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Chromosomal translocations of the Mixed-lineage leukemia 1 (MLL1) gene generate MLL chimeras that drive the
pathogenesis of acute myeloid and lymphoid leukemia. The untranslocated MLL1 is a substrate for proteolytic
cleavage by the endopeptidase threonine aspartase 1 (taspase1); however, the biological significance of MLL1
cleavage by this endopeptidase remains unclear. Here, we demonstrate that taspase1-dependent cleavage of MLL1
results in the destabilization ofMLL.Upon loss of taspase1,MLL1 associationwith chromatin ismarkedly increased
due to the stabilization of its unprocessed version, and this stabilization of the uncleaved MLL1 can result in the
displacement of MLL chimeras from chromatin in leukemic cells. Casein kinase II (CKII) phosphorylates MLL1
proximal to the taspase1 cleavage site, facilitating its cleavage, and pharmacological inhibition of CKII blocks tas-
pase1-dependent MLL1 processing, increases MLL1 stability, and results in the displacement of the MLL chimeras
from chromatin. Accordingly, inhibition of CKII in a MLL-AF9 mouse model of leukemia delayed leukemic pro-
gression in vivo. This study provides insights into the direct regulation of the stability of MLL1 through its cleavage
by taspase1, which can be harnessed for targeted therapeutic approaches for the treatment of aggressive leukemia as
the result of MLL translocations.
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Threonine aspartase 1 (taspase1) is a unique endopeptidase
that cleaves its protein substrates using threonine as
the active nucleophile. Taspase1 was originally identified
as the protease for mixed-lineage leukemia 1 (MLL1), and,
later on, only limited numbers of taspase1 substrates were
identified, which included MLL1, MLL2, and TFIIA in
mammalian cells (Hsieh et al. 2003a; Takeda et al. 2006;
Zhou et al. 2006) and HCF1 inDrosophila (dHCF1) (Capo-
tosti et al. 2007). The proteolytic cleavage of TFIIA has
been well documented: The uncleaved TFIIA is involved
in active transcription in the nucleus, whereas the cleaved
TFIIA by taspase1 is less stable and targeted for protea-
some-mediated degradation (Høiby et al. 2004; Zhou
et al. 2006). Although dHCF1 undergoes proteolyticmatu-
ration by Drosophila taspase1 (Capotosti et al. 2007),

mammalian HCF1 is cleaved by N-acetylglucosamine
(O-GlcNAc) transferase (OGT), which displays the spe-
cies-specific divergence in this maturation process (Capo-
tosti et al. 2011; Daou et al. 2011; Wunsch et al. 2015). In
contrast to TFIIA and HCF1, the biological significance
ofMLL1 cleavage by taspase1 remains unclear and contro-
versial (Hsieh et al. 2003a; Takeda et al. 2006; Yokoyama
et al. 2013).
MLL1 is one of the members of the histone H3 Lys4

(H3K4) methyltranferases found within the COMPASS
(complex of proteins associated with Set1) family (Miller
et al. 2001; Schuettengruber et al. 2017) that imple-
ments H3K4 trimethylation (H3K4me3) on a subset of
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transcriptionally active genes in mouse embryonic fibro-
blasts (MEFs) and H3K4 dimethylation (H3K4me2) pre-
dominantly at CpG-dense regions to regulate target gene
expression (Wang et al. 2009; Rickels et al. 2016). Tas-
pase1 proteolytically processes the full-length MLL1 pro-
tein into a 320-kDa N-terminal fragment (MLL1N) and a
180-kDa C-terminal fragment (MLL1C) at two conserved
cleavage sites (D/GADD and D/GVDD motifs), and the
two fragments further associate to form a stable dimer
(Yokoyama et al. 2002; Hsieh et al. 2003a,b). TheN-termi-
nal half of MLL1 contains AT hook domains (Zeleznik-
Le et al. 1994), a CXXC domain, PHD domains, and a bro-
modomain, which may function for chromatin binding
(Fair et al. 2001). The C-terminal half of MLL1 contains
a transactivation domain and a SET domain with histone
H3K4methyltransferase activity (Milne et al. 2002;Naka-
mura et al. 2002).

TheMLL1 gene is found in chromosomal translocations
with a large number of partner genes in childhood leuke-
mia. In most cases, the leukemogenic fusion proteins
contain the N-terminal half of MLL1 fused in-frame to
the C-terminal translocation partners, resulting in the ab-
sence of the taspase1 cleavage sites from these chimeric
proteins. The stability of the MLL chimeras exceeds the
wild-type copy of MLL1 in leukemic cells, and these chi-
meras drive the oncogenic target gene expression, includ-
ing HOXA4, HOXA5, HOXA9, and MEIS1 (Armstrong
et al. 2002; Ayton and Cleary 2003; Wong et al. 2007;
Wang et al. 2012a; Liang et al. 2017).

Different mouse models of leukemia have been estab-
lished to study the biological consequences of MLL1
cleavage by taspase1 (Takeda et al. 2006; Yokoyama et
al. 2013; Dong et al. 2014); however, no consistent conclu-
sions have been reached. In one study, taspase1−/− mice
and knock-inmicewith homozygous noncleavable alleles
ofMLL1 and/orMLL2were generated (Takeda et al. 2006).
Taspase1-deficient cells exhibited deregulated cell cycle
genes, and MEFs bearing the noncleavable (nc) alleles of
MLL1 also showed proliferation defects, suggesting that
MLL1 is the crucial substrates for taspase1-coordinated
cell proliferation (Takeda et al. 2006). In another study,
knock-in mice bearing homozygous noncleavable alleles
of MLL1 displayed no apparent defects, and MLL1nc/nc

MEFs bearing these mutations demonstrated normal pro-
liferation and no changes in MLL1 target gene expression
(Yokoyama et al. 2013). The discrepancies could arise
from differences in the mouse models and the distinct
downstream events examined in each case (cell cycle
genes and MLL1 target genes, respectively).

