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Abstract

Mitotic bookmarking is an epigenetic control mechanism that sustains gene expression in progeny

cells; it is often found in genes related to the maintenance of cellular phenotype and growth

control. RUNX transcription factors regulate a broad spectrum of RNA Polymerase (Pol II)

transcribed genes important for lineage commitment but also regulate RNA Polymerase I (Pol I)

driven ribosomal gene expression, thus coordinating control of cellular identity and proliferation.

In this study, using fluorescence microscopy and biochemical approaches we show that the

principal RUNX co-factor, CBFβ, associates with nucleolar organizing regions (NORs) during

mitosis to negatively regulate RUNX-dependent ribosomal gene expression. Of clinical relevance,

we establish for the first time that the leukemogenic fusion protein CBFβ-SMMHC (smooth

muscle myosin heavy chain) also associates with ribosomal genes in interphase chromatin and

mitotic chromosomes to promote and epigenetically sustain regulation of ribosomal genes through

RUNX factor interactions. Our results demonstrate that CBFβ contributes to the transcriptional

regulation of ribosomal gene expression and provide further understanding of the epigenetic role

of CBFβ-SMMHC in proliferation and maintenance of the leukemic phenotype.

Background—Runt-related transcription factors (RUNX) bookmark genes important for

phenotype, but the mitotic behavior of RUNX cofactor, Core Binding Factor β (CBFβ) is

unknown.
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Results—CBFβ and leukemogenic fusion protein CBFβ-SMMHC associate with chromosomes

during mitosis and regulate ribosomal genes.

Conclusion—CBFβ and CBFβ-SMMHC contribute to epigenetic control of ribosomal genes.

Significance—CBFβ-SMMHC alters regulation linking phenotypic control with cell growth,

thereby promoting cancer.
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INTRODUCTION

Core Binding Factor β (CBFβ) heterodimerizes with the runt domain of RUNX transcription

factors to enhance their affinity for DNA (1). Upon binding of CBFβ, the runt domain

undergoes a conformational change that stabilizes DNA binding through hydrogen bonds

and hydrophobic interactions (2). Biological functions of CBFβ can be inferred from the

defective fetal liver hematopoiesis and central nervous system bleeding seen in Cbfβ

knockout mice (3,4), and bone-development defects (5) in Cbfβ knock-in mice. CBFβ has

also been implicated in several types of cancer (6-8). For example, acute myeloid leukemia

(AML) of the subtype M4 with Eosinophilia (M4Eo) is characterized by a chromosomal

translocation [Inv(16)] that fuses CBFβ with the MYH11 (Myosin Heavy Chain 11) gene to

encode the CBFβ-SMMHC fusion protein (9), which sequesters RUNX1 in the cytoplasm

(10,11) and acts as a transcriptional repressor (12). Thus, CBFβ plays a pivotal role in

regulating RUNX-related transcriptional programs to ensure fidelity of tissue-specific

development, the maintenance of cellular phenotype, as well as the onset and progression of

cancer (13-15).

Mitotic bookmarking of genes by phenotype-specific transcription factors, a novel parameter

of epigenetic control, establishes coordination between proliferation and cellular identity

(16-19). RUNX transcription factors associate with (or bookmark) mitotic chromosomes to

support post-mitotic gene expression via Pol II transcription and to regulate cell growth by

modulating ribosomal gene transcription driven by Pol I (20-23). Transcription factors, such

as RUNX1 and 2, and non-DNA binding protein complexes, such as Filamin A, have been

implicated in the regulation of ribosomal gene expression through structural associations

(24-28). The role of CBFβ, however, in mitotic bookmarking of genes has not yet been

explored. Because CBFβ can be localized in nuclear and cytoskeletal structures (29,30) and

because the nuclear envelope breaks down during compaction and partitioning of

chromosomes (31), it is important to understand the dynamic distribution of CBFβ during

mitosis. Here, we show that CBFβ associates with NORs during mitosis to negatively

regulate RUNX-dependent ribosomal gene expression. Conversely, we demonstrate for the

first time that the leukemogenic fusion protein, CBFβ-SMMHC, associates with mitotic

chromosomes and promotes ribosomal gene transcription. Our results show that mitotic

retention of CBFβ is important for sustaining competency of gene expression related to cell

growth and phenotype in progeny cells. Our data also provide a disease perspective,
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supporting the view that CBFβ-SMMHC conveys information related to maintenance of the

leukemic phenotype via mitotic bookmarking. .

