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Histone Methyltransferase Setd8 Represses Gata2 Expression and
Regulates Erythroid Maturation

Jeffrey Malik, Michael Getman, Laurie A. Steiner

University of Rochester Medical Center, Department of Pediatrics, Center for Pediatric Biomedical Research, Rochester, New York, USA

Setd8 is the sole histone methyltransferase in mammals capable of monomethylating histone H4 lysine 20 (H4K20mel). Setd8 is
expressed at significantly higher levels in erythroid cells than any other cell or tissue type, suggesting that Setd8 has an erythroid-
cell-specific function. To test this hypothesis, stable Setd8 knockdown was established in extensively self-renewing erythroblasts
(ESREs), a well-characterized, nontransformed model of erythroid maturation. Knockdown of Setd8 resulted in impaired ery-
throid maturation characterized by a delay in hemoglobin accumulation, larger mean cell area, persistent ckit expression, in-
complete nuclear condensation, and lower rates of enucleation. Setd8 knockdown did not alter ESRE proliferation or viability or
result in accumulation of DNA damage. Global gene expression analyses following Setd8 knockdown demonstrated that in ery-
throid cells, Setd8 functions primarily as a repressor. Most notably, Gata2 expression was significantly higher in knockdown
cells than in control cells and Gata2 knockdown rescued some of the maturation impairments associated with Setd8 disruption.
Setd8 occupies critical regulatory elements in the Gata2 locus, and knockdown of Setd8 resulted in loss of H4K20mel and gain of
H4 acetylation at the Gata2 1S promoter. These results suggest that Setd8 is an important regulator of erythroid maturation that

works in part through repression of Gata2 expression.

he production of mature red blood cells from committed ery-

throid progenitors is a complex and incompletely understood
process that involves significant changes in gene expression dur-
ing a time of rapid cell division and nuclear condensation. At the
molecular level, erythroid maturation is driven by the complex
interaction of transcription factors and chromatin-modifying en-
zymes that act in concert to drive the expression of erythroid-cell-
specific genes, while silencing most other genes in preparation for
nuclear condensation and enucleation. The core unit of chroma-
tin is the nucleosome, which is composed of 146 bp of DNA
wound around a protein octamer composed of two copies each of
histones H2A, H2B, H3, and H4. Posttranslational modification
of the N-terminal “tail” of histone proteins is an important deter-
minant of cell-type- and developmental-stage-specific gene ex-
pression and higher-order chromatin structure (1-6). Methyl-
ation (either mono-, di-, or trimethylation) of the lysine residues
on the N-terminal tail of histone proteins is one of the most com-
mon posttranslational modifications and can result in either gene
activation or repression depending on the lysine residue methyl-
ated (7). The consequences of histone H3 lysine methylation on
gene expression are fairly well understood (e.g., methylation of
histone H3 lysine 4 is associated with transcriptional activation,
and methylation of histone H3 lysine 9 or 27 is generally associ-
ated with transcriptional repression) (7). In addition, the function
of histone H3 lysine methylation has been extensively studied dur-
ing erythropoiesis, with histone H3 methyltransferases and dem-
ethylases interacting with lineage-restricted transcription factors
such as Gatal to mediate changes in gene expression (8—11).

Setd8 is the sole histone methyltransferase in mammals capa-
ble of monomethylating histone H4 lysine 20 (H4K20mel) (12).
In contrast to histone H3 lysine methylation, the functional con-
sequences of histone H4 lysine methylation are not well under-
stood. Knockout of Setd8 and subsequent loss of H4K20mel are
embryonic lethal preimplantation at approximately the 4- to
8-cell stages due to abnormalities in cell cycle progression and
impaired nuclear condensation (12). Monomethylation of his-
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tone H4 lysine 20 has been further implicated in a number of
biologic processes central to erythropoiesis, including DNA rep-
lication (13), chromatin compaction (12), cell cycle progression
(12, 14), and DNA repair (15, 16), but little is known about its
function in erythroid cells. Setd8 and H4K20mel are also thought
to be transcriptional regulators (7, 15, 17-25); however, in con-
trast to some of the better-characterized histone modifications
(e.g., histone H3 lysine 4 methylation), the influence of this epi-
genetic pathway on gene expression has not been clearly defined.
Disruption of the Setd8/H4K20mel pathway has been associated
with a number of human cancers, including leukemia (26—30),
highlighting the relevance of this pathway to human health and
disease.