To address these inconsistencies, we used CRISPR/
Cas9 gene editing to knock out the TASP1 gene in human
cancer cell lines. Our study demonstrates that instead of
activation and maturation of MLL1, taspase1-dependent
cleavage of MLL1 leads to higher rates of its turnover.
We further demonstrated that phosphorylation of MLL1
by casein kinase II (CKII) facilitates the cleavage by tas-
pase1, and pharmacological inhibition of CKII blocks
MLL1 cleavage, increases MLL1 stability, and displaces
theMLL chimeras from chromatin. Pharmacological inhi-
bition of CKII substantially delayed leukemic progression

in theMLL-AF9mousemodel of leukemia. Our study pro-
vides a possible targeted therapeutic approach for MLL-
rearranged leukemia through the regulation of MLL1
stability by inhibition of its cleavage by taspase1.

Results

Loss of taspase1 results in MLL1 processing
and localization

In order to systematically investigate the functions of
taspase1 in mammalian cells and the potential therapeu-
tic value of this process in human cancers, we used
CRISPR/Cas9 technology to knock out taspase1 in several
different cell lines, including 293T (Fig. 1A), MCF7 breast
cancer, and HCT116 colorectal cancer cells (Supplemen-
tal Fig. S1A,B). For 293T cells, we generated two indepen-
dent clones of homozygous taspase1 knockout cells (C49
and C104). Loss of taspase1 in both C49 and C104 knock-
out clones resulted in defects in cleavage of MLL1, MLL2,
and TFIIA, the known nuclear substrates of taspase1
(Hsieh et al. 2003a; Takeda et al. 2006; Zhou et al. 2006),
whereas substrate cleavage was not affected in the hetero-
zygous clone C45 (Fig. 1B; Supplemental Fig. S1A,B). The
global histone H3K4 methylation levels (H3K4me1/2/3),
as measured by Western analysis, remained the same in
taspase1 homozygous knockout clones compared with
wild-type cells (Fig. 1C; Supplemental Fig. S1C).

Previous studies reported that the proteolytic cleavage
of MLL1 by taspase1 activated MLL1 and enabled the
translocation of MLL1 from the cytoplasm to the nucleus
for proper activation of gene expression (Hsieh et al.
2003a; Zhang et al. 2013; Wang et al. 2016). In our study,
when taspase1 wild-type and knockout 293T cell lysates
were fractionated, bothMLL1andMLL2were found solely
in the nuclear fractions in both taspase1 wild-type and
knockout cells (Fig. 1D). Similar results were obtained
with immunofluorescence where MLL1 and MLL2 stain-
ing overlapped with DAPI-stained nuclei in both taspase1
wild-type and knockout cells, demonstrating that the cel-
lular localization of MLL1 and MLL2 is not altered by the
loss of taspase1 (Fig. 1E; Supplemental Fig. S1D,E). Fur-
thermore, MLL/COMPASS subunits, including Menin,
LEDGF, ASH2L, and RbBP5, interacted with both cleaved
and noncleaved MLL1 (Supplemental Fig. S1F), and
cleaved and uncleaved MLL1 exhibited the same elution
profile on size exclusion chromatography (Supplemen-
tal Fig. S1G), indicating that MLL/COMPASS general
assembly isnot significantlyaltered in the taspase1knock-
out cells.

Taspase1-dependent cleavage of MLL1 regulates its
stability

Taspase1 has been shown to cleave TFIIA and target it for
proteasomal degradation in the cytoplasm (Zhou et al.
2006). We found that MLL1 protein stability also has a
relatively fast turnover, as seen by the kinetics of its deg-
radation in the presence of cycloheximide (CHX) (Sup-
plemental Fig. S2). We therefore investigated whether
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taspase1 regulates MLL1 protein stability using the tas-
pase1 wild-type and knockout cells. First, we demonstrat-
ed that the mRNA transcripts for both KMT2A (MLL1)
and KMT2B (MLL2) genes remained constant in taspase1
wild-type and knockout cells (Fig. 2A), demonstrating that
taspase1 does not control the transcription of these genes.
We then performedCHXpulse-chase experiments tomea-
sure the MLL1 protein degradation rate in various tas-
pase1 wild-type and knockout cells (Fig. 2B–G). Upon
8 h of CHX treatment, MLL1 in wild-type cells was
degraded, while the uncleaved MLL1 in the taspase1
knockout cells was more resistant to degradation (Fig.
2C). MLL2 and TFIIA proteins were not degraded during
this period of CHX treatment in both wild-type and tas-
pase1 knockout cells (Fig. 2C). The increased stability of
MLL1 in the absence of taspase1 was also observed with
increasing concentrations of CHX treatment in the
MCF7 and HCT116 taspase1 knockout cells (Fig. 2D–G).
Moreover, we confirmed that the degradation of MLL1 is
proteasomal-dependent, as MG132 treatment partially
rescued the degradation of MLL1 induced by CHX in
both taspase1 wild-type and knockout cells (Fig. 2H). Col-
lectively, our results suggest that the proteolytic cleavage
ofMLL1 by taspase1 primes theMLL1 protein for degrada-

tion (Fig. 2) without altering the cellular localization of
MLL1 (Fig. 1D,E).

