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Epigenetic regulation of gene expression by Ikaros, HDACI
and Casein Kinase II in leukemia

Leukemia (2016) 30, 1436-1440; doi:10.1038/leu.2015.331

IKZF1 (lkaros) encodes a DNA-binding protein that acts as a master
regulatory of hematopoiesis and a tumor suppressor in acute
lymphoblastic leukemia (ALL)."™ The deletion and/or mutation of
Ikaros is associated with the development of B-cell acute
lymphoblastic leukemia (B-ALL) with poor outcome.’'' lkaros
directly associates with components of the histone deacetylase
complex (NURD), HDAC1, HDAC2 and Mi-2.">"'* Although Ikaros is
hypothesized to regulate the transcription of target genes by
recruiting the NURD complex, the mechanism of Ikaros-mediated
transcriptional regulation in leukemia is still unknown. Here we
use a systems biology approach to determine the mechanism
through which lkaros and HDAC1 regulate gene expression in
human B-ALL.

To study the role of lkaros and lkaros=HDACT complexes in ALL,
we determined the genome-wide occupancy of lkaros and HDAC1
using chromatin immunoprecipitation followed by deep sequen-
cing (ChIP-Seq) in human B-ALL cells (Nalmé cell line). We
identified 12464 distinct binding sites for Ikaros and 9971 for
HDAC1, and these were associated with 6722 and 6182 target
genes, respectively (Figure 1a). Of these, 12% of the lkaros-binding
sites overlapped by at least 1 bp with 14.6% of the HDAC1-binding
sites. The overlapping binding sites correlated with 934 gene
targets (Figure 1a). ChIP-Seq data for lkaros and HDACT were
validated by quantitative chromatin immunoprecipitation (qChIP)
analysis of the high- and low-rank ChIP-Seq peak values
(Supplementary Figures S1 and S2). The peak distributions of
Ikaros and of HDAC1 relative to target genes revealed that the

binding of both proteins is highly enriched within +3 kb from
transcriptional start sites (Figure 1b).

We analyzed the effect of lkaros and HDAC1 DNA binding on
the surrounding chromatin. First, the genome-wide distribution
of histone H3 trimethylation at lysine 4 (H3K4me?), lysine 27
(H3K27me?), lysine 36 (H3K36me?), or lysine 9 (H3K9me?), or
acetylated at lysine 9 (H3K9ac) was determined by ChIP-Seq
experiments in Nalmé6 cells. ChlP-Seq data for histone modi-
fications were validated by qChlIP analysis of the high- and low-
rank ChlIP-Seq peak values (Supplementary Figures S3-S7). Next,
we analyzed the distribution of chromatin modifications relative
to (1) lkaros peaks; (2) lkaros-HDAC1 overlapped peaks; and
(3) HDACT peaks. Most of the Ikaros and HDAC1 binding occurs
within the promoters of target genes (Figure 1b). Thus, we
compared the epigenetic changes that we observed in chroma-
tin surrounding lkaros, lkaros-HDAC1 and HDAC1 peaks
(Figures 1c-e), which are located within the promoter region,
to epigenetic markers present in chromatin surrounding
promoters across the genome, regardless of lkaros and/or
HDACT occupancy (Figure 1f).