EXPERIMENTAL PROCEDURES

Cell Culture and Synchronization

SaOS-2, HeLa and K562 cells were grown following cell culture conditions recommended

by ATCC. ME-1 cells were grown in RPMI medium supplemented with 20% FBS, 2mM

HEPES, and 1% Pen/Strep. Cells were blocked in mitosis by incubating with 100 ng/mL of

colcemid (KaryoMax, Life Technologies, Carlsbad CA) for 16 h followed by shake-off to

detach mitotic cells. Cell number, cell size and viability were calculated by trypan blue

staining and using the Countess Automated Cell Counter (Life Technologies).

Primary and Secondary Antibodies

The following antibodies were used in this study: CBFβ rabbit polyclonal (ab33516, Abcam,

Cambridge, MA), dilutions were 1:500 (IF, WB), 1:500 and 5 μg per IP (ChIP); CBFβ rabbit

polyclonal (A-303-547A, Bethyl Labs, Montgomery, TX), dilutions were 1:1000 (WB) and

5 μg per IP; Runx1 (Cell Signaling Technology, Boston, MA), dilutions were 1:50 (IF) and

1:1000 (WB ); RUNX2 mouse monoclonal (8G5, MBL International, Woburn, MA),

dilutions were 1:600 (IF) and 1:1000 (WB); UBF (F-9, Santa Cruz Biotechnology, Dallas,

TX), dilutions were 1:500 (IF, WB); HDAC1 (H-51, Santa Cruz Biotechnology), 1:1000

dilution used for WB; beta-tubulin mouse monoclonal (T-4026, Sigma Aldrich, St. Louis,

MO), 1:1000 dilution used for WB; lamin B1 (ab16048, Abcam) 1:1000 dilution used for

WB; Normal IgG control (source) was used at 5 μg for IP. Secondary antibodies conjugated

with HRP (Santa Cruz Biotechnology), were used at a dilution of 1:5000 for WB. Secondary

antibodies conjugated with Alexa Fluor 488 or 594 (Life Technologies) were used at

dilution of 1:500 for IF.

CBFβ Inhibitor Treatment

CBFβ inhibitor (Calbiochem/EMD Millipore, Catalog # 219505) was dissolved in DMSO to

a stock concentration of 85 mM. Working concentrations used in this study were 25, 50, 75

and 100 μM. Control cells were incubated with DMSO only. Final DMSO concentrations in

cell cultures ranged from 0.025 to 0.1 %. In experiments with SaOS-2 cells, CBFβ inhibitor

treatment was 3 days. ME-1 cells were treated with CBFβ inhibitor for 7 days.

Flow Cytometry

Cells were fixed and stained for flow cytometry using BD Cytofix fixation buffer (554655,

BD Biosciences, Franklin Lakes, New Jersey) and BD Pharmingen™ PI/RNase staining

buffer (550825, BD Biosciences), following the manufacturer’s instructions. Side versus

forward scatter plots obtained on a BD Biosciences LSRII flow cytometer are shown.
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rDNA Promoter Construct and transfection

The wildtype MR170-BH rDNA-promoter reporter plasmid (32) and RUNX binding site

mutant rDNA-promoter reporter plasmid described previously (20) were transfected and

detected using the experimental conditions developed in the Stein-Lian laboratory (20).

DNA Plasmids and Transfection Methods

CBFβ-GFP and CBFβ-MYH11-GFP were kindly provided by Dr. Paul Liu (10). Plasmids

were transfected using Lipofectamine 2000 (Life Technologies), according to the

manufacturer’s recommendations.

Mitotic Chromosome Preparation

Mitotic cells were washed twice with 1X PBS, fixed with 4% paraformaldehyde (PFA), and

attached to charged slides by using the Cytospin 4 (Thermo Shandon) for 5 min at 500 rpm.

Mitotic-spread quality was monitored using phase-contrast microscopy and DAPI

immunofluorescence. Spreads were maintained in 1X PBS for subsequent use.