Increased chromatin occupancy of MLL1 in taspase1
knockout cells

To differentiate the functional outcome and localization
patterns of the cleaved MLL1 and its uncleaved version
in taspase1 knockout cells, we performed chromatin im-
munoprecipitation (ChIP) followed by next-generation
sequencing (ChIP-seq) using MLL1 N-terminal and C-
terminal antibodies as well as an MLL2 C-terminal anti-
body (Fig. 3; Supplemental Fig. S3). We first confirmed
the specificity of the our MLL1N and MLL1C antibodies
in ChIP-seq by knocking down MLL1 in 293T cells (Sup-
plemental Fig. S3A). A genome browser view of the com-
plete chromosome 1 shows that the majority of MLL1
peaks are lost as the result ofMLL1knockout (Supplemen-
tal Fig. S3B). To quantitatively measure the binding of
MLL1 on the chromatin in taspase1 wild-type and knock-
out cells, the occupancy of the cleaved and uncleaved
MLL1 were compared (Fig. 3). Both MLL1C and MLL1N
signal intensities were increased in taspase1 knockout
cells (P-value < 2.2 × 10−16) (Fig. 3A–F), while MLL2

D

E

A

B

C

Figure 1. Loss of taspase1 affects MLL pro-
cessing but not subcellular localization.
(A) Generation of taspase1 knockout 293T
cells by CRISPR/Cas9 targeted genome-
editing technology. (B) Western blot showing
the protein levels and apparent molecular
weights ofMLL1,MLL2, TFIIA, and taspase1,
which are known substrates of taspase1.
C45 is a heterozygous clone, and C49 and
C104 are knockout clones for the TASP1
gene. (C ) Bulk histone H3K4me1, H3K4me2,
andH3K4me3levelsareunchanged.Total lev-
els of histone H3K4me1, H3K4me2, and
H3K4me3 were examined with histone H3 as
the internal control. (D) Cellular fractionation
showing that both cleaved and noncleaved
MLL1 andMLL2were localized in thenuclear
fraction. Full-length TFIIA was preferentially
accumulated in the cytoplasmic fraction in
taspase1 knockout cells. Hsp90 and PARP
were used as cytoplasmic and nuclear fraction
biomarkers, respectively. (E) Immunofluores-
cence showing the nuclear localization of
MLL1 protein in both wild-type and taspase1
knockout 293T cells. Anti-MLL1N, DAPI
staining, andmerge are shown.
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chromatin occupancy was not altered in taspase1 knock-
out cells (Fig. 3G–I), suggesting that the loss of taspase1
leads to increased MLL1 stability and occupancy on chro-
matin. We also observed increased occupancy of MLL1
on chromatin in MCF7 taspase1 knockout cells (Fig. 3J–
O). Genome browser views of the ZMYND11, NEK1,
CLCN3, andCASC5 loci demonstrate increasedMLL1 oc-
cupancy in taspase1 knockout cells (Fig. 3P–R). Together,
these data suggest that there is lessMLL1 protein turnover
on chromatin in the absence of taspase1.

Stabilized MLL1 as the result of taspase1 loss
can displace MLL chimeras from chromatin

To directly dissect the gene expression signature con-
trolled by taspase1 and by cleaved MLL1 and full-length
MLL1 in taspase1 wild-type and knockout cells, we per-
formed RNA sequencing (RNA-seq) analyses in taspase1
wild type and knockout with MLL1 knockdown (Supple-
mental Fig. S4A). Knockdown of MLL1 in wild-type cells
or in TASP1 knockout cells resulted in similar changes

in gene expression, suggesting that the uncleaved MLL1
in taspase1 knockout cells retained the same functionality
in gene expression (Supplemental Fig. S4B,C). MLL1/
COMPASShas been demonstrated to function as a histone
H3K4methyltrasferase (Wang et al. 2009; Piunti andShila-
tifard 2016; Rickels et al. 2016). Therefore, we wanted to
determine the status of H3K4 methylation on chromatin
in the cleaved and uncleavedMLL1 and determinewheth-
er the cleavage of MLL1 by taspase1 is associated with
changes in the pattern of expression. Our study demon-
strated that the pattern of histone H3K4 methylation on
chromatin is not significantly altered at the regions where
MLL1 binding was increased (Supplemental Fig. S4D,E).

MLL fusion proteins exert their oncogenic functions in
leukemiccellsthroughtherecruitmentof thesuperelonga-
tion complex (SEC) to induce rapid transcriptional release
to drive leukemogenesis (Lin et al. 2010; Smith et al. 2011;
Luo et al. 2012). We postulated that the increased associa-
tion of wild-typeMLL1 (uncleaved form) in the absence of
tasapse1might preventor displace the recruitment ofMLL
chimeras. To address this hypothesis, taspase1 wild-type

ED
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A Figure 2. Taspase1-dependent cleavage of
MLL1 regulates its stability. (A) KMT2A
(MLL1) and KMT2B (MLL2) mRNA levels
are not affected by tasapse1 knockout, as
shown by RNA sequencing (RNA-seq).
(B) Schematic diagramshowing the taspase1
cleavage sites in MLL1 andMLL2. (C ) 293T
taspase1 wild-type and knockout cells
were treated with 50 µg/mL CHX for 0 or
8 h. Cell lysates were collected and im-
munoblottedwithMLL1,MLL2, andTFIIA.
(D,E) MCF7 taspase1 wild-type and knock-
out cells were treated with different
concentrations of CHX (0, 10, 20, or 40 µg/
mL) for 8 h. Cell lysates were collected and
immunoblotted for MLL1, MLL2, and
TFIIA. (F,G) HCT116 taspase1 wild-type
and knockout cells were treated with 0, 5,
10, or 20 µg/mL CHX for 8 h. Cell lysates
were collected and immunoblotted with
MLL1. (H) MCF7 taspase1 wild-type and
knockout cells were pretreated with 1 µM
MG132 for 2 h followed by another 8 h of
20 µg/mL CHX. Cell lysates were collected
and immunoblotted for MLL1. Quantifica-
tion of MLL1 protein levels was performed
with ImageJ.
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and knockout 293T cells were transfected with equal
amounts of MLL-AF4 fusion constructs (Fig. 4A). Eleven-
nineteen lysine-rich leukemiaprotein 2 (ELL2) is a subunit
of SEC (Shilatifard et al. 1997; Lin et al. 2010; Smith et al.
2011; Luo et al. 2012), and its occupancy in taspase1
wild-type and knockout cells was examined by ChIP-seq.
We found that 867 genomic regions demonstrated a sig-
nificant decrease in the binding of the ELL2 subunit of
the SEC to chromatin in taspase1 knockout cells com-
paredwith that in thewild-type cells (Fig. 4B), and these re-
gions exhibited elevated levels of uncleaved MLL1
proteins (Fig. 4C). Genome browser views of the promoter
regions of the C6orf211, KBTBD4, NDUFS3, ELF2, and
PDE7A loci demonstrate that the exclusion of ELL2 in
the presence of MLL-AF4 fusion proteins was due to the

preferential binding of noncleavable MLL1 at the same
region (Fig. 4D). Collectively, our data suggest that un-
cleaved MLL1 in the absence of tasapse1 can displace
MLLchimeraoccupancy, suggesting this pathwayas apos-
sible new therapeutic approach for the treatment ofMLL1
translocation-based childhood leukemia.

