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Abstract

Terminal erythroid differentiation in vertebrates is cleteezed by progressive heterochromatin
formation, chromatin condensation and, in mammals, culminates inan@{gusion. To date, although
mechanisms regulating avian erythroid chromatin condensation haweidegdified, little is known
regarding this process during mammalian erythropoiesis. Todatecithe molecular basis for
mammalian erythroblast chromatin condensation, we used Friend inieeted murine spleen
erythroblasts that undergo terminal differentiation in vitrbrdhatin isolated from early and late stage
erythroblasts had similar levels of linker and core histones, only a slftgredce in nucleosome repeats,
and no significant accumulation of known developmentally-regulateltitectural chromatin proteins.
However, histone H3(K9) dimethylation markedly increased whilstohe H4(K12) acetylation
dramatically decreased and became segregated from tbeehisiethylation as chromatin condensed.
One histone deacetylase, HDAC5, was significantly upreguldieithg the terminal stages of Friend
virus-infected erythroblast differentiation. Treatment withtdnie deacetylase inhibitor, trichostatin A,
blocked both chromatin condensation and nuclear extrusion. Based cataune propose a model for a
unique mechanism in which extensive histone deacetylation at pesitenic heterochromatin mediates
heterochromatin condensation in vertebrate erythroblasts woald otherwise be mediated by

developmentally-regulated architectural proteins in nucleatestildells.
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List of abbreviations:

FVA cells - Friend virus-infected murine spleen erythroblasts

H3acK9,K14 - histone H3 acetylated at Lysines 9 and 14

H3meK?9 - histone H3 dimethylated at Lysine 9

H3meK?9 - histone H3 trimethylated at Lysine 9

H4acK12 — histone H4 acetylated at Lysine 12

HDAC - histone deacetylase

HP1 - heterochromatin protein 1

HPLC - High-performance Liquid Chromatography

KCM buffer - 120mM KCI, 20mM NaCl, 10mM Tris-HCI, pH7.7, 0.1% Triton X-100
MEL - mouse erythroleukemia cells

PBS - phosphate-buffered saline

RSB - Reticulocyte Standard Buffer (10mM NaCl, 3mM Mg@DmM HEPES, pH7.5)
SDS-PAGE - sodium dodecyl sulfate-containing polyacrylamide gel epdairesis

TSA - trichostatin A



I ntroduction
Mammalian terminal erythroid differentiation is charactdlizby extensive nuclear chromatin
condensation and culminates in nuclear extrusion. Although chroomtdensation is also a feature of
avian erythropoiesis, nuclei are retained in mature circgjagrythrocytes. To date, mechanisms
regulating avian erythroid chromatin condensation have been elutiiatéttle is known regarding this
process in mammalian erythroblasts.

DNA in eukaryotic cells is configured into chromatin throughaissociation with histones and
nonhistone architectural proteins. The primary packing levelistsre an array of repeating nucleosome
units. Further compaction is achieved through a hierarchy of ragber folding: first into the 30 nm
chromatin fiber (secondary level) and then into more compatiarierand quaternary higher order
structures (Adkins et al., 2004; Woodcock and Dimitrov, 2001; Zlataanda_euba, 2003). One of the
most intriguing phenomena related to chromatin higher order foldinghes presence of two
morphologically different types of chromatin within a single iiptease nucleus: dispersed euchromatin
and the condensed heterochromatin (Hennig, 1999; Richards and Elgin, 2068né&tdly repressed
chromosomal loci such as pericentromeric or subtelomeric regimnsassociated with constitutive
heterochromatin while facultative heterochromatin is assatiaith conditionally repressed portions of
the genome. During eukaryotic differentiation, inactivation ahygnchromosomal loci is correlated with
formation of abundant blocks of facultative heterochromatimarastel et al., 2000; Frenster, 1974).
Recent genetic studies have revealed a complexity of preteior§, small RNA molecules, and histone
modifications that mediate heterochromatin formation in multilzel eukaryotes (Bernstein and Allis,
2005; Huisinga et al., 2006; Jenuwein and Allis, 2001; Maison and Almouzni, 2004).

Studies in terminally differentiating cells show that chromatidergoing extensive condensation
acquires a special pattern of post-translational histone matififis typical for heterochromatin, such as
histone H3(K9) methylation and histone H3 and H4 deacetylation andaalamulates specific
developmentally-regulated protein factors that mediate chromatidleasation (Grigoryev et al., 2006).

The spatial correlation of histone modifications with chramabndensation has been well documented



for chicken erythrocyte chromatin in general and dissected atexcutar level using the developmentally
regulated3-globin gene (Bannister et al., 2005; Hebbes et al., 1994, lait,2001a; Litt et al., 2001b).
During development, chicken erythrocytes show a marked change mudgeosomal repeat (Weintraub,
1978) correlated with an increase of two developmentally-reggiichromatin-condensing factors which
continue to be synthesized even when cell proliferation ceasggcial variant of linker histone, histone
H5 (Sung et al., 1977) and a nonhistone protein MENT (Grigoryev, éit92). Histone H5 accumulates
at repressed chromatin domains and decreases at active thrdormaains, such as tifeglobin gene
(Verreault and Thomas, 1993). MENT also accumulates at represssdchromatin and its interaction
with chromatin is promoted by histone H3(K9) methylation, whichrégent at heterochromatic loci
and decreased at the actifeglobin gene (Istomina et al., 2003). During chicken granulocyte
differentiation, however, histone H5 is not expressed but MENUmaglates to a very high level: up to 2
molecules per nucleosome (Grigoryev and Woodcock, 1998). A closatgdenuclear serpin, MNEI,
accumulates in chromatin of terminally differentiated humamngiocytes (Popova et al., 2006). Thus
various molecular pathways are involved in chromatin condensatiamgdierminal differentiation in
different types of blood cells.

To understand mechanisms governing chromatin condensation in riamargthroblasts, we
examined chromatin organization in a well characterized moflérminal erythroid differentiation,
Friend virus-infected murine spleen erythroblasts (FVA felglergoing differentiation and enucleation
invitro over 44-48 h (Koury et al., 1988; Koury et al., 1989; Krauss et al., 2@@>et al., 2003). Unlike
the mouse erythroleukemia (MEL) cells derived from the leikghase of the Friend disease, the FVA
cells that we use in our system do not undergo malignant tremetfon and are not expected to acquire
global epigenetic changes associated with oncogenically-tramesforgenomes(Esteller, 2006;
Feinberg et al., 2006Here we report that chromatin from nuclei of early stagemthroblasts and

late stage orthochromatic erythroblasts contain similarideweé linker and core histones, similar

nucleosome repeats, but surprisingly low levels of nonhistone prateloding nuclear serpins and most



other architectural protein factors previously proposed to be iasstcwith heterochromatin
condensation such as HP1, MeCP2, MBD2, macroH2A, and H2A.Z (reviawéGrigoryev et al.,
2006)). However, we did observe a significant increase in hiskiiedimethylated at Lysine 9
contrasting with a sharp decrease in the levels of histonecElated at Lysine 12 in late stage
erythroblasts. The decrease in histone acetylation was coacbmith a marked increase in the level of
one histone deacetylase, HDACS5. Treatment of differentiatiyifpreblasts with trichostatin A (TSA), a
histone deacetylase (HDAC) inhibitor, maintained histoneykatigtn and strikingly inhibited chromatin
condensation and nuclear extrusion. Our data suggest that the high déghromatin condensation in
terminally differentiated mammalian erythroblasts, in casttto other vertebrates, is mediated by post-
translational histone modifications but does not require accumulafioknown developmentally-

regulated architectural proteins.