Immunofluorescence Microscopy

Cells grown on coverslips and mitotic chromosomes were fixed in 4% PFA in PBS- (15

min, room temperature (RT)), permeabilized in 0.25% PBS-Triton X-100 for 15 min at RT,

and blocked in 1% BSA in PBS for 1 h at RT. Primary antibodies were diluted in 1% BSA

in PBS and incubated with samples for 1 h RT or overnight at 4°C. After successive washes

in 1X PBS, secondary antibodies coupled to Alexa Fluor 488 and/or 594 were added for 1 h

at RT in the dark. Samples were washed in PBS with a last wash in distilled water and

mounted in Prolong-DAPI mounting reagent (Life Technologies). Cells were analyzed using

an epifluorescence Zeiss microscope coupled with a Hammamatsu CCD camera. Images

were acquired using the Zen 2011 imaging software (Zeiss) or ImageJ Software

(Macphotonics).

Co-Immunoprecipitation and Western Blot Analysis

Cells were washed twice with ice-cold PBS and harvested in cold sonication buffer [150

mM NaCl, 50 mM Tris (pH 8), 1% NP-40, 0.5% deoxycholate, 25 mM MG132, and 2X

protease inhibitor mixture (Roche, cOmplete EDTA-free)]. Cells were sonicated (QSonica

Sonicator system fitted with a 1.6-mm tip) and centrifuged at 9391 RCF for 5 min at 4°C.

Lysates were incubated overnight at 4°C with specific antibodies or normal IgG (Millipore,

Billerica, MA). Lysates were then incubated with protein A/G beads (Santa Cruz

Biotechnology) for 3 h, followed by 4 washes with ice cold wash buffer [50 mM NaCl, 20

mM Tris (pH 8.3), 0.5% Sodium deoxycholate, 0.5% Nonidet P-40, 2 mM EDTA, 25 μM

MG132, and 2X protease inhibitor mixture]. Immunoprecipitated proteins were resolved by

SDS/PAGE and transferred to polyvinylidene difluoride membranes (Immobilon-P;

Millipore). Blots were incubated with different primary antibodies followed by incubation

with HRP-conjugated secondary antibodies. For CBFβ IP, Clean-Blot IP Detection Reagent

was used (Cat. #21230, Thermo Scientific, Rockford, IL). Chemiluminescence (Perkin-

Elmer Life Sciences, Boston, MA) was visualized using the BioRad ChemiDoc SRS device.
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Chromatin Immunoprecipitation (ChIP)

ChIP assays were performed using the EZ-ChIP kit (Millipore 17-371), following the

manufacturer’s recommendations. DNA was sheared with a Covaris S-series S220

instrument (Woburn, MA) using the following conditions: Duty Cycle: 10%, Intensity: 3,

Cycles per Burst: 200 to an average DNA fragment size of 350 base pairs. PCR primer sets

used in qPCR to quantify ribosomal gene promoter regions in purified DNA fragments after

ChIP were as described, as were negative control qPCR reactions (23).

RNA Isolation and cDNA synthesis

Total cellular RNA was isolated from cells using the RNAeasy mini kit (QIAGEN). cDNA

was generated from RNA using the SuperScript First Strand kit (Life Technologies).

Real-time PCR

cDNA and DNA quantities were evaluated using real-time PCR (qPCR) with SYBR-green

detection (Life Technologies) on the ViiA 7 Real Time PCR system (Life Technologies).

RNA transcript levels were normalized using β-actin-encoding mRNA as the internal

control. ChIP enrichment was determined as a percentage of input.

Isolation of Nuclear Fraction

Nuclei were purified using the protocol described in the Nuclei EZ Prep Nuclei Isolation Kit

(Sigma Aldrich, St. Louis, MO). Additionally, cells were disrupted by several passes

through a Dounce homogenizer and nuclei were centrifuged through a dense sucrose

cushion (33) to obtain highest purity of nuclei. The quality of nuclear extraction was

monitored by trypan blue staining and microscopic visualization at different time-points

during the protocol. Nuclear extracts were subjected to SDS-PAGE and western blot.