Inhibition of CKII selectively increases full-length MLL1
protein levels

Given the importance of taspase1-dependent cleavage for
the regulation of MLL1 stability, we envisioned two inde-
pendent approaches to interfere with the MLL1 cleavage
by taspase1: (1) pharmacological inhibition of tasapse1, re-
sulting in the inactivation of taspase1 and noncleavage of

A D G
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J K L

M N O

P Q R

Figure 3. Increased occupancy of MLL1
with chromatin in taspase1 knockout cells.
(A–O) Coverage profiles, heat maps, and
box plots of MLL1C (A–C ), MLL1N (D–F ),
and MLL2C (G–I ) in 293T cells and of
MLL1C (J–L) and MLL1N (M–O) in MCF7
cells are shown. A region within 2.5 kb
around the center of MLL1C, MLL1N, or
MLL2C is displayed. For the heat maps, pro-
files are centered within 2.5 kb of MLL1- or
MLL2-occupiedpeaks and sorted indescend-
ing order of MLL1C, MLL1N, or MLL2C
occupancy in wild-type cells. Box plots
show quantitation of the MLL1 occupancy
in 293T cells in replicates. (P–R) Genome
browser track examples of ZMYND11,
NEK1, CLCN3, and CASC5 show the in-
creased occupancy of noncleavable MLL1
in the taspase1 knockout 293T cells en-
riched in both the promoter region and the
gene body.
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its substrates (MLL1, MLL2, TFIIA, etc.), and (2) modula-
tion of the cleavage efficiency by targeting MLL1 itself
without affecting the activity of taspase1 and other sub-
strates. Previous efforts in identifying specific taspase1
inhibitors demonstrated limited success (Stauber et al.
2012; Wünsch et al. 2012, 2016). Our own virtual screen of
30,000,000 compounds for taspase1 inhibitors using the
crystal structure of taspase1 (Khan et al. 2005) yielded 26
candidates, none of which was effective in blocking tas-
pase1 activity in vitro or in vivo (data not shown). Taspase1
could be a particularly difficult protease to target due to its
unique structure and/or the extremepotencyof this partic-
ular protease. We found that knocking down taspase1 by
70% was not sufficient to affect cleavage of MLL1 and
MLL2 (Supplemental Fig. S5A,B), suggesting that an ex-
tremely high degree of taspase1 inhibition would be re-
quired to achieve changes in MLL1 cleavage and stability.

Our second approach focused on targeting the taspase1
substrate: the MLL1 cleavage site. For this purpose, we
generated several reporters, including 3xFlag-tagged
MLL1-p75, MLL2-p69, and full-length TFIIA harboring
their respective taspase1 cleavage sites, and expressed
them in taspase1 wild-type and knockout cells in
order to test the cleavage efficiency (Supplemental Fig.
S5C–F). Interestingly, we found several serine and threo-

nine residues near the taspase1 cleavage sites that were
phosphorylated based on the PhosphoSitePlus database
(Fig. 5A; Hornbeck et al. 2015).When the phosphorylation
sites on the reporter constructs were mutated to alanine
(AA), cleavage efficiency was dramatically diminished,
while the phosphomimetic aspartate (DD) mutations
were cleaved similarly to the wild-type MLL1 reporters
(Fig. 5B, cleaved MLL is marked by a red arrow). Further-
more, when the wild-type or AA reporters were cotrans-
fected with HA-tagged taspase1, the AA mutant reporter
wasmore resistant to cleavage than thewild-type reporter
(Fig. 5C). To predict which kinases may phosphorylate
MLL1 on the serine and threonine near the cleavage sites,
we used the NetPhosK 1.0 server, and the top predicted
kinase was CKII based on the score of the prediction con-
fidence and the similarity to one or more of the phosphor-
ylation sites used in training the method (Supplemental
Fig. S6A; Blom et al. 2004). The general consensus recog-
nition motifs for phosphorylation by CKII are pSXXE/D,
pSXE/D, pSE/D, pS/pTD/EXD/E, and variations of these
sequences (Meggio et al. 1994; Sarno et al. 1996; Rush
et al. 2005). T2724 and S2726 ofMLL1 fall within the con-
sensus sequence recognized by CKII (Fig. 5B). Therefore,
we first knocked down the catalytic subunits of CKII
and examined the MLL1 cleavage in 293T cells. We

CB

D

A

Figure 4. StabilizedMLL1 in taspase1-null cells can displaceMLL chimeras from chromatin. (A) Taspase1 wild-type and knockout cells
were transfected with Flag-MLLAF4 plasmid for 30 h. (B) ChIP-seq experiments were performed using an antibody against ELL2. Average
plot showing the 867 binding regions of ELL2 with a significant decrease in taspase1 knockout cells compared with that in taspase1 wild-
type 293T cells. (C ) Average plot showing the MLL1 binding using MLL1N and MLL1C antibodies in taspase1 knockout and wild-type
293T cells using the 867 regions identified in B. (D) Genome browser track examples showing the decreased ELL2 recruitment and con-
comitant increase of MLL1 binding in tasapse1 knockout cells at MLL chimera target genes.
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observed a consistent increase ofMLL1 full-length protein
levels with either CKIIα or CKIIα′ knockdown (Fig. 5D).
Next, we tested four CKII inhibitors (namely, CX-4945,
TTP22, DMAT, and TTB), which differ in their IC50 val-
ues (Supplemental Fig. S6B,C). Treatment of CX-4945
and TTP22 demonstrated a dose-dependent increase in
MLL1 full-length protein levels in our cell-based assays
(Supplemental Fig. S6D) and were selected for further val-
idation. We also established an in vitro taspase1 cleavage
assay using taspase1 knockout cell lysates and His-tagged
tasapse1 recombinant proteins (Supplemental Fig. S6E,F).
CX-4945 treatment led to increased full-length MLL1
without affecting the cleavage of MLL2 or TFIIA in vivo
(Fig. 5E). Finally, when taspase1 knockout cells were pre-
treatedwithCX-4945 or TTP22, and, before lysis for the in
vitro taspase1 cleavage assay, cleavage efficiency was sig-
nificantly diminished compared with the DMSO control
by the recombinant taspase1protein (Fig. 5F,G).Moreover,
an in vitro CKII phosphorylation assay was established
demonstrating that the MLL wild-type peptide can be