Materialsand Methods
Reagents. All chemicals were purchased from Fisher Scientifict§Bitrgh, PA), unless otherwise noted.

Antibodies against HR1, HP13, HP1ly, histones H3 trimethylated at Lysine 9 (H3K@), H3
dimethylated at Lysine 9 (H3n#€9), H3 acetylated at Lysines 9 and 14 (H3acK9,K14), H4 acetlyktte
Lysine 12 (H4acK12), macroH2A1.2 and H2A.Z were as described (Bulynib, &006; Grigoryev et
al., 2004) as were antibodies against lamins A/C and B (ChaudhdrnCourvalin, 1993). Antibody
against MBD2 (sheep, cat.# 07-198) and MeCP2 (rabbit, cat.#07-&8)fvom Upstate (Lake Placid,
NY) and against HDACS (rabbit, cat.#2082) were from Celh8iiing Tech. (Beverly, MA). Secondary
AlexaFluoro-conjugated antibodies (Molecular Probes, Eugene, @) wged for immunofluorescence,
and HRP-conjugated antibodies from Jackson ImmunoResearch (West BA)wvere used for Western
blot analysis. Chicken blood was obtained from Bells & Evans / FarmdesIRc. (Fredericksburg, PA)
Isolation of Differentiating Murine Erythroblasts from Friend Virus-infected Spleens. Early erythroblasts

were isolated using the system established by Koury(&woairy et al., 1997; Koury et al., 1984; Krauss



et al., 2005; Lee et al., 2003). In brief, P mice were infected with the anemia-inducing strain ef th
Friend erythroleukemia virus (1 x 16pleen focus-forming units injected per mouse). After eleagn,d
cells from two spleens were collected and separated bgityebedimentation at unit gravity on a BSA
(Bovine Serum Albumin) gradient. Cells sedimenting at appratéim 6 mm/h or greater were pooled
and yielded a population that was predominantly proerythrobld®sBFU-E, 10-20% CFU-E). Cells
were cultured over 44 h with 1.0 units/ml recombinant human erytietopdepo). In culture, the cells
proliferated and differentiated into late-stage erythrobJagbout one-third to one half of which
underwent enucleation. At specific time points, cells were rechéwm culture for analysis. Cytospin
slides were made using a Shandon Cytospin 4 (Thermo Electron Cogbufgih, PA). Slides were
stained using 3,3’-dimethoxybenzidine and hematoxylin.

Immunofluorescence Microscopy. For analysis of interphase nuclei, cells were resuspeimdd®BS
(phosphate-buffered saline) buffer and 10@liquots were either directly applied or cytospun on poly-L-
lysine slides (Sigma). Cells were fixed in 2.7% paraformaldehfgdS, Hatfield, PA) in PBS,
permeabilized in KCM buffer (120mM KCI, 20mM NaCl, 10mM Tris-HCI, i, 0.1% Triton X-100),
blocked in 2% BSA, 10% non-fat dried milk in KCM buffer and incutiatéth primary and secondary
antibodies diluted in the blocking solution. All samples were costai@ed with Hoechst 33258 or DAPI
DNA stains as described previously (Bulynko et al., 2006). Fluorescemmroscopy was performed
using a Nikon Eclipse E1000 automated microscope with 40x and 100x pldenapand Hamamatsu
Orca-ER digital camera. Image capturing and analysisp&esrmed using Image-Pro MC6.0 software.
For deconvolution, 16 bit z-slices were captured at (0 steps with a cooled CCD camera and
iteratively deconvolved (usually 20 cycles) using AutoDeblur smgwWAutoQuant Imaging, Watervliet,
NY) as described (Irving et al., 2002). Deconvolved images of ninckeg. 5 represent a single ‘'z’ slice
through the center of the nucleus.

Isolation of Murine and Chicken Nuclei. Fractionation of chicken blood cells and isolation of chicken

erythrocytes was performed as described (Grigoryev and Woodcock,. Ta983olate FVA cell or



chicken erythrocyte nuclei, cell suspensions in PBS wengriftged for 3 min at 1000xg and
resuspended in 0.5% IGEPAL CA-630 (Sigma) in RSB (10mM NacCl, 3ndZIp110mM HEPES, pH
7.5) plus 1mM PMSF and protease inhibitors cocktail (Sigmd)s @ere vortexed several times during
30 min incubation on ice and then centrifuged 10 min at 5000xg. Thei patet was resuspended in
RSB plus 1mM PMSF and protease inhibitors cocktail.

Nuclease Digestion. For micrococcal nuclease digestion, an aliquot of nuclear @tparcontaining 1
mg/ml DNA was resuspended in 5ml RSB, 0.5mM PMSF. €a@bk added to a final concentration of
1mM, and micrococcal nuclease (Nuclease S7, Roche Diagnostiandpdlis, IN) was added at 2.5
units/ml. The reaction was carried out at@G7or various time intervals and terminated by adding EDTA
to a final concentration of 10mM. Resulting soluble chromatin tneeted with 50ug/ml Proteinase K
plus SDS to 1% final concentration for 1 h atG5DNA was purified by phenol/chloroform extraction
and ethanol precipitation and subjected to electrophoresis in I#sad&ltraPure, Invitrogen, Carlsbad,
CA) in Tris-Acetate-EDTA buffer (Grigoryev and Woodcock, 1998) with tamtsbuffer recirculation.
Reverse-phase High-performance Liquid Chromatography (HPLC). Analysis of major histone
composition of chromatin from erythroblasts before (0 h) and 4&rherythropoietin induction was
performed using reverse-phase HPLC on the 250x4.6 mm Vydac C18 colitimbum pore size
(Western Analytical Products, Marrieta, CA). Nuclei fromtlergblasts (containing 0.3 mg of DNA)
were acid-extracted with 0.2M ,80, for 30 min on ice, centrifuged in a tabletop microcentrifuge
(Eppendorf North America, Westbury, NY) for 15 min at 14,000 rpm th@dupernatant (approximately
20 ug of total protein) was applied to the column equilibrated with Ha#®tonitrile containing 0.1%
trifluoroacetic acid (solution C). The column was washedh walution C for 8 min at 0.5ml/min flow
rate, and histones were eluted using a two-step gradient: 0-60% solution B (E10fttide, 0.1% TFA)
for 120 min, then 60-100% solution B for 15 min at 0.5ml/min flow rate. 0.25rawtions were
combined and analyzed by sodium dodecyl sulfate-containing polyaaiglayal electrophoresis (SDS-

PAGE).



