblotting, and its
signal intensity was quantified using ImageJ and shown in the bar graph (bottom). Average ± SD from four
independent methylation assays are plotted. *P<0.05, **P<0.01, by one-factor ANOVA with post hoc t test.
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Figure 3. Successful entry of all peptides into cells.
P493-6 (A), MOLM-13 (B), and K562 (C) cells were treated with indicated peptides and harvested.
Peptide (HA-tag), AKAP95 (nuclear protein), and GAPDH (cytoplasmic protein) were detected by
immunoblotting, and histones were detected by Ponceau S staining in lysates from different cellular
fractions. M, medium, T, total, C, cytoplasmic, N, nuclear.
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Figure 4. Specific suppression of blood cancer cell growth and clonogenicity by DPY30-inhibitory
peptides.
(A) Growth curves of MLL-rearranged leukemia cell lines treated with indicated peptides. The legend
applies to all growth curves in this figure. In all panels, average ± SD from three biological repeats are
plotted. *P<0.05, **P<0.01, ***P<0.001, all between 3R and either WT or Y518R, by one-factor ANOVA
with post hoc t test. Not significant between water and 3R.
(B) Growth curves of K562 leukemia cells and normal CD34+ cells treated with indicated peptides.
(C) Quantification of the colony numbers of MOLM-13 cells treated with indicated peptides.
(D) Representative images of the MOLM-13 cells treated with indicated peptides.
(E) Growth curves of MYC-dependent hematologic cancer cell lines/model treated with indicated peptides.
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Figure 5. Effects of the DPY30-inhibitory peptides on proliferation and apoptosis.
(A) BrdU+ percentage in proliferation assays for MOLM-13 and P493-6 cells treated with indicated peptides.
(B) Representative flow cytometry analysis results from MOLM-13 cells for proliferation assays.
(C) Annexin V+ percentage in apoptosis assays for MOLM-13 and P493-6 cells treated with indicated peptides.
(D) Relative apoptosis levels normalized to water treatment are plotted based on apoptosis assays for MOLM13 and P493-6 cells treated with indicated peptides.
(E) Representative flow cytometry analysis results from MOLM-13 cells for apoptosis assays.
Average ± SD from three biological repeats are plotted, except for four biological repeats of P493-6 apoptosis
assays. *P<0.05, by one-factor ANOVA with post hoc t test. Note that throughout all repeats, Y518R treatment
resulted in lower proliferation and higher apoptosis (but subtle) in every single repeat.
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Figure 6. Gene expression profiling suggests commonly regulated genes by the DPY30-inhibitory
peptide.
(A and B) Venn diagrams showing overlap among genes downregulated (A) or upregulated (B) upon
Y518R treatment (>1.2 fold) in 4 different MLL-rearranged leukemia cell lines and showing no overlap
between genes that were co-downregulated (A) or co-upregulated (B) by Y518R treatment (> 1.2 fold) in
these cell lines and K562 cells.
(C and D) Venn diagrams showing overlap among genes downregulated (A) or upregulated (B) upon
Y518R treatment (>1.2 fold) in MYC-dependent blood cancer cell lines/model and showing overlap
between genes that were co-downregulated (A) or co-upregulated (B) by Y518R treatment (> 1.2 fold) in
these cells and K562 cells.
(E and F) Heatmaps showing common target expression changes upon Y518R treatment in MLL-rearranged
cell lines (E) or MYC-dependent hematologic cancer cell model or lines (F), but not in K562 cells. Detailed
gene information is also available in Tables S2 and S3.
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Figure 7. DPY30-inhibitory peptide confers hypersensitivity to other epigenetic inhibitors.
(A) MOLM-13 cells were treated with increasing concentrations of indicated peptides and numbers of live
cells were determined on day 7 and normalized to no peptide treatment. Average ± SD from three biological
repeats are plotted.
(B-E) Effects of peptide and an BET inhibitor (B, C) or EZH2 inhibitors (D, E) on MOLM-13 cell growth.
MOLM-13 cells received treatment with 40 nM of JQ1 (B, C), 5 nM of GSK126 (GSK) or 20 nM of
EPZ6438 (EPZ) (D, E), indicated concentration of Y518R peptide, or co-treatment. (B, D) Growth curves as
determined by live cell densities on indicated day. (C, E) Percent inhibition was determined as 100% percent growth, in which the percent growth was determined as numbers of live cells normalized to vehicle
(DMSO) treatment on day 4 (for JQ1 and GSK126) or day 2 (for EPZ6438) of treatment. Average ± SD from
three treatments are plotted. Broken lines indicate the calculated additive effects. *P < 0.05, **P < 0.01, ***P
< 0.001, *****P < 10-5, ******P < 10-6, all between co-treatment and either BET or EZH2 inhibitor or
Y518R, by one-factor ANOVA with post hoc t test. Not significant between vehicle and 3R.