dose-dependently phosphorylated by recombinant CKII
but not by the MLL-AA peptide (Fig. 5H). The signal
fromMLL-AAwas mostly attributed to autophosphoryla-
tion using no peptide as the negative control (Fig. 5H). Us-
ing our in vitro CKII phosphorylation assay platform,
CX-4945 and TTP-22 both dose-dependently inhibited
MLL wild-type peptide phosphorylation by CKII with IC50

values of 0.011 and 0.38 µM, respectively (Fig. 5I). Overall,
ourdata revealed thatCKII inhibitionselectively increased
the full-lengthMLL1protein levelsbydecreasing thephos-
phorylation of MLL1 near its taspase1 cleavage site.

CKII inhibition and increased stability and occupancy
of full-length MLL1 on chromatin result in decreased
MLL chimera occupancy

Similar to taspase1 loss, CKII inhibitor treatment resulted
in a global increase ofMLL1 chromatin occupancy in 293T
cells (Fig. 6A–D). When we treated SEM orMV4-11 leuke-
mia cells (bearing MLL-AFF1/AF4 fusion) with CX-4945,

A

D F

E

H I

G

B C Figure 5. CKII inhibition selectively in-
creases full-length MLL1 protein levels.
(A) Conservation of the sequences flanking
MLL1-CS2 and MLL2 cleavage sites, with
phosphorylated serine and threonine resi-
dues highlighted in red. (B) 293T cells
were transfected with vector control (VT),
wild-type, AA, or DD reporter constructs
of MLL1-p75. Western blot was performed
with anti-Flag antibody for MLL1 (p75: full
length; p47: cleaved). (C ) 293T cells were
transfected with wild-type or AA reporter
constructs of MLL1-p75 in the presence or
absence of overexpressed HA-taspase1.
Western blotting was performed with anti-
Flag antibody for MLL1 and anti-HA anti-
body for taspase1. (D) 293T cells were infect-
ed with shRNAs against CKIIα or CKIIα′.
Western blotting was performed with anti-
MLL1C antibody to assessMLL1 full-length
protein levels. Two exposures are shown.
CKIIα or CKIIα′ Western blots are shown to
assess knockdown efficiencies. (E) 293T
cells were treated with DMSO or 10 µM
CX-4945 for 30 h. Cells were harvested and
lysed for Western blotting against MLL1,
MLL2, or TFIIA, with β-tubulin as the load-
ing control. (F, G) 293T taspase1 knockout
cells were pretreated with 3 µM CX-4945
or 10 µMTTP22 for 30 h. Whole-cell lysates
from the two conditions were incubated
with increasing concentrations of His-tas-
pase1 and subjected to in vitro taspase1 as-
say. (H) CKII in vitro phosphorylation
assay using the MLL wild-type (GVDD/
GTESDTSVTAT) or MLL-AA (GVDD/
GAEADTSVTAT) peptide. The MLL wild-
type, but not the MLL-AA, peptide can be
phosphorylated by CKII. (I ) Dose-dependent
inhibition of MLL wild-type peptide phos-
phorylation by CKII inhibitors CX-4945
and TTP-22.
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MLL1 full-length protein levels also increased without
altering MLL-AF4 protein levels (Fig. 6E; Supplemental
Fig. S7A). Depletion of CKIIα or CKIIα′ in these two cell
lines also caused a consistent increase ofMLL1 full-length
protein levels (Supplemental Fig. S7B,C). CX-4945 treat-
ment resulted in a dose-dependent growth inhibition of
several MLL-rearranged leukemia cell lines, including
SEM, MV4-11, and RS4;11 (Supplemental Fig. S7D). The
genome-wide localization of MLL-AFF1, AFF4, and
ELL2 was substantially decreased upon treatment with
CX-4945 in SEM leukemic cells (Fig. 6F), suggesting that
CKII inhibition led to displacement of the MLL chimeras
from chromatin through competition from the stabilized
wild-type MLL protein. The decrease of MLL1-AFF1,
AFF4, and ELL2 binding at the promoter regions of JUP
and SLC43A2 genes (Fig. 6G,H) was also accompanied by
decreased mRNA levels of these genes (Fig. 6I,J).

CKII inhibitors can delay the progression of leukemia
and improve survival in MLL-AF9 mouse models
of leukemia

To further examine the effect of CKII inhibition on leuke-
mic progression through regulation of MLL processing

in vivo, we studied the efficacy of CX-4945 in a MLL-
AF9 syngeneic mouse model. First, we treated irradiated
C57BL/6 mice transplanted with MLL-AF9 leukemic
cells with CX-4945 via oral gavage for 10 d and monitored
the survival of these mice (Fig. 7A). CKII inhibition by
CX-4945 significantly delayed leukemia progression and
improved survival (Fig. 7B). Treating the CX-4945 com-
pound via intraperitoneal injection (Fig. 7C) also sig-
nificantly decreased the tumor burden as measured by
IVIS (in vivo imaging system), delayed the progression of
the disease, and extended the survival of the mice (Fig.
7D,E).