SDSPAGE Gel Electrophoresis and Western Blotting and. Isolated nuclei were dissolved in SDS-
containing loading buffer and the electrophoresis was carried agetnpolyacrylamide SDS-containing
gels (Laemmli, 1970). Proteins were transferred to Immobilpeifvinylidene difluoride membranes
(Millipore, Billerica, MA) and detected with primary andcsadary HRP-conjugated antibodies as
described (Bulynko et al., 2006). For semi-quantitative analysielafive protein levels in nuclear
samples, the Coomassie-stained gels or autoradiograph &ter(Amersham, UK) detection were
scanned and digitized and the intensity of protein bands was gtehtitsing the OptiQuant version
03.00 (Packard Instrument Co, Meriden, CT) software package.

Treatment of Cultured Erythroblasts with HDAC inhibitors. After 24 h of culture, 100 and 200 nM
trichostatin A (Calbiochem) was added to culture medium and O2M&O (vehicle) added to controls.
At 48 h, control and trichostatin A treated cells were colledtsd] cells counted, cytospins prepared,
and 500 cells were scored as erythroblasts, extruded nuclati@racytes. Brightfield images were
acquired using a Nikon TE2000 microscope and a Plan Apo 60X/1.4NA oil objective (Nikanriests,
Inc., Melville, NY) equipped with a Q-imaging RetigaEX CCBntera (Q IMAGING, Burnaby, BC
Canada). For erythroblast populations, nuclear diameters weasured on randomly selected cells from
cytospin slides using Image-Pro Plus software (MediaCyberneticer Sibving, MD).

Quantitative Real Time PCR. Friend virus infected erythroblasts were cultured and allowad¢®rgo
terminal differentiationin vitro, as described above. RNA was extracted with RNAzol B (Té&l-tes
Friendswood, TX), every 8 h for 48 h. Total RNA (100 ng) was usemiake cDNA, with random
nonameric primers (100 ng), and Superscript Il reverse tratssei (Invitrogen, Carlsbad, CA). Of the
final reaction volume (2@l), 1 ul of cDNA was used in the PCR reaction. The PCR reactionded
Quantitech SYBR (Qiagen, Valencia, CA), sense and antisens@i@&s (0.25.M), and cDNA. PCR
primer sequences are listed in Supplemental TalCR reactions were loaded into a 96-well plate, and

analyzed on a DNA Engine Opticon (MJ Research, Waltham, MA).



Results
Nucleosome Array Architecture and Histone Composition are Maintained in Condensed Chromatin of
Late Sage Murine Erythrablasts. During chicken erythrocyte differentiation there is a substantialasere
in nucleosomal repeats from 190 bp in 3-4 day erythroblasts to ~207 bp in 12-15 day embrgoyegthr
and 212 bp in adult erythrocytes, accompanying the global chromatin comolerfgéeintraub, 1978).
To determine if this is a feature of mammalian erythropsiese utilized Friend virus-infected murine
spleen erythroblasts (FVA cells), a well-characterized madeterminal erythroid differentiation.
Employing this system, erythroblasts were observed to undergoediffgion and enucleation over a
period of 44-48 h (Fig. 1A). Measurements of nuclear diametemrsunine erythroblasts showed a
significant decrease in average diameter from 9.6 tau@.8luring 48 h of terminal differentiation (Fig.
1B, C). Taking the diploid mouse genome size of 6.7 pg (Petersdn £894), our results show a ca. 3-
fold nuclear chromatin condensation: from 0.014pg/at O h to 0.041 pgi® at 48 h.

To analyze nucleosomal repeat length, we digested O and 48 h noakeimfurine erythroblast
cultures with exogenous micrococcal nuclease and analyzed theitiatigeatterns. Both 0 and 48 h
nuclei showed almost identical rates of digestion and produced ivgitgranuclease digestion patterns,
and a similar width of the nuclease digestion bands indicatinghecrease in chromatin structural
heterogeneity (Fig. 2A,B). By measuring the nuclease-digd3ié8l fragment length divided by the
nucleosome number (Fig. 2C) we estimated that the size of th@soiele repeat slightly decreased from
196 bp to 191 bp during murine erythroblast differentiation. This sdeaiease in size is strikingly
different from the previously observed increase in the nuateak repeats in differentiating chicken
erythroid cells (Weintraub, 1978). Thus our data suggest that nucleosoayabiganization is minimally
changed during murine erythroblast differentiation. Of note, asrirereatudies (Kelley et al., 1993;
Krauss et al., 2005), we did not observe extensive DNA degoadatiany samples, indicating no major

activation of apoptotic pathways.
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Developmentally-regulated transitions in chicken erythcghromatin, in particular the
increased base pairs of nucleosomal repeat, have been previtislyeal to an increased level of linker
histones (Woodcock et al., 2006) from 1 to 1.4 molecules per nucleosonte @wpression of one
developmentally-regulated linker histone variant, H5 (BatesTdmuinas, 1981). To compare changes in
chromatin protein composition during development of mouse and chicken eryéisroggtisolated nuclei
and soluble chromatin from the nuclease-treated 0 h and 48Hhnodgists and examined their protein
composition as previously described for chromatin from chickenhregytes and granulocytes
(Grigoryev and Woodcock, 1998). Total nuclear protein analyzed by madtGE, from both 0 h and
48 h samples showed a distinct chromatin protein pattern withxipected core histone (H2A, H2B, H3
and H4) and linker histone (H1) composition but, in contrast with chiekghrocytes, no changes in the
linker histone levels (Fig. 3A, lanes 2-4 and 6,7). Muringheoblast nuclei also appeared to contain
much less nonhistone protein than proliferating mouse NIH3T3 cell in(ficlg. 3A, lanes 1,5).
Furthermore, densitometry of the histone region of the total augotein separated by SDS-PAGE
(Fig. 3B) and HPLC chromatography of acid-extracted histones (Fig. 3C,D) ghawee significant
changes between 0 and 48 h erythroblaBtsis our data clearly show that no major developmentally-
regulated architectural protein, predicted to act at a Eweéthiometric with nucleosomes (McBryant et
al., 2006), is expressed during the transition from proliferating to matdeeedifiated erythroblasts.