RESULTS

CBFβ Associates with RUNX2 on Mitotic Chromosomes

During mitosis, RUNX2 has been shown to localize in the NORs to regulate ribosomal gene

expression (20). To determine the extent to which the RUNX transcription complex is

epigenetically maintained, we explored whether CBFβ, the heterodimerization partner of

RUNX proteins, also associates with NORs during mitosis. Initially, we used the

osteosarcoma cell line, SaOS-2, that abundantly expresses both RUNX2 and CBFβ proteins,

to verify that we could detect Runx2 in immunoprecipitate obtained using an anti-CBFβ

antibody—indicating that the proteins interact and can be detected in our hands (Fig. 1A).

Next, we examined the subcellular localization of CBFβ relative to RUNX2 during

interphase in SaOS-2 cells using immunofluorescence (IF) analysis. Both CBFβ and

RUNX2 were found throughout the nucleus of cells, and CBFβ also localized to the

cytoplasm (Fig. 1B) as described previously (30). CBFβ antibody specificity was verified by

including a blocking peptide that prevented detection of a CBFβ signal by IF analysis (data

not shown). To address the localization of CBFβ in the NORs during mitosis, SaOS-2 cells

were blocked with colcemid, mitotic spreads were prepared, and IF analysis for CBFβ and

RUNX2 was performed (Fig. 1C and D). As previously shown, these data suggest that
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RUNX2 is present at specific loci in several mitotic chromosomes, including but not

confined to the acrocentric chromosomes where the NORs reside, often symmetrically

localized on sister chromatids (20). CBFβ immunofluorescence colocalized with these

intense RUNX2 foci, but also was present at additional chromosomal regions (Fig. 1C,

boxes 1 and 2). These results suggest that CBFβ associates with RUNX2 at NORs during

mitosis, which raises the question of whether CBFβ is required for RUNX2 regulation of

ribosomal gene expression.

Analysis of CBFβ Association with Pol-I Ribosomal Machinery

Previous studies have shown that RUNX2 localizes at NORs (20,23) and associates with

both Upstream Binding Factor (UBF), an essential component of the ribosomal gene

regulatory machinery and Histone deacetylase 1 (HDAC1), a RUNX2 cofactor that has been

shown to be involved in rRNA gene expression (27). To investigate whether CBFβ is also

involved in these associations, we immunolabeled SaOS-2 mitotic chromosomes; the IF data

indicate that UBF and CBFβ colocalize at the NORs during mitosis (Fig. 2A). We then

conducted co-immunoprecipitation experiments using CBFβ, RUNX2 and UBF antibodies

with lysates from asynchronous SaOS-2 cells. The IP reaction products were analyzed by

Western blotting, using RUNX2, UBF and HDAC1. The data indicate that each IP captured

not only the cognate protein, but also the other two, supporting the hypothesis that these

proteins reside in a complex (Fig. 2B). To confirm that CBFβ associates with the ribosomal

gene transcription machinery, we performed ChIP using an antibody for CBFβ. We detected

specific CBFβ enrichment in three different ribosomal gene promoter regions (Fig. 2C)

using real-time PCR with primer sets described previously (27). As controls, relative

enrichment was compared to that seen in ChIP samples immunoprecipitated using normal

IgG and an unrelated antibody. Taken together, these results demonstrate that CBFβ

associates with Pol-I regulatory complexes of ribosomal RNA genes.

CBFβ Regulates Ribosomal Gene Expression

In osteoblastic cells, RUNX2 plays an important role in negatively regulating the expression

of ribosomal genes (20). To provide mechanistic insight into the role of its primary co-

transcription factor, CBFβ, in regulating ribosomal gene expression, we pursued two

approaches. First, we examined ribosomal gene expression levels in conditions that perturb

the CBFβ/RUNX2 complex using a CBFβ inhibitor designated “17”. This inhibitor has been

shown to bind to CBFβ and allosterically prevent formation of complexes with RUNX1

(34). The CBFβ inhibitor decreased CBFβ/RUNX2 interaction in SaOS-2 cells as detected

by immunoprecipitation (Fig. 2D, top panel). Real-time PCR (RT-qPCR) analysis of

ribosomal gene expression in treated cells showed that CBFβ inhibition resulted in increased

levels of preRNA and 28S ribosomal gene transcripts, but did not affect RUNX2 mRNA

levels (Fig. 2D, middle panel). In addition, CBFβ inhibition downregulated expression of the