We found that unique epigenetic changes are associated with
Ikaros, lkaros-HDAC1 and HDAC1 peaks. lkaros peaks are
associated with the presence of H3K4me?, H3K9me® and
H3K9ac histone modifications (Figure 1c). lkaros—-HDAC1 over-
lapped peaks correlated with a different chromatin environment
that is characterized by the very strong presence of H3K4me>
and H3K27me®, moderate H3K9me® and virtually absent
H3K9ac (Figure 1d). HDAC1 peaks were also associated with
the very strong presence of H3K27me® and H3K4me®, and
virtually absent H3K9ac. However, H3K9me® was reduced
as compared with Ikaros or lkaros—HDAC1 peaks (Figure 1e).
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Figure 1. Genome-wide mapping of lkaros and HDAC1 binding in
B-ALL cells. (a) lkaros and HDACT target genes identified by ChlIP-
Seq analysis of Nalm6 B-ALL cells. The overlapping gene targets
have Ikaros and HDAC1 peaks overlapped by at least 1 bp. (b) The
distribution of lkaros and HDAC1 peaks around the transcriptional
start sites (TSS). Peak numbers were normalized by treating the
maximum possible peak number at a location as 100. (c-f) Specific
epigenetic changes associated with Ikaros and HDAC1 occupancy.
The distribution of histone modifications relative to the center of
(c) the lkaros peak; (d) the lkaros peak in lkaros (IK)-HDAC1
overlapped peaks; (e) the HDACT peak; (f) all TSS, genome wide.
Graphed is the frequency of each particular epigenetic modifica-
tions per 100 lkaros, or 100 lkaros—HDAC1 peaks, over a 1 kb span.
(g) Association of H3K27me® with IK and HDACT occupancy,
genome wide (left), or within the promoter region (right). Graphed
are the number of H3K27me® peaks located within 1kb of IK,
HDAC1, or IK-HDAC1 peaks, or outside of these regions (non-IK and
non-HDAC1). (h) Effect of pan-HDAC inhibitor (TSA) on H3K27me>?
level. Western blot of H3K27me® in untreated Nalmé cells and
following TSA treatment at specific days are shown. The total level of
histone H3 was used for normalization (bottom). WT, wild type.
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These results indicate that the binding of lkaros, lkaros-HDAC1
or HDACT is each associated with a distinct characteristic
chromatin change that likely affects the expression of target
genes. The specific distribution of histone modifications around
Ikaros, Ikaros-HDAC1 or HDAC1 peaks were similar, regardless of
whether these peaks were localized within promoter regions or
other regions across the genome (Supplementary Figures
S8-510). Most of the specific epigenetic changes occur within
1 kb of the center of the lkaros, lkaros—-HDAC1 or HDAC1 peaks.
This suggests that binding of these proteins has a direct effect
on chromatin remodeling and the observed epigenetic
changes.

Our analysis demonstrates a strong association between HDAC1
occupancy and H3K27me® (Supplementary Table S1). This is
particularly pronounced at promoter regions—85% of all promo-
ters with H3K27me® showed HDAC1 binding (Figure 1g). This
suggests that HDAC1 occupancy is the major determinant of the
H3K27me® marker. Further analysis demonstrates Ikaros-HDAC1
occupancy at 21% of all promoters with H3K27me® in leukemia
cells (Figure 1qg). This suggests that Ikaros binding to promoters of
its target genes can result in H3K27me?> via recruitment of HDACT.
These results show the importance of lkaros’ recruitment of
HDAC1 in determining the global epigenetic signature in
leukemia. We tested whether histone deacetylase activity is
required for the formation of H3K27me? in Nalmé cells. Treatment
of Nalmé cells with the histone deacetylase inhibitor trichostatin
resulted in strong reduction of H3K27me® by western blot
(Figure 1h), suggesting that histone deacetylase activity is
essential for the presence of H3K27me>. These results demon-
strate an essential role for histone deacetylase in the formation of
H3K27me® in B-ALL.

ChIP-Seq analysis of the epigenetic signature around lkaros
occupancy led to the hypothesis that DNA binding of Ikaros or
Ilkaros-HDAC1  complexes alters the transcription of
their respective target genes by induction of distinct epigenetic
changes. To test this hypothesis, we analyzed the effect of
increased lkaros expression on chromatin remodeling at
promoters of genes that are regulated by lkaros-only or by
Ikaros-HDAC1 complexes. Recently, we reported that lkaros
represses the transcription of a large number of genes that
promote cell cycle progression in leukemia.'”” The epigenetic
signatures at promoters of the cell cycle-promoting genes
CDC7 and ANAPC7 (lkaros-only targets), and CDC2 and ANAPCT
(Ikaros-HDAC1 targets) were compared in Nalmé6 cells trans-
duced with lkaros or empty vector (control) using serial
qChlP assays. Results showed that increased lkaros expression
is associated with unchanged H3K27me?, increased H3K9me>
and decreased H3K9ac in regulatory elements of the Ikaros-
only targets, CDC7 and ANAPC7 (Figure 2a, Supplementary
Figure S11a, red vs black lines). In contrast, in regulatory
elements of the Ikaros-HDAC1 target genes CDC2 and ANAPCI,
increased lkaros expression is associated with increased
H3K27me®, unchanged H3K9me® and decreased H3K9ac
(Figure 2b, Supplementary Figure S11b, red vs black lines). These
data identify specific epigenetic signatures induced by binding
of lkaros-only and lkaros-HDACT complexes to promoters of
Ikaros target genes in B-ALL.