Together, our data suggest the following: (1) MLL1
cleavage by taspase1 primes the protein for degradation.
(2) In the absence of taspase1-dependent cleavage, the
MLL1 protein is relatively stable and preferentially associ-
ates with chromatin. (3) CKII phosphorylation of MLL1
near the taspase1 cleavage site facilitates the taspase1-
dependent cleavage event. (4) Stabilization of the full-
length MLL1 is achieved by pharmacological inhibition
of CKII phosphorylation on MLL1. (5) The stabilized
MLL1 protein excludes theMLL translocations from chro-
matin, suggesting a possible new therapeutic approach for
the treatment of MLL-rearranged leukemia through the

B

E

A

DC

HG

JI

F

Figure 6. CKII inhibition increases genome-
wide MLL1 occupancy and displaces MLL chi-
meras from chromatin. (A,B) MLL1C occupan-
cy in CX-4945- or TTP22-treated cells is
shown relative to DMSO control. A region
within 2.5 kb around the center of MLL1C is
displayed. (C,D) Track examples of the MLL1
occupancy at the promoter regions of ELF2
and C6orf211. (E) SEM cells were treated with
0, 5, or 10 µM CX-4945 for 30 h, and Western
blotting was performed to determine the
MLL1 full-length, MLL1C, MLL-AF4 fusion,
AFF4, and ELL2 protein levels. (F ) MLL-AFF1,
AFF4, and ELL2 occupancies were decreased
by CX-4945 treatment in SEM cells. A region
within 2.5 kb around the center of MLL-AFF1,
AFF4, and ELL2 is displayed. (G,H) CX-4945
treatment decreasedMLL-AFF1 and SEC occu-
pancy at the JUP and SLC43A2 genes in SEM
cells. Genome browser views of MLL-AFF1
(AFF1-CT) and SEC component AFF4 and
ELL2occupancyat the JUP andSLC43A2 genes
are shown. Red boxes indicate the promoter-
proximal regions with decreased MLL-AFF1,
AFF4, and ELL2 occupancy. (I,J) RNA-seq ge-
nome browser track examples indicate that
JUP and SLC43A2 gene expression was de-
creased with CX-4945 treatment.
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regulation of MLL stability via regulation of its taspase1-
dependent cleavage.

Discussion

The regulation of MLL1 stability is a precise process that
determines its occupancy at its target genes (Liang et al.
2017). In the present study, we demonstrated that the
cleavage ofMLL1 by taspase1may cause a conformational
alteration and expose MLL1 to certain E3 ligases or the
MLL1 PHD2 itself to undergo the degradation process
(Wang et al. 2012b; Liang et al. 2017). Other studies have
demonstrated that the N terminus and C terminus of
MLL1 undergo distinct degradation processes in which
the MLL1 N terminus undergoes degradation in the
nucleus, while the MLL1 C terminus is dependent on
the proteasome-mediated degradation in the cytoplasm
(Yokoyama et al. 2011). Our biochemical analyses demon-
strated that the proteolytic cleavage of MLL1 by taspase1
is coupled with the degradation process, thus controlling
the turnover of MLL1 protein on chromatin. Our study
demonstrates that preventing the proteolytic processing
subverts these degradation mechanisms. In the majority
of cases, theMLL leukemogenic rearrangements generate
fusion proteins with anN-terminal portion ofMLL1 fused
in-frame to the C-terminal translocation partner, with the
MLL break point N-terminal to the taspase1 cleavage site
(Hess 2004). This renders the fusion proteins resistant to

ubiquitin–proteasome-mediated degradation (Wang et al.
2012a; Liang et al. 2017), rendering the oncogenic chime-
ras extremely stable, with concomitant high occupancy
on chromatin.
Proteolysis of nuclear proteins is a commonmechanism

essential for the proper activation of their downstream
target genes and for regulating chromatin structure (von
Mikecz 2006). Here, we found that the proteolysis of
MLL1 is also required for the regulated release of MLL1
from the chromatin, adding a new layer of epigenetic
regulation of the cross-talk between histone H3K4 meth-
ylation and the degradation apparatus of the methyltrans-
ferase. We found that taspase1-dependent cleavage of
MLL1 facilitates its degradation to control the levels of
MLL1, reminiscent of that of TFIIA (Høiby et al. 2004;
Zhou et al. 2006), albeit with distinct ubiquitin–protea-
some pathways. It remains to be identified which ubiqui-
tin machineries function downstream from taspase1 to
control MLL1 turnover in the nucleus. Taspase1 localizes
and functions in both the nucleus and the cytoplasm
(Natarajan et al. 2010; Bier et al. 2011). Whether there
are additional substrates or any ubiquitin–proteasome
pathway proteins that are processed by taspase1 is an im-
portant area of future investigation to fully understand the
roles of taspase1 in normal development and disease set-
tings. Taspase1 knockoutmodels represent valuable tools
to investigate the functions of taspase1, the only protease
in the type 2 asparaginase family.

A

B

C

D E

Figure 7. CKII inhibitors can delay the pro-
gression of leukemia and improve survival in
a MLL-AF9 mouse model of MLL-rearranged
leukemia. (A) Schematic of the development
of secondary murine MLL-AF9 leukemia and
CKII inhibitor treatment in a MLL-AF9 syn-
geneic mouse model. Drug treatments were
started at day 10 after transplantation.
(B) Kaplan-Meier survival curves of secondary
transplanted C57BL/6 mice after vehicle and
CX-4945 treatment at day 10. Vehicle or
50 mg/kg or 75 mg/kg CX-4945 was adminis-
tered twice daily by oral gavage for a total of
20 treatments. Leukemia was confirmed at
the end point for each transplanted mouse.
The number (n) indicates the number of mice
ineachgroup.TheP-valueswerecalculatedus-
ing the log-rank test. (C ) Schematic of the de-
velopment of secondary murine MLL-AF9
leukemia and CKII inhibitor treatment via in-
traperitoneal injection in an MLL-AF9 synge-
neic mouse model combined with IVIS. Drug
treatments were started at day 10 after trans-
plantation. (D) Kaplan-Meier survival curves
of secondary transplanted C57BL/6 mice after
vehicleandCX-4945treatmentatday10.Vehi-
cle or 75 mg/kg CX-4945 was administered
twicedailyby intraperitoneal injection fora to-
tal of 20 treatments. The P-valuewas calculat-
ed using the log-rank test. (E) Tumor burden
wasmeasuredby IVIS at day 31 after transplan-
tation. The P-value was calculated using the
Mann-Whitney test.
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Loss of taspase1 impedes cancer cell proliferation and
tumor progression in breast cancer (Chen et al. 2010,
2012; Dong et al. 2014). Surprisingly, numerous mem-
brane proteins are affected with the loss of taspase1, and
this resulted in the altered extracellular matrix organiza-
tion and regulation of cell adhesion (data not shown).
This consequence of taspase1 loss leads to the possibility
that taspase1 expression may be important for the tumor
progression in the tumor microenvironment, where the
membrane receptor proteins directly contact the immune
cells to conduct the cross-talk. Therefore, it will be inter-
esting to observe the effect of taspase1 knockout in the in
vivo system and tumor progression.