RUNX-related Colony Stimulating Factor 2 gene (CSF-2). Expression levels of RUNX2 and

the related gene, VEGF, remained unchanged. As expected, CSF-2 inhibition correlated with

a decrease in cell proliferation detected by toluidine blue staining and cell count in cells

treated with CBFβ inhibitor (Fig. 2D, lower panel). These results suggest that CBFβ plays a

role in modulating the expression of ribosomal genes. We next evaluated the effect of CBFβ

inhibitor on the activity of a reporter construct containing either a normal or mutated
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ribosomal DNA promoter (rDNAp) sequence (Fig. 2E). CBFβ inhibitor dramatically

increased ribosomal gene promoter activity in the wildtype construct, but had no effect on

the rDNA reporter with a mutated RUNX-recognition sequence (rDNApmut). These

findings suggest that CBFβ supresses ribosomal gene expression via RUNX transcription

factor binding to the ribosomal promoter. Taken together, our results indicate that CBFβ

interacts with the ribosomal gene transcription machinery via RUNX2 to regulate rDNA

expression.

The Leukemogenic Fusion Protein CBFβ-SMMHC is Retained in Mitotic Chromosomes

Our laboratory has demonstrated that the leukemogenic chromosomal translocation fusion

protein AML1/ETO (35) is retained in the NORs of human AML-derived Kasumi-1 cells in

mitosis and epigenetically mediates cell growth through upregulation of ribosomal gene

transcription (22,36). Whether other leukemogenic translocation fusion proteins are also

involved in mitotic retention/bookmarking remains to be resolved. We therefore investigated

the CBFβ fusion protein CBFβ- SMMHC that is associated with the M4Eo type of leukemia.

First, we expressed CBFβ-GFP or CBFβ-SMMHC-GFP proteins in HeLa and SaOS-2 cells

to monitor their localization in mitotic chromosomes. The identities of both the wild type

and fusion proteins were first confirmed in HeLa cells by Western blot analysis for CBFβ,

using tubulin as a loading control (Fig. 3A).

By fluorescence microscopy, CBFβ-GFP showed normal distribution throughout the nucleus

and cytoplasm of SaOS-2 cells during interphase (Fig. 3B, upper panel; compare with Fig.

1B). It has been reported that CBFβ-SMMHC perturbs normal RUNX2 localization, causing

it to localize in the cytoplasm, rather than in the nucleus (10,29). In a separate study, CBFβ-

SMMHC was shown to localize to the nucleus and cytoplasmic membrane (37). In our

studies, we observed both phenomena, with some cells showing punctate staining from

CBFβ-SMMHC-GFP in the cytoplasm (Fig. 3B, middle) and others in the nucleus (Fig. 3B,

lower panel).

To examine the localization of CBFβ-SMMHC during mitosis, mitotic chromosomal spreads

were prepared from HeLa cells transfected with both RUNX2-mCherry and CBFβ-MYH11-

GFP or CBFβ-GFP expression plasmids. In our earlier experiments, CBFβ and RUNX2 co-

localized on mitotic chromosomes (Fig. 1). We saw comparable results in HeLa cells, with

both normal CBFβ and leukemia-related CBFβ-SMMHC retained in mitotic foci with

RUNX2 (Fig. 3C). To confirm these observations for RUNX1, we used the human leukemic

ME-1 cell line that endogenously expresses both RUNX1 and CBFβ-SMMHC and K562

cells that do not express the leukemic fusion protein (38). As expected, CBFβ-SMMHC was

detected in nuclear and total cell extracts from ME-1 cells but not in the leukemic K562

cells (negative control) (Fig. 3D). Endogenous RUNX1 and CBFβ were detected in total cell

extracts and to a lesser extent in nuclear extracts of both cell lines. Tubulin and lamin B1

were used to monitor cell fractionation. Immunofluorescence analysis of mitotic

chromosome spreads from ME-1 cells expressing CBFβ-SMMHC-GFP showed co-

localization of the fusion protein with endogenous RUNX1 (Fig 3E, upper panels) as well as

with UBF (Fig. 3E, lower panels). Based on these results we conclude that the leukemogenic

CBFβ-SMMHC fusion protein associates with NORs in mitotic chromosomes.
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CBFβ-SMMHC Regulates Ribosomal Gene Expression

With strong evidence that CBFβ regulates ribosomal gene expression (Fig. 2) and CBFβ-

SMMHC associates with mitotic chromosomes in NORs (Fig. 3), we investigated whether

CBFβ-SMMHC likewise regulates expression of ribosomal genes (Fig. 4). First we analyzed

ribosomal gene expression in ME-1 cells treated with CBFβ inhibitor compared to untreated

controls, using cell proliferation as a read-out. As reported previously (34), our data indicate

that CBFβ inhibitor decreased proliferation of ME-1 cells with increasing dose (Fig. 4A).