Chromatin Condensation During Murine Erythropoiesis Does Not Involve Known
Heterochromatin Architectural Proteins. In most eukaryotic cell types, constitutive heterochromatin i
promoted by heterochromatin protein 1 (HP1) that is representesitebrate cells by 3 isoforma; 3,
andy (Singh and Georgatos, 2002). However, the association of HRIfagitltative chromatin varies
among different tissues. For example, in differentiatiniglen erythrocytes where abundant facultative
heterochromatin forms, Western blots probed with antibodiesstghe three known HP1 variants show
absence of HR1 a marked decrease in HEland a moderate decline in HPih adult erythrocytes

relative to 12 day embryonic erythrocytes (Fig. 4A, lanes 4,5)ceSthe amount of cytologically-
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detectable heterochromatin is also dramatically increasddgdorurine erythropoiesis (Koury et al.,
1988), we compared the levels of HP1 isoforms in Western blaarbf and late erythroblast nuclei. As
a positive control, we used NIH/3T3 cells showing prominent bands with allHifteesoforms (Fig. 4A,
lane 1). In O h murine erythroblasts levels of HIRIdP were high and HR1was low but detectable
(Fig 4A, lane 2;Fig 4D). In contrast, in equal amounts of chronpatitein from 48 h cells, HRllevels
were slightly lower whereas HBland HP1} were minimally detectable (Fig 4A, lane 3; Fig 4D). This
suggests that the levels of HP1 proteins are not suffic@mihysically condense chromatin during
terminal murine erythroblast differentiation. These resukscansistent with previous data showing a
sharp decline of HP1 protein in other terminally differentidtéod cells (Gilbert et al., 2003; Istomina
et al., 2003; Popova et al., 2006) and likely reflect the abilityRi to promote the secondary chromatin
structure prevailing in constitutive heterochromatin (Faale 2004) rather than the tertiary chromatin
structure associated with facultative chromatin in terfyndifferentiated cells (see (Grigoryev et al.,
2006) for review).

Other chromatin architectural proteins have been idedtiis having roles in chromatin
compaction. In chicken and human granulocytes, chromatin condensation amtyorinvolves
accumulation of developmentally-regulated nuclear serpins MHBBt®ngina et al., 2003) and MNEI
(Popova et al., 2006). However, probing nuclear protein fractiohsanttbodies against MENT, as well
as broad specificity panserpin antibodies recognizing all MENT- and Mé&l&ted serpins, did not detect
any immunoreactive bands (data not shown). Additional chromatintecthmal factors known to be
involved in chromatin condensation in terminally-differentiated aleusells include MeCP2 and MBD2
(Brero et al., 2005). Probing nuclear protein fractions with B2 showed a decrease at 48 h relative
to 0 h cells. While MeCP2 increased slightly at 48 h, it waskedly less than even the basal level
present in proliferating NIH3T3 cells (Fig. 4B), a cell typéth totally decondensed chromatin
(Grigoryev et al., 2004). Additionally, the amount of MeCP2 expresseBVA cells at 48 h is

insufficient to cause chromatin condensation in other cell tgpeb as muscle. Antibodies for the non-
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ubiquitinated form of H2A.Z, a histone variant associated with datigd heterochromatin in
differentiated trophoblasts (Rangasamy et al., 2003) and facelta¥vbody chromatin in post-meiotic
spermatids (Greaves et al., 2006), showed that its levetedased in differentiated erythroblasts (Fig.
4B). Another histone variant, macroH2A1.2, associated with periceatioimeterochromatin spreading
in quiescent mammalian lymphocytes (Grigoryev et al., 2004)swaitarly reduced during erythroblast
murine differentiation (data not shown). We also analyzed esipresof nuclear lamins that are
associated with perinuclear heterochromatin formation. Waitén A (the top major band in NIH/3T3)
was not detected in erythroblasts consistent with a sharp deok#ss lamin variant in differentiated
mammalian erythroblasts (Martelli et al., 1992), neitherémeaining lamin C (the middle major band in
NIH/3T3) nor lamin B1 showed any notable change during erythrohifésteditiation (Fig. 4B) Taken
together these data substantiate the absence of known dtrhitetiromatin proteins associated with
heterochromatin spreading in mature mouse erythroblasts.

Histone Modification Levels Change During Murine Erythroid Differentiation. Methylation of
histone H3 at lysine 9, in concert with loss of histone ad&iplat this and several other histone amino
acids, has been suggested to be a primary signal for isstafpl heterochromatin/euchromatin
segregation (Jenuwein and Allis, 2001; Litt et al., 2001a). Tecti¢tistone H3 methylation, we used
antibodies against an H3 peptide containing dimethylated Lys{aetBH3meK9) and an H3 peptide
containing trimethylated Lysine-9 (anti-H3tH®). Anti- H3mgK9 is associated with pericentromeric
constitutive heterochromatin while H3gK® is detected at facultative chromatin (Cowell et al., 2002).
Western blotting (Fig. 4C, D) showed that the level of H3tBedid not appear different between
proliferating and late stage erythroblasts. In comparison, thed tdvhistone H3m&9 was increased
significantly approximately 6.5—fold during erythroid maturat{®ig. 4C, D). The specific increase in

H3meK?9 is consistent with its association with facultative, demamentally-regulated heterochromatin

while histone H3mg9 is mostly associated with constitutive pericentric heterochromatin.
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When we probed 0 and 48 h cells with antibodies against eitbgrated histone H3acK9,K14
or histone H4acK12 we observed a very low level of H3acK9,K14 in both types of cgll4{Flanes 9-
11). With H4acK12, we observed that a significant level of hisgone modification was maintained up
to 32 h of cell differentiation, followed by a sharp decrease $eé8 h erythroblasts (Fig. 4C, lanes 10-
18) concomitantly with the overall chromatin condensation obsenvisastage. As with the observed
increase in H3MK9, this transition is in agreement with the decrease tbriesacetylation associated
with heterochromatin spreading in other terminally differentiadts (Grigoryev et al., 2004; Su et al.,
2004a; Terranova et al., 2005). Thus, unlike architectural chromatinns;otere histone modifications
show global changes during murine erythroblast maturation and may aplaignificant role in
condensation of facultative heterochromatin in terminally difféaged murine erythroblasts.

Histone Modification Transitions are Centered Around Constitutive Pericentric
Heterochromatin. In mouse cells, the AT-rich pericentromeric heterochromatiomf several
chromosomes self-associates and forms a variable numberoofiatenters that are readily detected by
AT-rich DNA-specific fluorochromes such as Hoechst 33258 (igiland Gropp, 1972hese Hoechst-
positive pericentromeric heterochromatin foci such as seenigorb Kpanels 1-4) provide cytological
landmarks against which chromatin protein distribution could be monitored.