Next, we studied how lkaros loss-of-function or gain-of-
function affects the transcriptional regulation and epigenetic
signature of lkaros target genes in primary high-risk B-ALL
cells. In high-risk B-ALL, lkaros function as a transcriptional
regulator is severely impaired due to the deletion of one
Ikaros allele and/or functional inactivation of lkaros protein by
Casein Kinase Il (CK2) phosphorylation.'® Inhibition of CK2
has been shown to restore lkaros activity as transcriptional
regulator, resulting in transcriptional repression of lkaros target
genes that promote cell cycle progression.'”” We analyzed the
epigenetic signature at promoters of lkaros and lkaros—HDAC1
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Figure 2. lkaros-mediated chromatin changes in promoter regions of Ikaros target genes. (a, b) Epigenetic signature at promoters of Ikaros
target genes following overexpression of lkaros in Nalmé cells (red line) or in control Nalmé cells (black line). The binding of lkaros and
HDAC1, and the histone modification markers, H3K27me>, H3k9me® and H3K9ac were detected by serial qChlIP assays in a representative
(a) Ikaros-only target gene (CDC7) and (b) IK-HDAC1 target gene (CDC2) in Nalm6 B-ALL cells. (¢, d) Epigenetic signature at promoters of Ikaros
target genes in primary high-risk B-ALL cells that carry deletion of one Ikaros allele (patient 1; black line) and following treatment with the CK2
inhibitor, CX-4945 (red line). The binding of lkaros, HDAC1 and histone modification markers were detected by serial qChlIP assays in the
representative (c) lkaros-only target gene (CDC7) and (d) IK-HDACT target gene (CDC2) in primary cells from patient 1. Patient characteristics
are shown in Supplementary Table S2. Graphed data are means + s.d. of data obtained using five primer pairs that span the transcription start
site (TSS) of indicated genes. In addition to the presented data, the serial qChlP assays for H3K4me® did not show any changes following
treatment with CX-4945 (data not shown). (e) Model of proposed epigenetic mechanisms for lkaros- and IK-HDAC1-mediated regulation of
gene expression.
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target genes in primary high-risk B-ALL (with loss of lkaros
function), and in primary high-risk B-ALL cells following treat-
ment with CK2 inhibitors (with restored lkaros function).
In high-risk B-ALL, lkaros DNA binding to the promoters of its
target genes is impaired (Figures 2c and d, Supplementary
Figures S12 and S13 black lines). Inhibition of CK2 with a
specific CK2 inhibitor, CX-4945, restored lkaros DNA binding to
promoters and induced an epigenetic signature with high-level
H3K9me?, reduced H3K9ac and the absence of H3K27me? at the
Ikaros-only target gene, CDC7 (Figure 2c, Supplementary Figure
S12a, red vs black lines). However, for the lkaros-HDACT target,
CDC2, restoration of lkaros binding following CK2 inhibition
results in a high level of H3K27me>, the loss of H3K9ac and
largely unchanged H3K9me® (Figure 2d, Supplementary
Figure S12b, red vs black lines). Results obtained following the
restoration of lkaros function demonstrate that treatment
of high-risk B-ALL cells with the CK2 inhibitor CX-4945
results in epigenetic changes that are remarkably similar to
those found with increased lkaros expression in Nalmé6
(Figures 2c and d and Supplementary Figures S12 and S13c
and d as compared with Figures 2a and b).

The distinct epigenetic changes that occur following the
restoration of lkaros binding to promoters of Ikaros-only and
lkaros-HDACT1 target genes were reproduced in cells derived
from three different primary high-risk B-ALL following treatment
with CK2 inhibitor CX-4945 (Figures 2c and d, Supplementary
Figure S12). These results were also reproduced following
treatment of high-risk primary B-ALL cells with a different CK2
inhibitor, TBB, (Supplementary Figures S13a and b compared
with Figures 2a-d and Supplementary Figures S12 and S13c
and d compared with Supplementary Figure 11).