CBFβ inhibitor did not significantly affect cell viability as detected by trypan blue staining,

nor did it alter cell size as determined by quantitative analysis of cell diameter (Fig. 4B).

However, it did induce changes in cellular morphology. Cells treated with increasing

concentrations of CBFβ inhibitor or DMSO-only were analyzed by flow cytometry, and

graphed as side versus forward scatter plots (Fig. 4B). At the higher levels of CBFβ

inhibitor, we detected a cell population with increased side scatter, indicating changes in cell

density and granularity. These observations are consistent with reported changes in cell

shape, lower nuclear to cytoplasmic ratio and lobulation of nuclei after CBFβ inhibitor

treatment (34). RT-qPCR analysis of ribosomal transcript levels in ME-1 cells treated with

inhibitor showed that treated cells had decreased levels of preRNA and 28S RNA levels, in

comparison with control cells (Fig. 4D). These results suggest that in cells expressing the

leukemogenic CBFβ fusion protein, the CBFβ inhibitor modulates the dynamics of the

CBFβ-SMMHC/RUNX1 complex to downregulate ribosomal gene expression. This is in

contrast to the inhibitor’s effect on normal wildtype CBFβ, where it results in the de-

repression (upregulation) of RNA expression. Taken together, our findings suggest a novel

epigenetic regulatory role of CBFβ-SMMHC in acute myeloid leukemia of the subtype

M4Eo.

DISCUSSION

Mitotic bookmarking of genes by RUNX proteins is essential for the maintenance of

coordination between cell growth and cellular identity (19). In this study we show that

CBFβ, the primary RUNX cofactor, associates with ribosomal genes on chromosomes

during mitosis to epigenetically regulate RUNX-meditated ribosomal gene expression. In

addition, we observed that the CBFβ association with gene loci on mitotic chromosomes is

not confined to NORs but that this so-called mitotic bookmarking also occurs in other

chromosomal regions, that are not associated with ribosomal genes. RUNX proteins have

also been shown to associate with chromosomes in regions other than the NORs (20).

Interestingly, CBFβ is rather broadly expressed, including in RUNX-negative cells such as

HeLa and embryonic stem cells, indicating the strong possibility of a biological role apart

from contributing to control by RUNX transcription factors. Further studies will be

necessary to conclusively delineate other genes that are mitotically bookmarked by CBFβ.

Ribosomal gene expression is driven by the Pol-I regulatory machinery, of which UBF is an

essential component. In our study, CBFβ, UBF and RUNX2 were immunoprecipitated

together. We also found that perturbing CBFβ-RUNX interactions using CBFβ inhibitor

resulted in an increase in rRNA gene expression, presumably by relieving RUNX

suppression of rRNA genes. Our results suggest that CBFβ is a physiological mediator of

Lopez-Camacho et al. Page 8

J Cell Biochem. Author manuscript; available in PMC 2014 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



rRNA transcription—it has been shown to interact with the cytoskeletal protein Filamin A in

the cytoplasm, an interaction that prevents CBFβ from functioning as a regulatory partner of

RUNX1 (30). Additionally, Filamin A can be localized to the nucleolus via a nucleolar

localization signal (NoLS) to suppress ribosomal gene transcription (25). It will be

informative to determine whether Filamin A/RUNX/CBFβ interactions modulate ribosomal

gene transcription.

Many leukemias result from chromosomal translocations that alter RUNX biology; these

include RUNX1-ETO (AML1-ETO) and CBFβ-MYH11. It has previously been shown that

RUNX1-ETO functions to activate ribosomal gene transcription and upregulate protein

synthesis (22). Of clinical relevance, we show that the leukemogenic fusion protein CBFβ-

SMMHC is retained on mitotic chromosomes and regulates ribosomal gene transcription

during interphase. Given the dynamics of CBFβ-SMMHC in the cytoskeleton and in the

nuclear compartment, we propose the following mechanism for the regulation of ribosomal

gene expression: In normal diploid cells, association of RUNX/CBFβ with ribosomal genes

suppresses ribosomal gene transcription. When present, CBFβ-SMMHC competes with and

displaces CBFβ from ribosomal gene promoters. As a consequence, CBFβ-SMMHC/RUNX

dynamically relocates from the ribosomal gene promoter to the cytoskeletal compartment,

thereby alleviating suppression of ribosomal gene transcription.