In previous work with differentiated mouse lymphocytes we ifiedtia distinct nuclear
chromatin territory with a unique set of histone modificatiopp(@ximately lum in thickness) adjacent
to constitutive pericentromeric heterochromatin. We designhisderritory as the apocentric nuclear
zone (Grigoryev et al., 2004). It is within this zone that the miggtificant changes occur during the
transition from proliferation to quiescence when facultativeroehromatin is formed. Specifically, in
mouse lymphocytes, we found histone H3& accumulation and histone H4acK12 exclusion in
apocentric zones around chromatin regions containing kK#nén view of such nuclear distribution of
histone modifications in quiescent lymphocytes, we analyzed thdizkitan of these core histone

modifications in proliferating and late stage non-proliferating muringneslylasts.
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Immunofluorescence microscopy of 0 h cells revealed that amstyldstone H4acK12 was
distributed throughout the nucleus excluding only the pericentromet&roeGromatin marked by
intensive Hoechst 33258 staining (Fig. 5, panels 3,7,11). Similan¢sagut lymphocytes (Grigoryev et
al., 2004), H4acK12 showed a very distinct intranuclear distdbuith the 48 h erythroblasts with
acetylated histones being localized toward the periphery afubkeus, and excluded from the intensely
stained heterochromatic foci (Fig. 5, panels 4,8,82ining with antibodies against H3acK9,K14
showed a similar exclusion from heterochromatic foci (not sholduaing differentiation, the average
distance between histone H4acK12 peaks and pericentromeric Hoeahisigspeaks was significantly
(p<0.002) increased from 2.28n at 0 hr to 3.9um at 48 hr (panel 19)n contrast, immunofluorescence
of 0 h cells withantibodies against histone H3MM® tended to concentrate in the vicinity of the
heterochromatin foci (Fig. 5, panels 1,5,9) from where H4acK12 walsidext The fluorescence
intensity profile (Fig. 5, panels 10 and 19) shows that in the 0 and d@hnoblasts the H3M&9 peaks
cluster at a distance on average L8 from the heterochromatin foci respectively while the 0 hr
(p>0.002) and even more so the 48 hr histone H4acK12 acetylation peatsyé 3.9um distance from
Hoechst staining) retreatway from these areas. The heterochromatin foci were constiyugnriched
with H3meK9 that did not significantly change in the course of erythno@duration (Fig. 5, panels 13-
18, 19). These results show that during erythroblast differentiationakesignificant changes in histone
modifications take place in the close vicinity of pericentnacnehromatin leading to a dramatic increase
in the ratio of histone H3mK9 to H4acK12 at this nuclear territory contrasting with itgrphdecrease at
the nuclear periphery. Though H3K8 is distributed in patches rather than zones surrounding
pericentromeric heterochromatin, the character of spaisédibdition of the histone methylation and
acetylation markers closely resembles the one previouslyvaelosen apocentric zones of differentiated
mouse lymphocytes (Grigoryev et al., 2004).

HDACS5 Expression is Sgnificantly Increased During Terminal Erythroid Differentiation. The

abrupt decrease of histone acetylation in murine erythroblast nuclei wittogtecondensed chromatin as
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well as the recent finding that histone deacetylation magliate chromatin condensation in terminal
muscle differentiation (Terranova et al., 2005) suggested thankiskeacetylases (HDACs) may play a
role in chromatin condensation. Since a number of HDACs have been previouslaietpliclarge-scale
chromatin modification (Shahbazian and Grunstein, 2007), we used quamtitivtime PCR with
cDNA isolated from the erythropoietin-induced FVA cells to exanthe expression of a number of
HDACSs during terminal differentiation (Fig. 6A). Among all AOs tested only HDAC5 showed an
approximately 2.5 fold increase in expression level while theroHDACs either markedly declined
(HDACs 1-4,10) or had levels that did not show a significantchahge upon terminal differentiation
(HDACs 6,8). To validate the increased expression of HDAChafptotein level, we probed nuclear
protein samples for HDAC5 by Western blotting and observed a inajaase of HDACS expression at
the last stages of FVA erythroblast differentiation, reaching maxaxgakession after 48 h (Fig. 6B).

The population of 48 h FVA cells has some heterogeneity in nuti@aeters (Fig. 1B) where
the smallest nuclei with the most condensed chromatin are a@ssbuiith the lowest levels of histone
acetylation (Fig. 5 panel 8). To examine if HDAC5 expressiomdeaed associated with condensed
nuclei, we used immunofluorescence microscopy to detect HDACS in €&k, Consistent with
Western blotting results, the 0 h FVA cells showed no detecs&dnel of HDACS (Fig. 6C, panels 1, 2).
In contrast, the 48 h cells showed strong HDACS5 signals, predomirsesibciated with the periphery of
small nuclei with condensed chromatin. The majority of larger nedleer did not express detectable
HDACS5 or showed lesser levels at the nuclear periphery (Figpégels 3-7). Thus, most of HDAC5
protein expressed at 48 h of FVA erythroblast differentiatiomlégected specifically in cells with
condensed chromatin. The peripheral HDAC5 was proximal to lam{ri§ 6C panel 8) but formed a
distinct pattern of local intensities.

Inhibition of Histone Deacetylation Blocks Chromatin Condensation and Erythroblast Enucleation.
We next asked if HDAC activity could be instrumental in hadsms for chromatin condensation in
differentiating FVA cells. To test this, we treated mousgheoblasts after 24 h in culture with the

HDAC-specificinhibitor trichostatin A (TSA). We then compared specific paters of differentiation
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in the treated cells with untreated control cells 20 h I&tmstern blotting of H4K12Ac showed that 100
or 200 nM TSA-treated erythroblasts had the predicted dramateaise in histone H4(K12) acetylation
(Fig. 7A, lanes 3,4) in contrast to the significant decrease &e48 h in control cells (Fig 7A, lane 2).
We also scored the categories of cells present after @ngpds 100 nM TSA. The percentage of
erythroblasts was increased ~3 fold in the 44 h culturaesettenith 100 nM TSA compared to untreated
controls (Fig. 7B). Furthermore, correlated with an increasecepge of erythroblasts, there was a
marked reduction in extruded nuclei and reticulocytes (Fig. 7B) B84 treatment. A very similar level
of acetylation and inhibition of chromatin condensation was obseaftedtreatment of cells with 1 mM
or 2 mM sodium butyrate, another HDAC inhibitor (data not shown).