Taspase1 represents a desired therapeutic target for a
variety of cancers due to its overexpression in solid and
liquid malignancies (Wünsch et al. 2016). However, due
to its unique structure and function and potent enzymatic
activity, it remains a challenging therapeutic target for
leukemia and other solid tumors. Our identification of a
pathway that regulates the substrate cleavage by taspase1
through CKII-dependent MLL1 phosphorylation opens
additional therapeutic targets that are involved in this
process (Figs. 5, 6). Thus, the stabilization of MLL1
through cleavage inhibition provides us with a paradigm
in the development of therapies for MLL-rearranged leu-
kemia and other cancers caused by translocations or tas-
pase1 overexpression.

Materials and methods

Cell culture

Cell lines were purchased from American Type Culture Collec-
tion. The 293T, MCF7, and HCT116 cell lines were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supple-
mented with 10% fetal bovine serum (FBS) (Gibco) at 37°C with
5% CO2. SEM was maintained in IMDM with 10% FBS. MV4-
11 and RS4;11 were maintained in RPMI 1640 supplemented
with 10% FBS and nonessential amino acids. For the CHX chase
experiment, indicated concentrations of CHX (Sigma) or MG132
(Sigma) were added to the culture medium at the indicated time
points before harvesting the cells. For CKII inhibitor treatment,
the indicated concentrations were added to the cell culture for
30 h before harvesting the cells for a Western blot or an in vitro
taspase1 assay. CX-4945, TTP22, DMAT, and TTB were pur-
chased from ApexBio.

Knockout of taspase1 by CRISPR/Cas9 targeted genome editing

Cells were cotransfected with gRNA and pX330-U6-Chimer-
ic_BB-CBh-hSpCas9 (Cong and Zhang 2015) and another vector
with puromycin resistance using Lipofectamine 2000 (Thermo
Fisher Scientific) and selected with puromycin (Thermo Fisher
Scientific) at 2 µg/mL for 3 d. Cells were seeded in 96-well plates
and selected for single clones after 2–3 wk. Genomic DNA was
isolated using genomic lysis buffer (10 mM Tris-HCl at pH 7.5,
10 mM EDTA, 10 mM NaCl, 0.5% sarcosyl) for 2 h at 60°C and
precipitation buffer (150 mM NaCl in 100% EtOH) for 30 min
at room temperature. PCR screening was performed using
the primers listed in Supplemental Table 1 and further confirm-
ed by Western blot and RNA-seq. pX330-U6-Chimeric_BB-
CBh-hSpCas9 was a gift from Feng Zhang (Addgene, plasmid
no. 42230).

Virus packaging, infection, and generation of stable cell lines

Lentiviruses for knocking down MLL1, taspase1, CKIIα, and
CKIIα′ were packaged as described previously (Zhao et al. 2015).
The shRNA sequences used are listed in Supplemental Table 1.
Cells were selected with 2 µg/mL puromycin for 3 d before West-
ern blotting and ChIP-seq experiments.

Immunofluorescence

Immunofluorescence was performed as described previously
(Wang et al. 2014, 2017). Anti-MLL1N (D2M7U) and MLL1C
(D6G8N) antibodies were purchased from Cell Signaling Tech-
nology. Anti-MLL2C antibodywas validated in our previous stud-
ies (Hu et al. 2013).

Immunoprecipitation

293T cells were lysed in Triton X-100 lysis buffer (50 mM Tris at
pH 8.0, 150 mM NaCl, 0.5% Triton X-100, 10% glycerol, 1 mM
DTT, protease inhibitors, benzonase). After centrifugation at
13,000g for 10 min, the supernatants (1 mg of total protein) were
collected and incubated with anti-Flag M2 affinity gel for 2 h at
4°C with rotation. Samples were washed with lysis buffer four
times and competedwith 3xFlag peptide for 15minwith vigorous
agitation. Proteins were resuspended in a 5× SDS sample loading
buffer, heated for 5 min to 95°C, and subjected to SDS-PAGE.

Western blot analysis

Western blot analysis was performed as described previously
(Zhao et al. 2013). Anti-TFIIA and anti-RbBP5 antibodies were
purchased from Bethyl Laboratories. Anti-taspase1 was from
Thermo Fisher Scientific. Anti-MLL2N and MLL2C antibodies
and anti-histone H3, H3K4me1, H3K4me2, and H3K4me3 anti-
bodies were homemade and validated in our previous studies
(Hu et al. 2013; Rickels et al. 2016). Anti-B-tubulin (E7) was
purchased from the Developmental Studies Hybridoma Bank.
Anti-Hsp90 antibodies were purchased from Santa Cruz Biotech-
nology. Menin (no. 6891), LEDGF (no. 2088), MLL1N (no. 14689),
MLL1C (no. 14197), ASH2L (no. 5019), PARP (no. 9542), and p21
(no. 2947) antibodies were purchased from Cell Signaling
Technology.