The CBFβ inhibitor that prevents RUNX proteins from complexing with CBFβ (34) may

release cytoskeleton-sequestered RUNX from CBFβ-SMMHC to enter the nucleus, resulting

in transcriptional repression of ribosomal genes (Fig. 4E). It is recognized that the CBFβ

inhibitor used in this study targets both CBFβ and CBFβ-SMMHC. Availability of a

selective inhibitor for CBFβ-SMMHC would be mechanistically informative for further

investigations and could advance our understanding of the relationships between expression

of the CBFβ-SMMHC fusion protein and control of cell growth. It also has the potential to

provide a therapeutic option for treating patients carrying the CBFβ-MYH11 translocation

by modulating the activity of ribosomal gene expression that is linked to proliferation and

tumorigenesis.

Our findings reinforce the significance and expand mechanistic understanding of

bookmarking genes on mitotic chromosomes as a novel regulatory mechanism that

contributes to control of cell growth, phenotype identity and proliferation. Our results are

consistent with functional involvement of CBFβ and CBFβ-SMMHC in mitotic

bookmarking, expanding the cohort of regulatory molecules that are engaged in sustaining

epigenetic control in normal and cancer cells.
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FIGURE 1. Analysis of CBFβ/RUNX2 colocalization during mitosis
A, Immunoprecipitation of CBFβ was performed from asynchronous SaOS-2 whole cell

lysates. A 22 KDa band corresponding to CBFβ (lower panel) was detected in the input (5%)

and the CBFβ-IP samples, but not in those immunoprecipitated with the control, normal IgG.

RUNX2 (60 KDa) was also seen only in the CBFβ-IP samples (Upper panel), indicating that

is was co-immunoprecipitated with CBFβ and suggesting that RUNX2 and CBFβ remain as

a complex. B, IF microscopy images of interphase SaOS-2 cells using antibodies for

RUNX2 and CBFβ, and DAPI stain. Fluorescence data indicate that CBFβ is detected in
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both nuclei and cytoplasm, and RUNX2 is mainly located in the nucleus. In agreement with

the IP results, co-localization of CBFβ with RUNX2 is observed (overlay image); C, IF of

chromosomal spreads from SaOS-2 cells previously blocked in mitosis indicates that CBFβ

is frequently located in chromosomes and co-localizes with RUNX2 in NORs (dotted

squares 1 and 2 in overlay, enlarged on the right); D, Pie chart representing the distribution

of co-localization of CBFβ with RUNX2 in mitotic spreads.
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FIGURE 2. CBFβ Association with Pol-I ribosomal machinery
A, Immunofluorescence staining in mitotic spreads with UBF CBFβ primary antibodies

indicates that, like UBF, CBFβ is present in NORs during mitosis; B, Whole cell lysates

from asynchronous SaOS-2 cells were immunoprecipitated using CBFβ, RUNX2 or UBF

antibodies; normal IgG was used as a nonspecific control. The IP products were evaluated

by Western blot with RUNX2, UBF and HDAC1. Signal from IgG heavy chain [IgG] was

detected in some samples, depending on the primary and secondary antibodies used. The

results suggest that these proteins associate in cells; C, To confirm that CBFβ associates
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with the ribosomal gene transcription complex, ChIP was performed in SaOS-2 cells using a

CBFβ, unrelated, or normal IgG antibody. The immunoprecipitated DNA fragments were

amplified using real-time PCR with one of 3 primer sets that span the ribosomal gene

promoter (top, (27)). Relative enrichment of all three ribosomal gene promoter regions was

seen in samples that used CBFβ antibody for ChIP compared to that seen in control ChIP

samples (bottom). D, To evaluate the effect of the CBFβ/RUNX2 complex on ribosomal

gene expression, SaOS-2 cells were treated with CBFβ inhibitor (or DMSO-only as a

control) for 3 days. Samples were then subjected to IP using RUNX2 antibodies and

immunoprecipitated protein was evaluated by Western blot (upper panel). RT-qPCR

analysis of ribosomal gene expression was conducted using methods and primers described

previously (23,27). This analysis suggests that CBFβ inhibition results in increased levels of

preRNA and 28S ribosomal gene transcripts and decreased CSF-2 expression levels;