Evaluation of hemoglobinization of erythroblasts by benzidine/hemotogidining showed that
hemoglobin synthesis continued after TSA, indicating the cellairetd metabolically active (Fig. 7C).
We also observed that erythroblast nuclei did not decreaseeiarsiztheir chromatin did not condense in
TSA-treated cells relative to 44 h controls (Fig. 7C, Deatment with 2mM butyrate resulted in a very
similar cell phenotype (not shown) strengthening the argument hisaeffect was due to HDAC
inhibition. Taken together, it appears that HDAC inhibitorsnigicantly inhibit erythroblast nuclear
condensation and extrusion. Thus our data support a model in which histmetyldese activity, in the
absence of other known heterochromatin-promoting factors, plaigmificent mechanistic role in the

global chromatin condensation occurring in differentiating murine erythteblas

Discussion
Chromatin in mature terminally-differentiated vertebr&sues (e.g. nucleated erythrocytes, white blood
cells, brain, or liver) is highly condensed and shows a propefwitgelective self-association of
repressed genes generating significant changes in chromatirerdoigler folding (reviewed in
(Grigoryev, 2001)). This progressive increase in chromaiimdensation and selective self-association
during terminal differentiation raises the question of whichetigmentally-regulated factors are

responsible for changes in chromatin higher order structure.oBee\dgtudies of constitutive and
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facultative heterochromatin revealed several differectiigectural factors that promote heterochromatin
formation. These include three subtypes of heterochromatinirprétea key factor in promoting
chromatin-mediated repression and heterochromatin spreading (ErgsamnioeElgin, 2000; Li et al.,
2003; Verschure et al.,, 2005); methyl CpG-binding proteins MeCP2 an®d2MpBromoting
heterochromatin clustering in muscle cells (Brero et al., 2088)throid tissue-specific linker histone H5
that promotes chromatin condensation by gluing together nucleosome @ifeintraub, 1984), along
with closely related erythrocyte-specific linker histathe variants also found in other vertebrates such as
fish (Wright et al., 1987) and amphibians (Koutzamani et al., 2@2)nuclear serpin MENT expressed
in chicken blood cells, including nucleated erythrocytes and, irergy with linker histone H5,
promoting chromatin condensation (Springhetti et al., 2003). Surgyisimgne of these factors have
been found to significantly accumulate in mature murine erythstsbla-urthermore, even among
unidentified protein bands in murine erythrocyte nuclei we obdengesingle one with an expression
level comparable to histones (Fig. 3A). Accordingly, no single pratethe mouse erythroblast nucleus
appears to be present in sufficient quantity to cause glbbainatin transitions by physically altering the
chromatin fiber folding as the known chromatin architectural proteinsdBrfyant et al., 2006).

In differentiating erythroid and lymphoid mammalian cells, agiieg of heterochromatin structure
is associated with juxtaposition of silenced euchromatic geitbsconstitutive heterochromatin (Brown
et al., 1997; Schubeler et al., 2000). In differentiated mouse lymphdugiene H3 methylation is
increased and acetylation is decreased (Su et al., 2004b). Incdllsseve have previously observed a
special apocentric zone enriched in histone HB®@end depleted in histone acetylation (Grigoryev et
al., 2004). In the current study, we found a similar enrichment in hisi@nmethylation and spatial
segregation from histone acetylation at the heterochromatin pgyrigh terminally differentiated
erythroblasts.

Furthermore, inhibition of histone deacetylase activity by TSAsadium butyrate treatment
blocked characteristics of terminal differentiation includingromatin condensation and nuclear

extrusion, although in some other systems they have been repopretnime differentiation (Cho et al.,
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2005). Interestingly, the processes we observed in diffetiigtinouse erythroblasts resemble those of
terminally differentiating muscle tissue where heterochton@ustering was accompanied by enhanced
histone H3(K9) methylation and prevented by HDAC inhibition (Terranetval., 2005). However, in
contrast to erythroblasts, chromatin condensation in myogenkg iogthlved major contributions from
two architectural heterochromatin factors, MeCP2 and MBD2 (Biteab, 2005).

The results reported here suggest a strikingly different azgiom of condensed chromatin in
mammalian erythroblasts compared to other vertebrates, wdrgierocytes remain nucleated. The
apparent absence of stage-specific heterochromatin arahalegroteins in terminally-differentiated
murine erythroblasts suggests a new model for chromatin condengétig. 8) where histone
deacetylatiorper se is directly responsible for chromatin condensation. Indeed, exéeasetylation of
histone N-terminal domains are well known to inhibit chromatin figgdind self-association (Tse et al.,
1998) and acetylation of only one amino acid (Lys 16) in histone H4tisydarly efficient in inhibiting
chromatin compaction (Shogren-Knaak et al., 2006). In addition tonkisteacetylation, other histone
modifications, such as linker histone phosphorylation (YellajoshgmtaBrown, 2006) may contribute to
chromatin condensation in mammalian erythroblasts.

In our experimental system, the low levels of histone acaiylati late erythroblasts may result
from two parallel developmentally-regulated processes. Ombanésm entails increased expression of
histone deacetylases while the second mechanism involves aatomof histone H3 methylation in the
vicinity of heterochromatin (Fig. 8). This methylation may # further inhibit histone acetylation since
histone methylation and acetylation involve similar amino aciderding to the “histone code” in which
a precise set of histone modifications determines chromatintisguand transcriptional activity
(Jenuwein and Allis, 2001). Furthermore, decreased acetylation maly ire detachment of chromatin
from existing nuclear structures (e.g. those containing bromodomeieir®) and thus contribute to
chromatin condensation without any additional chromatin architecturalmsotei

In contrast, chicken erythrocyte differentiation does not invaither increased histone H3

methylation nor spatial segregation between histone methylatidracetylation (Istomina et al., 2003)
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consistent with the primary roles of developmentally-regulatasttural proteins H5 and MENT in the
condensation process (Fig. 8). Interestingly, chigkeyobin gene contains a unique boundary element
ensuring structural segregation between the active chromosoonard the nearby heterochromatin
(Felsenfeld et al., 2004). The reason that such a well-defined bguetlanent is absent from
mammaliarB-globin genes may be related to the spatial rather thaniustlisegregation between active
and repressed chromatin in the mammalian blood cells.