Cell proliferation assay

Cell proliferation was measured by cell counting using the Vi-
CELL cell counter (Beckman Coulter Life Sciences). Culture me-
dium was changed freshly every 2 d.

Two-dimensional colony formation assay

Colony formation assay was performed as described previously
(Noetzel et al. 2012). 293T cells were seeded at 200 cells per
well in six-well plates, and culture medium was replaced every
4 d for 2 wk. Cells were then fixed with 3.7% paraformaldehyde
and stained with 0.05% crystal violet.

In vitro tasapse1 cleavage assay

Approximately 25 µg of taspase1 knockout whole-cell lysates
was incubated with various amounts of His-taspase1 purified
from BL21 Escherichia coli for 1 h at 30°C in the cleavage buffer
(100 mM HEPES at pH 7.9, 5 mM MgCl2, 20 mM KCl, 10%
sucrose, 5 mM DTT). Cleavage efficiency was detected by
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Western blotting for MLL1C and TFIIA using Hsp90 as the load-
ing control.

In vitro CKII phosphorylation assay

The in vitro phosphorylation was performed with ADP-Glo ki-
nase assay (Promega). Briefly, 20 ng of CKII was preincubated
with various concentrations of CX-4945 or TTP-22 for 30 min
at room temperature. The in vitro phosphorylation reaction
took place at 30°C with 400 µM peptides (MLL wild-type/
MLL-AA/no peptide) and 100 µM ATP in 1× reaction buffer. Re-
combinant CKII was purchased from New England Biolabs, and
MLL wild-type or MLL-AA peptides were synthesized by
Genscript.

Next-generation sequencing data processing

RNA-seq and ChIP-seq samples were sequenced with Illumina
NextSeq technology, and output data were processed with
bcl2fastq. Sequence quality was assessed using FastQC version
0.11.2 (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc), and quality trimming was done using Trimmomatic (Bol-
ger et al. 2014). RNA-seq and ChIP-seq reads were aligned to the
hg19 genome using TopHat version 2.0.9 (Kim et al. 2013) and
Bowtie version 0.12.9 (Langmead et al. 2009), and only uniquely
mapped reads with a two-mismatch threshold were considered
for downstream analysis. Gene annotations from Ensembl 72
were used. Output bam files were converted into bigwig track fi-
les to display coverage throughout the genome (in reads per mil-
lion [RPM]) using the GenomicRanges package (Lawrence et al.
2013) as well as other standard Bioconductor R packages.

RNA-seq analysis

Gene count tables were constructed using HTseq (Anders et al.
2015) with Ensembl gene annotations and used as input for edgeR
3.0.8 (Robinson et al. 2010). Genes with Benjamini-Hochburg
adjusted P-values of <0.01 were considered to be differentially
expressed.

ChIP-seq analysis

For each ChIP assay, 5 × 107 cells were used, and the assay was
performed as described previously (Chen et al. 2015). Peaks
were calledwithMACS version 1.4.2 (Zhang et al. 2008) using de-
fault parameters and annotated with HOMER (Heinz et al. 2010).
Metaplots were generated using ngsplot (Shen et al. 2014). MLL1
or MLL2 peaks from wild-type and taspase1 knockout as well as
control and the respective knockdowns were merged. BEDtools
was used to determine the raw counts at themerged peaks (Quin-
lan andHall 2010). Using in-house Perl scripts, raw counts at each
peak were converted to RPKM (reads per kilobase per million
mapped reads) valueswith total library counts, and log2 fold chan-
ge values between conditions were then computed with these
normalized values. Differential occupancy of MLL1 was eva-
luated by edgeR, and peaks with Benjamini-Hochburg-adjusted
P-values of <0.05 were considered to be differentially occupied.
Nearest genes were identified using in-house Perl scripts based
on distances between peak centers and transcription start sites.

MLL-AF9 leukemia cell generation

Hematopoietic stem/progenitor cell (HSPCs) fromC57BL/6mice
were isolated as described above and spinoculated with MIGR1-
MLL-AF9-IRES-Neo retrovirus at 2500 rpm for 90 min at 32°C.

Two days following spinoculation, HSPCs were treated with
G418 at a 1:125 concentration (Sigma). Once all nontransduced
cells were eliminated, the remaining cells were transferred to leu-
kemic cell medium consisting of RPMI-1640 supplemented with
10% FBS, penicillin/streptomycin, L-glutamine, 100 ng/mL re-
combinantmSCF, 50 ng/mL recombinantmIL6, and 20 ng/mL re-
combinant mIL3 to expand. We transplanted 2 ×106 MLL-AF9
preleukemic cells into irradiated recipient mice via the tail vein
alongwith 2 ×105 bonemarrow support cells.Mice developed dis-
ease after 2–3mo, and spleens were harvested.Mononuclear cells
from spleens of diseased mice were dissociated and cultured in
leukemic cell medium with G418 for an additional 5 d to elimi-
nate non-leukemic cells from culture. These cells were used for
all MLL-AF9 leukemic cell studies.

Leukemic cell transplantation and treatment

Eight-week-old to 10-wk-oldC57BL/6 female recipientmicewere
exposed to 9 Gy of ionizing radiation in a Gammacell 40 irradia-
tor. Immediately prior to irradiation and 14 d afterward, mice
were fed bactrim-supplemented water. Each mouse was injected
with 5 ×104 MLL-AF9 leukemic cells as well as 2 × 105 wild-
type bone marrow support cells by the tail vein following irradi-
ation. After 10 d of recovery, mice were treated twice daily for
2 wk (5 d on, 2 d off, and 5 d on) with either vehicle or CX-4945
at the indicated doses by oral gavage or intraperitoneal injection.
Allmicewere housed atNorthwesternUniversity, and all studies
were performed with prior Institutional Animal Care and Use
Committee approval. CX-4945 compound was purchased from
APExBIO and synthesized in-house according to the previously
published procedure (Pierre et al. 2011).

Data availability

Next-generation sequencing data sets have been deposited at
Gene Expression Omnibus with accession number GSE90762.
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