RUNX2 and VEGF levels were equivalent with and without CBFβ inhibitor treatment

(middle panel). Data are presented as mean ± standard deviation (SD) (n=3). (*) indicates P

<0.05 when compared to DMSO-treated control cells; t- test analysis was performed. The

effects of CBFβ inhibitor (black bars), compared to DMSO-only treatment (white bars) on

cell proliferation were evaluated using Toluidine Blue staining and relative cell count (n=3,

mean ± SD (*) indicates P < 0.05; t-test). Both analyses suggest that CBFβ inhibition

reduces cell proliferation (lower panels). E, Analysis of CBFβ inhibition on rDNA promoter

activity via RUNX2. An rDNAp (top) was transfected into SaOS-2 cells and its activity was

measured upon treatment with CBFβ inhibitor (bottom). The CBFβ inhibitor did not increase

promoter activity of the rDNAp containing a mutated RUNX site (rDNApmut). Data are

presented as mean ± SD (n=3).
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FIGURE 3. Leukemogenic CBFβ-SMMHC associates with NORs in mitotic chromosomes
A, HeLa cells were transfected with CBFβ-GFP or CBFβ-SMMHC-GFP expression

plasmids and western blot analysis from total cell extracts was performed. Detection with

anti-CBFβ antibody shows proteins of sizes that correspond to exogenous (expression-

plasmid-encoded) proteins (~54Kda and ~96 KDa, respectively); β-tubulin was used as a

loading control. B, SaOS-2 cells transfected with CBFβ-GFP or CBFβ-SMMHC-GFP were

fixed and labeled using an anti-RUNX2 antibody; GFP was detected by fluorescence only.

CBFβ-SMMHC-GFP but not CBFβ-GFP caused cytoplasmic sequestration of RUNX2 as
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well as atypical distribution of RUNX2 in the nucleus; C, IF of chromosomal spreads from

HeLa cells transfected with RUNX2-mCherry and CBFβ-GFP or CBFβ-SMMHC-GFP

indicate that both normal and leukemic proteins remained associated with NORs during

mitosis. D, Western blot of nuclear and total extracts from ME-1 and K562 leukemia cell

lines to detect protein levels of CBFβ, CBFβ-SMMHC, and RUNX1; lamin B1 (nuclear) and

β-tubulin (cytoplasmic) were used as loading and cell fractionation controls. E, Mitotic

spreads from ME-1 cells expressing CBFβ-SMMHC-GFP were labeled with DAPI and

examined via IF with antibodies to detect RUNX1 (upper panel) or UBF (lower panel).
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FIGURE 4. Effects of CBFβ inhibition on ribosomal gene expression and proliferation in ME-1
cells
ME-1 cells are derived from an AML patient; they express both CBFβ and CBFβ-SMMHC

proteins. A, Dose-response of CBFβ inhibitor on ME-1 cell proliferation. Cells were

incubated with or without CBFβ inhibitor at different concentrations (x-axis) and cell

number was counted (y-axis) after 7 days of treatment. Data are presented as mean ± SD

(n=3). B, ME-1 cell viability (top graph) and cell size (lower graph) were assayed, using

trypan blue assay and Countess instrument respectively, after treatment with 100 μM CBFβ

inhibitor (black bars) or DMSO-only (white bars). Data are presented as mean ± SD (n=3);
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C, Flow cytometry was performed to detect changes in morphology of ME-1 cells treated

with or without different concentrations of CBFβ inhibitor. Side versus forward scatter plots

are presented. Note a shift of the ME-1 population in cells treated with the inhibitor versus

control cells; D, RT-qPCR analysis in ME-1 cells suggest that relative levels of preRNA and

28S ribosomal gene transcripts were lower in cells treated with CBFβ inhibitor compared to

DMSO-treated control cells (n=3, mean ± SD (*) indicates P < 0.05 ; t-test).
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