Our study identified HDAC5 as a histone deacetylase with aredeed expression level in
differentiating murine erythroblasts. Remarkably, HDAC5 has beegntly shown to be associated with
histone H3 N-terminal peptide requiring lysine 9 for its assotiaiHeo et al., 2007). HDAC5
enrichment at the nuclear periphery (Fig. 6C), where the redhistaine acetylation is also localized
(Fig. 5, panel 8), suggests that HDACS is tethered to the af@asaction through direct association with
histone H3 N-tail. HDACS5 has been previously implied in regulataty growth and differentiation
(Zhang et al., 2002) and, in particular, its accumulation in tiskens of erythroleukemia (MEL) cells has
been shown to interfere with activity of the key factor of enjithdifferentiation, GATA-1 (Watamoto et
al., 2003). Our present work shows that HDAC5 may play a dualrretemmalian erythropoiesis: first
by acting locally to inhibit a differentiation inducer at tharly stage of erythroid differentiation, and
secondly to condense chromatin by promoting global histone deacamtykati the later stages of
erythroblast maturation. In view of increasing use of deacstylahibitors for chemotherapy of
hematologic malignancies (Claus and Lubbert, 2003), it is extyem@ortant to elucidate the role of
histone modifications in terminal erythroid differentiation and miné their possible adverse effects on

erythropoiesis.
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Figurelegends

Fig. 1.Nuclear condensation and extrusion during terminal diffexgofi of murine erythroblasts
in the FVA model system. (A) Bright field micrograph of cyiwmspreparations at O h and 44 h. EB, late
erythroblast; open triangle, enucleating erythroblast; R, retigté; N, expelled nucleus. (B)
Fluorescence microscopy of 0 and 48 h fixed cells stained with Hog8PS8 for DNA. (C) Histogram
showing nuclear diameter distribution in terminally differentiating muenyghroblasts at O h (black bars)
and 48 h (gray bars) compared with chicken erythrocytes (open bardgar diameter measurements
were performed by fluorescence microscopy on fixed cellsestamth Hoechst 33258 for DNA. Scale
bars, 1Qum.

Fig. 2. Nucleosome repeat length is not substantially changed duriminéé differentiation of
murine erythroblasts(A, B) Agarose electrophoresis of DNA isolated from nuclei ésted from
erythroblast cultures at O h (lanes 2-7, 16) and at 48 h (&t8s17). Isolated nuclei were treated with
2.5 units/ml of micrococcal nuclease for 0 (lines 2, 8), 1 (3, 8, 30), 6 (5, 11), 12 (6, 12, 16, 17), and
30 (7, 13) minutes. Lanes 1, 14, and 15 show DNA molecular size mafkgrMedian sizes of the
micrococcal nuclease digest bands for the erythroblasts b@dresolid line) and after erythropoietin
induction (48 h, dotted line) were calculated from densitometh@fgel (A) and plotted against the
nucleosome repeat number.

Fig. 3. Histone composition in differentiating erythroblas{#) Total protein from nuclei
analyzed by SDS-PAGE and stained with Coomassie R250. Mouse NIHES 3ates 1 and 5; chicken
erythroblasts from 12-day embryos, lane 2; 15-day chicken embayws 3l adult chicken erythrocytes,
lane 4; FVA erythroblasts at O h, lane 6; FVA erythroblas®48 h, lane 7. (B) Densitometry of lanes 6
and 7 showing that linker histone levels do not change during termiméde erythroid differentiation.
The peaks corresponding to the major linker histone subtypes:latbe H1 band) and H1S (small H1

band) and core histones: H2A, H2B, H3, and H4 are indicated. (C) HRtdtnatography of isolated
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core histones eluted with a linear gradient of 20-43% aceterstiowing that histone variants do not
change during terminal murine erythroid differentiation. Numbesscarrespond to fractions analyzed in
Panel D. (D) Pooled HPLC fractions from peaks marked by nunibéréPanel C) were separated on
PAGE to identify by molecular weight the type of histone in daattion. Inp: input of isolated core
histone onto HPLC column.

Fig. 4. Changes in heterochromatin proteins during erythroid terminaketiti@tion.(A) Total
protein samples from the nuclei of mouse NIH3T3 cells (1), FéAscbefore (2) and 48 h after
erythropoietin induction (3), chicken erythroblasts from 12-day emli@)p and adult chicken
erythrocytes (5) were separated by SDS-PAGE and Westamgrtibed with antibodies against HP1
B, andy as indicated. The bottom panel showing control core histone (CHntpads stained with
Coomassie R250. (B) Nuclear protein samples were separatdd3PSGE and Western blots probed
with antibodies against, MeCP2, histone H2AZ, lamins A/C andaBd MBD?2 as indicatedNIH3T3
cells, lane 6; FVA erythroblasts at 0 h, lane 7; and FVAheoyiasts at 48 h, lane 8. Controls stained for
histones had equal loads (data not shown)N@lear protein samples were separated with SDS-PAGE
and Western blots probed with antibodies against histones kBak(4), H4acK12, H3m&9 and
H3megK9, as indicated. Mouse NIH3T3 cells: lanes 9, 12; FVA erythrabksO h: lanes 10, 13, 14; 20
h: lane 15; 32 h: lane 16; 48 h: lanes 11, 17, 18. Lanes 13-14 and 17-1&nepnes pairs of
independent experiments. The bottom panel was stained with CoonRZ&fle for histone loading
controls. (D) Histogram showing densitometry of Western bibtdld3T3 cells and FVA erythroblasts
at 0 h and 48 h probed with antibodies to HP@, andy and antibodies to histones H3ac(K9, K14),
H4acK12, H3mgK9 and H3meK9. The signal intensities in NIH/3T3 were designated aslequ®0%.
Error bars show Standard Deviation.

Fig. 5. Spatial reorganization of histone modifications during eofdlast differentiation.
Immunofluorescence microscopy of FVA cells before (Oh) and aé8h)(erythropoietin induction

stained with Hoechst (blue, panels 1-4, 13, 16) for DNA or Hoeglust antibodies against histones
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H3meK9 (red, panels 5, 6), H4acK12 (green, panels 7, 8), and #®mged, panels 14, 17) as
indicated. Panels 1-4, 13, 16 show original images. Panels 5-8 and 14, 17owtayed images
obtained after Autodeblur deconvolution (see Materials and Methoais@l9?9-12, 15 and 18 show line
profiles (deconvolved images) illustrating the spatial flaoemce intensity changes of the specific
antibody staining (red or green channel as indicated) and Hdetistchannel) plotted along the paths
shown by the yellow lines on panels 5-8, 14 and 17. Scale baml®anel 19 shows a histogram of
average distances between Hoechst peaks and each of theefigenetic histone modifications:
H3megK9, H3mMeK9, and H4acK12. Distances were measured on multiple line profileb @s those
shown on panels 9 — 12, 15, 18) recorded after immunofluorescence detonvoigroscopy of FVA
cells before (Oh) and after (48h) erythropoietin induction. From 40 toé#sunements were made for
each category. Error bars show Standard Deviations. P-vahosen sover the brackets represent
probability associated with a Student’s two-sample unequal variarest with a two-tailed distribution.
Fig. 6.Increased mRNA expression of HDACS at the late stage of erjaistalifferentiation.
(A) Histograms showing relative mRNA expression levels (adimad to the maximal level shown as
100%) as determined by quantitative real-time PCR for HDAQs 3, 4, 5, 6, 8, 10. For each HDAC, a
set of 7 columns represents PCR experiments with cDNA obtainftdtdleight) from FVA cells
incubated with erythropoietin for 0, 8, 16, 24, 32, 40, and 48 h.
(B) Total protein samples from the nuclei of mouse FVA celferee(0 h) and 20, 44, and 48 h after
erythropoietin induction were separated by SDS-PAGE and Wddt#mprobed with antibodies against
HDACS. The bottom panel shows histones from the same samples stained withs€ie@drR250.
(C) Immunofluorescence microscopy of FVA cells before (Oh) aftel (48h) erythropoietin induction
stained with Hoechst 33258 (panels 1, 3, 5, 7) for DNA, antibodigast HDACS5 (panels 2, 4, 6, 7)
and antibodies against nuclear lamin B (panel 8). Arrows on pan¢is@cate the positions of HDAC5-
negative nuclei. Panels 7 and 8 show superimpositions of confocaégnfag higher magnification)