Previous studies examining the role of Setd8 and H4K20mel in
transcriptional regulation have yielded conflicting results (7, 15,
17-25), suggesting that the impact of Setd8 on gene expression
may be dependent on genomic and/or cellular context. Initial
studies, which focused on the E2F family of genes, demonstrated
that H4K20me1 occupancy over promoter regions was associated
with gene repression (24, 25). Further supporting a role for Setd8
and H4K20mel in transcriptional repression, knockdown of
Setd8 in HeLa cells resulted in increased expression of H4K20mel
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target genes and regions of DNA bound by H4K20mel functioned
as repressors in luciferase reporter assays (18). In contrast, other
studies have associated the Setd8/H4K20mel pathway with tran-
scriptional activation, with knockdown of Setd8 significantly im-
pairing activation of Wnt target genes (31) and genome-wide
studies of H4K20mel occupancy demonstrating localization of
H4K20mel downstream of the transcription start site of highly
expressed genes in multiple cell types, including lymphocytes,
HelLa, and erythroleukemia (K562) cells (15). To date, few studies
have utilized unbiased methods to determine the net effect of
Setd8 disruption on gene expression.

Setd8 is expressed at significantly higher levels in CD71% ery-
throid precursors than in any other cell type (32), suggesting that
it may have erythroid-cell-specific functions. Setd8 is expressed in
all three murine erythroid lineages (primitive, fetal definitive, and
adult definitive) (33) and throughout the erythroid differentiation
of human CD34" hematopoietic stem and progenitor cells (34);
however, little is known about how Setd8 interacts with the com-
plex network of transcription factors and chromatin modifiers
that govern erythroid differentiation. To date, the only published
study examining the function of Setd8 in erythroid cells was
done using the G1IE-GATAI1ER cell line, and it suggested that
Setd8 is important for Gatal-mediated gene repression (20).
Taken together, these preliminary data imply that Setd8 and
H4K20melplay an important role during erythropoiesis, but the
function of this epigenetic pathway in erythroid cells is poorly
understood.

To delineate the role of the Setd8/HK20mel pathway in ery-
throid cells, we established stable knockdown of Setd8 expression
in extensively self-renewing erythroblasts (ESREs), a unique
model system for studying erythroid maturation. ESREs are non-
transformed, cytokine-dependent cells, cultured from murine
yolk sac or fetal liver, that proliferate extensively at the proeryth-
roblast phase while retaining the ability to appropriately mature
and enucleate in approximately 3 or 4 cell divisions (35, 36). Setd8
is robustly expressed in ESREs, and its expression does not change
significantly during maturation (36). Knockdown of Setd8 in
ESREs was associated with significant impairments in maturation,
as demonstrated by morphology, benzidine staining, and imaging
flow-cytometric analyses. Unbiased transcriptome analyses fol-
lowing Setd8 knockdown demonstrated that Setd8 functions as a
transcriptional repressor in erythroid cells. Interestingly, Gata2
was expressed at significantly higher levels in Setd8 knockdown
cells than in controls. In hematopoietic stem and progenitor cells,
Gata2 is a critical regulator of the balance between self-renewal
and differentiation, with downregulation of Gata2 expression
necessary for terminal erythroid differentiation to occur (37-40).
Chromatin immunoprecipitation (ChIP) analyses demonstrated
occupancy of Setd8 at several key regulatory regions of the Gata2
locus and alteration of chromatin structure within the Gata2 locus
following Setd8 knockdown. Gata2 knockdown was able to rescue
some of the maturation impairments associated with Setd8 dis-
ruption. Taken together, these results suggest that Setd8 is an im-
portant regulator of erythroid maturation that works in part
through repression of Gata2.