In summary, our data reveal the mechanism by which
chromatin remodeling and target gene expression are regulated
by lkaros alone and in complex with HDAC1 in B-ALL (Figure 2e).
These data suggest that lkaros can repress transcription of its
target genes by inducing the formation of repressive chromatin
via two distinct mechanisms: (1) direct Ikaros binding resulting in
the formation of heterochromatin due to increased H3K9me® and
reduced H3K9ac; or (2) lkaros recruitment of HDAC1, where the
most prominent change is a strong increase in H3K27me? along
with reduced H3K9ac. In high-risk B-ALL, Ikaros ability to regulate
chromatin remodeling of its target genes is impaired. In high-risk
B-ALL with deletion of one Ikaros allele, inhibition of CK2 restores
Ikaros-mediated epigenetic repression of the cell cycle-promoting
genes. These data suggest that the ability to regulate chromatin
remodeling is an essential part of lkaros tumor-suppressor
function. These studies provide new insight into the epigenetic
regulation of gene expression in B-ALL and a rationale for the use
of CK2 inhibitors as a novel treatment.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

We would like to thank S Smale for critical reading of the manuscript. This work has
been supported by National Institutes of Health (NIH) RO1 HL095120, a St Baldrick’s
Foundation Career Development Award, a Hyundai Hope on Wheels Scholar Grant
Award, the Four Diamonds Fund of the Pennsylvania State University, College of
Medicine, and the John Wawrynovic Leukemia Research Scholar Endowment (to SD)
a St Baldrick’s Foundation Fellows Award and Hyundai Hope on Wheels Fellowship
Grant Award (to CG). Additional funding for this work is from NSFC 81270613 (ZG),
NIH RO1GM109453 and TULTRR033184 (to QL). This work was also supported by NIH
R21CA162259, P20MD006988 a St Baldrick's Research Grant and a Hyundai Hope on
Wheels Award (KJP).

© 2016 Macmillan Publishers Limited

Letters to the Editor

AUTHOR CONTRIBUTIONS

CS performed the majority of the biological experiments, analyzed the data and
participated in the manuscript preparation. XP provided bioinformatics and
biostatistical analysis of the data and participated in the manuscript
preparation. CG, YD, HL and ZG performed experiments. GY assisted in the
data interpretation, participated in the experimental design and provided
conceptual advice. MM provided vital reagents and conceptual advice. QL
participated in the interpretation of biostatistical data. KJP provided vital
reagents and conceptual advice and participated in the experimental design
and in writing the manuscript. SD designed the experiments, interpreted the
data and wrote the manuscript.

C Song'®, X Pan'®, Z Ge'?, C Gowda', Y Ding’, H Li', Z Li'?,

G Yochum?* M Muschen®, Q Li° KJ Payne’ and S Dovat'
"Department of Pediatrics, Pennsylvania State University Medical
College, Hershey, PA, USA;

2Department of Hematology, The First Affiliated Hospital of Nanjing
Medical University, Jiangsu Province Hospital, Nanjing, China;

3Jilin Province Animal Embryo Engineering Key Laboratory, College of
Animal Science and Veterinary Medicine, Jilin University, Changchun, Ching;
“Department of Biochemistry and Molecular Biology, Pennsylvania
State University Medical College, Hershey, PA, USA;

*University of California San Francisco, San Francisco, CA, USA;
Department of Statistics, Pennsylvania State University, University
Park, State College, PA, USA and

’Department of Pathology and Human Anatomy and Center for
Health Disparities and Molecular Medicine, Loma Linda University,
Loma Linda, CA, USA

E-mail: sdovat@hmc.psu.edu

8These authors contributed equally to this work

REFERENCES

Lo K, Landau NR, Smale ST. LyF-1, a transcriptional regulator that interactswith a
novel class of promoters for lymphocyte-specific genes. Mol CellBiol 1991; 11:
5229-5243.

Georgopoulos K, Moore DD, Derfler B. lkaros, an early lymphoid-specific tran-

scription factor and a putative mediator for T cell commitment. Science 1992; 258:

808-812.