stained with Hoechst 33258 and anti-HDACS (7), and anti-HDACS5 and anti-lai@@h B
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Fig. 7. Trichostatin A inhibits histone deacetylation, nuclear condemsand nuclear extrusion.
(A) Total nuclear proteins were separated on SDS-PAGE arettddt by Western blotting with
antibodies against acetylated histone H4(K12). FVA erythroblaste cultured for 24 or 48 h with
erythropoietin (lanes 1 and 2) or additionally treated for thé #dah with 100 (3) or 200 (4) nM TSA
and then nuclei were isolated. The bottom panel shows histone loadingi<stdined with Coomassie
R250. (B) Histogram of percent erythroblasts, reticulocytes apelled nuclei in untreated cultures and
in cells cultured for 24 h and then treated for the finah 24th 100 nM TSA. (C) Examples of cytospin
preparations at 44 h of untreated, control erythroblasts arft@olasts treated with 100 nM TSA. Scale
bar, 5um. (D) Histogram showing nuclear diameter distribution in cytogpeparations of control and
TSA-treated cells at 44 h.

Fig. 8. Model showing different molecular mechanisms proposed to medtat@matin
condensation in avian (nucleated) erythrocytes vs. mammaliythroblasts before enucleation. (a) In
proliferating cells histone H3rpl€9 (square flags) is interspersed with histone acetylatioti€csigns) in
the euchromatin. Histone H3gh® (triangle flags) and HP1 are associated with pericentiomer
heterochromatin. (b) During terminal differentiation in aviagtl@ocytes, the chromatin condensing
factors (H5 and MENT) replace HP1 and cause chromatin condenaatiaritiple and dispersed foci of
facultative heterochromatin marked by H3K®@. Active chromosomal domains are structurally insulated
by boundary elements (open triangles) that inhibit spreading of ctiroceedensing factors onto active
genes. (c) In differentiating mammalian erythroblasts, HRisis removed from the chromatin but is not
replaced by another chromatin-condensing architectural factdeathsthe increased histone methyl
transferase and HDAC activities lead to a sharp deciiealsistone acetylation in the apocentric zone
formed around the constitutive heterochromatin. The apocentric chromatin cemdsresresult of loss of
histone acetylation and, by the end of the differentiationga®mcforms a facultative heterochromatin
territory spatially segregated from the residual activeordlatin territory remaining at the nuclear

periphery.
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	Reagents. All chemicals were purchased from Fisher Scientific (Pittsburgh, PA), unless otherwise noted. Antibodies against HP1??? HP1?? HP1??, histones H3 trimethylated at Lysine 9 (H3me3K9), H3 dimethylated at Lysine 9 (H3me2K9), H3 acetylated at Lysines 9 and 14 (H3acK9,K14), H4 acetylated at Lysine 12 (H4acK12), macroH2A1.2 and H2A.Z were as described (Bulynko et al., 2006; Grigoryev et al., 2004) as were antibodies against lamins A/C and B (Chaudhary and Courvalin, 1993). Antibody against MBD2 (sheep, cat.# 07-198) and MeCP2 (rabbit, cat.#07-013) were from Upstate (Lake Placid, NY) and against HDAC5 (rabbit, cat.#2082) were from Cell Signalling Tech. (Beverly, MA). Secondary AlexaFluoro-conjugated antibodies (Molecular Probes, Eugene, OR) were used for immunofluorescence, and HRP-conjugated antibodies from Jackson ImmunoResearch (West Grove, PA) were used for Western blot analysis. Chicken blood was obtained from Bells & Evans / Farmers Pride Inc. (Fredericksburg, PA)
	
	
	Isolation of Differentiating Murine Erythroblasts from Friend Virus-infected Spleens. Early erythroblasts were isolated using the system established by Koury et al (Koury et al., 1997; Koury et al., 1984; Krauss et al., 2005; Lee et al., 2003). In brief, CD2F1 mice were infected with the anemia-inducing strain of the Friend erythroleukemia virus (1 x 104 spleen focus-forming units injected per mouse).  After eleven days, cells from two spleens were collected and separated by velocity sedimentation at unit gravity on a BSA (Bovine Serum Albumin) gradient.  Cells sedimenting at approximately 6 mm/h or greater were pooled and yielded a population that was predominantly proerythroblasts (0% BFU-E, 10-20% CFU-E).  Cells were cultured over 44 h with 1.0 units/ml recombinant human erythropoietin (epo).  In culture, the cells proliferated and differentiated into late-stage erythroblasts, about one-third to one half of which underwent enucleation.  At specific time points, cells were removed from culture for analysis.  Cytospin slides were made using a Shandon Cytospin 4 (Thermo Electron Corp., Pittsburgh, PA).  Slides were stained using 3,3'-dimethoxybenzidine and hematoxylin.



	Immunofluorescence Microscopy.  For analysis of interphase nuclei, cells were resuspended in PBS (phosphate-buffered saline) buffer and 100 ?l aliquots were either directly applied or cytospun on poly-L-lysine slides (Sigma). Cells were fixed in 2.7% paraformaldehyde (EMS, Hatfield, PA) in PBS, permeabilized in KCM buffer (120mM KCl, 20mM NaCl, 10mM Tris-HCl, pH7.7, 0.1% Triton X-100), blocked in 2% BSA, 10% non-fat dried milk in KCM buffer and incubated with primary and secondary antibodies diluted in the blocking solution. All samples were counterstained with Hoechst 33258 or DAPI DNA stains as described previously (Bulynko et al., 2006). Fluorescence microscopy was performed using a Nikon Eclipse E1000 automated microscope with 40x and 100x plan apo lens and Hamamatsu Orca-ER digital camera. Image capturing and analysis was performed using Image-Pro MC6.0 software. For deconvolution, 16 bit z-slices were captured at 0.4 ?m steps with a cooled CCD camera and iteratively deconvolved (usually 20 cycles) using AutoDeblur software (AutoQuant Imaging, Watervliet, NY) as described (Irving et al., 2002).  Deconvolved images of nuclei in Fig. 5 represent a single 'z' slice through the center of the nucleus.
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