Georgopoulos K, Bigby M, Wang JH, Molnar A, Wu P, Winandy S et al. The lkaros

gene is required for the development of all lymphoid lineages. Cell 1994; 79:

143-156.

4 Winandy S, Wu P, Georgopoulos K. A dominant mutation in the Ikaros gene leads

to rapid development of leukemia and lymphoma. Cell 1995; 83: 289-299.

Mullighan CG, Goorha S, Radtke |, Miller CB, Coustan-Smith E, Dalton JD et al.

Genome-wide analysis of genetic alterations in acute lymphoblastic leukaemia.

Nature 2007; 446: 758-764.

Mullighan CG, Miller CB, Radtke |, Phillips LA, Dalton J, Ma J et al. BCR-ABL1

lymphoblastic leukaemia is characterized by the deletion of Ikaros. Nature 2008;

453: 110-114.

Mullighan CG, Su X, Zhang J, Radtke I, Phillips LA, Miller CB et al. Deletion

of IKZF1 and prognosis in acute lymphoblastic leukemia. N Engl J Med 2009; 360:

470-480.

Zhang J, Ding L, Holmfeldt L, Wu G, Heatley SL, Payne-Turner D et al. The genetic basis

of early T-cell precursor acute lymphoblastic leukaemia. Nature 2012; 481: 157-163.

Martinelli G, lacobucci |, Storlazzi CT, Vignetti M, Paoloni F, Cilloni D et al. IKZF1

(Ikaros) deletions in BCR-ABL1-positive acute lymphoblastic leukemia are asso-

ciated with short disease-free survival and high rate of cumulative incidence of

relapse: a GIMEMA AL WP report. J Clin Oncol 2009; 27: 5202-5207.

10 Kuiper RP, Waanders E, van der Velden VH, van Reijmersdal SV, Venkatachalam R,
Scheijen B et al. IKZF1 deletions predict relapse in uniformly treated pediatric
precursor B-ALL. Leukemia 2010; 24: 1258-1264.

11 lacobucci |, Iraci N, Messina M, Lonetti A, Chiaretti S, Valli E et al. IKAROS deletions
dictate a unique gene expression signature in patients with adult B-cell acute
lymphoblastic leukemia. PLoS One 2012; 7: e40934.

12 Kim J, Sif S, Jones B, Jackson A, Koipally J, Heller E et al. lkaros DNA-binding
proteins direct formation of chromatin remodeling complexes in lymphocytes.
Immunity 1999; 10: 345-355.

13 Zhang J, Jackson AF, Naito T, Dose M, Seavitt J, Liu F et al. Harnessing of the

nucleosome-remodeling-deacetylase complex controls lymphocyte development

and prevents leukemogenesis. Nat Immunol 2012; 13: 86-94.

—_

N

w

(O]

(e}

~

[o2)

O

Leukemia (2016) 1399 - 1448



Letters to the Editor

14 O'Neill DW, Schoetz SS, Lopez RA, Castle M, Rabinowitz L, Shor E et al. An ikaros-
containing chromatin-remodeling complex in adult-type erythroid cells. Mol Cell
Biol 2000; 20: 7572-7582.

15 Song C, Gowda C, Pan X, Ding Y, Tong Y, Tan BH et al. Targeting casein kinase ||
restores |karos tumor suppressor activity and demonstrates therapeutic efficacy in
high-risk leukemia. Blood 2015; 126: 1813-1822.

This work is licensed under a Creative Commons Attribution 4.0

By International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is notincluded under the Creative Commons license, users
will need to obtain permission from the license holder to reproduce the material. To view
a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

Supplementary Information accompanies this paper on the Leukemia website (http://www.nature.com/leu)

A progression-risk score to predict treatment-free survival for
early stage chronic lymphocytic leukemia patients

Leukemia (2016) 30, 1440-1443; doi:10.1038/leu.2015.333

Several phenotypic, molecular and chromosomal markers of
chronic lymphocytic leukemia (CLL) cells have been identified
that are significantly associated with patient prognosis.'™
However, these markers used singularly are inaccurate predictors
of outcome for individual patients. Recent efforts have focused on
combining markers to predict either treatment-free survival
(TES)*”® or overall survival (0S),°”"" however, further effort is
worthwhile to determine how to combine prognostic parameters,
optimize risk stratification, simplify calculations and/or identify
new prognostic variables.

Herein analyzing data from a cohort of Binet A patients,
enrolled in a prospective multicenter observational study, we
developed a weighted, multivariate score (progression-risk score
(PRS)) integrating clinical, laboratory and biological parameters
independently associated with TFS. The PRS was subsequently
validated using an external cohort of CLL patients from the Mayo
Clinic, Minnesota, USA.

We analyzed data from 480 newly diagnosed CLL patients
enrolled in the O-CLL1-GISL protocol (clinicaltrial.gov identifier:
NCT00917540). Of these, 337 cases with available biological
(CD38, ZAP-70, IGHV mutational status and fluoresent in situ
hybridization (FISH)) and clinical/laboratory parameters (sex, age,
absolute lymphocyte count, Rai-modified stage, lactate dehydro-
genase (normal range, 313-618 1U/l) and 2-microglobulin level
(normal range, 0.6-2.0 mg/l),'' were included in this analysis
(see Supplementary Methods).

Factors independently associated with TFS were included in the
PRS. To account for differences in the magnitude of the
association between individual independent factors and TFS, we
assigned a weighted-risk score to each factor based on ranges of
their corresponding hazard ratios (HR) (that is, 1 point for HR
1.1-1.9; 2 points for HR 2.0-2.9 and so on).? The total risk score
was then calculated by summing the ratings of each individual
factor. Risk groups were identified combining risk categories with
a non-statistically different TFS (see Supplementary Methods).

Baseline patient features of the training cohort are listed in
Supplementary Table S1. Patients with Rai stage | and Il were
grouped for analysis according to convention.'? Given the limited
number of patients with del(11g23) and del(17p13), cytogenetic
abnormalities identified by FISH were clustered in three risk
groups (that is, low risk (del(13q14) and normal), intermediate risk
(trisomy 12) and high risk (del(11g23) and del(17p13)). After a
median 42 months follow-up (range, 6-82 months), 84/337
(24.9%) cases required treatment.

In multivariate analysis, Rai stage I-ll, absolute lymphocyte
count > 10 x 10%/l, elevated B2-microglobulin levels, and IGHV-UM
remained associated with shorter TFS (Table 1). The multivariate
model was confirmed by bootstrap resampling (data not shown).
Considering the HR of the independent factors, a risk score was
assigned to each marker (Table 1); the total risk score was defined
as the sum of the risk scores of the four individual parameters
(range, 0-7). According to the predefined criteria (Supplementary
Table S2), three different risk categories for TFS were determined:
low (score 0-2), intermediate (score 3-5) and high risk (score 6-7;
Supplementary Table S3).

Table 1. Univariate and multivariate Cox proportional Hazards Models for TFS

Variable Univariate analysis Multivariate analysis

HR (95% Cl) P-value HR (95% Cl) P-value Score

Age (years) < 60/>60 1.12 (0.73-1.74) 0.59 - - -
Sex male/female 0.93 (0.6-1.44) 0.93 - - -
Rai stage 0/I-II 2.30 (1.47-3.50) < 0.0001 1.76 (1.11-2.78) 0.015 0/1
ALC (10°/l) <10/>10 3.43 (1.99-5.92) < 0.0001 2.70 (1.54-4.72) 0.001 0/2
B2-microglobulin normal/elevated 3.04 (1.96-4.70) < 0.0001 2.65 (1.66-4.21) < 0.0001 0/2
LDH normal/elevated 1.25 (0.57-2.71) 0.57 - - -
CD38 negative/positive 3.22 (2.06-5.02) < 0.0001 1.40 (0.80-2.42) 0.24 -
ZAP-70 negative/positive 2.34 (1.51-3.61) < 0.0001 1.0 (0.98-1.01) 0.72 -
IGHV mutated/unmutated 3.57 (2.32-5.50) < 0.0001 2.39 (1.27-4.50) 0.007 0/2
FISH risk low+int/high 2.93 (1.46-5.90) 0.002 1.80 (0.84-3.88) 0.13 -
Abbreviations: ALC, absolute lymphocyte count; Cl, confidence interval; HR, hazard ratio; LDH, lactate dehydrogenase.
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