MATERIALS AND METHODS

Mice and tissues. The University of Rochester’s Committee on Animal
Resources approved all experiments utilizing mice. C57BL/6 (Jackson
Laboratories) mice were bred overnight and vaginal plugs checked after 12
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h (embryonic day 0.5 [E0.5]). At E14.5, the mice were killed by CO,
narcosis, the embryos were harvested by dissection in PB2 (Dulbecco
phosphate-buffered saline [Invitrogen| supplemented with 0.1% glucose
[Invitrogen] and 0.3% bovine serum albumin [Fisher Scientific]), and the
fetal liver was isolated.

Erythroid expansion culture. Extensively self-renewing erythro-
blasts were derived as previously described (35, 36). They were main-
tained at a concentration of 1 X 10%/ml in expansion medium com-
posed of StemSpan serum-free expansion medium (SFEM; Stem Cell
Technologies) supplemented with human recombinant erythropoietin (2
U/ml), stem cell factor (SCF; 100 ng/ml; Pepro Tech), dexamethasone
(10~° M; Sigma), insulin-like growth factor-1 (40 ng/ml; Pepro Tech),
penicillin-streptomycin (Invitrogen), and cholesterol mixed to a final
concentration of 0.4% (Sigma). Partial medium changes were done daily.

Erythroid cell maturation. Maturation of ESREs was initiated as pre-
viously described (35, 36). Briefly, the cells were washed in PB2 and sus-
pended in maturation medium, composed of Iscove’s modified Dulbecco
medium (IMDM; Gibco), supplemented by 2 U/ml human recombinant
erythropoietin, 100 ng/ml SCF, 10% serum replacement (Invitrogen), 5%
plasma-derived serum (PDS; Animal Technologies), and glutamine.

Lentivirus-mediated shRNA. Lentiviral short hairpin RNA (shRNA)
constructs targeting Setd8 (Sigma) or nontargeting scramble control con-
structs (Sigma) were transduced into ESREs by spin inoculation. Briefly,
200 pl of viral solution was mixed with 0.25 pl of Polybrene and 50 .l of
ESREs at a density of 1 million cells per ml. The cells were then centrifuged
at room temperature for 90 min at 1,600 X g. Following centrifugation,
250 pl of expansion medium was added and the cells were incubated
overnight. Following the overnight incubation, the cells were spun at
300 X gfor 7 min and then resuspended in expansion medium containing
1 pg/pl of puromycin.

siRNA knockdown of Gata2. SMARTpool siGENOME Gata2 small
interfering RNA (siRNA; number M-062114-01) or nontargeting control
(Dharmacon, GE Healthcare) was transfected into Setd8 knockdown and
scramble control cultures using RNAiMax Lipofectamine (Life technolo-
gies) diluted in Dharmafect cell culture reagent (Dharmacon, GE Health-
care) according to the manufacturer’s instructions. Following transfec-
tion, cells were cultured in antibiotic-free ESRE expansion medium for 48
to 72 h prior to maturation studies. All reactions were performed in trip-
licate.

Imaging flow cytometry. ESREs were stained with CD71-fluorescein
isothiocyanate (CD71-FITC; eBioscience), c-Kit—phycoerythrin (eBiosci-
ence), 4',6-diamidino-2-phenylindole (DAPIL; Sigma-Aldrich), and
Draq5 (eBioscience) and run on ImageStream (Amnis). The data were
analyzed with IDEAS software (Amnis) as previously published (36, 41).

Quantitative ChIP. ChIP assays were performed as previously de-
scribed (6) with approximately 10 million cells used for each assay. Briefly,
DNA was cross-linked to DNA binding proteins using 1% formaldehyde.
The cells were lysed, and the DNA was isolated and sonicated into
~200-bp fragments using a Diagenode Bioruptor. The DNA-protein
complexes were immunoprecipitated with an antibody to Setd8 (Abcam),
H4K20mel (Abcam), or H4 acetyl (Millipore). DNA-protein complexes
were recovered with protein G magnetic beads (Invitrogen). Immunopre-
cipitated DNA was subjected to quantitative PCR, and enrichment was
calculated relative to total input control as previously described (6).

Analysis of gene expression using QPCR. RNA was isolated using
TRIzol, and cDNA was generated using the SuperScript III First Strand kit
(Invitrogen). Quantitative reverse transcription-PCR (qPCR) using Sybr
green was used to assess gene expression (36). Data were normalized to
either 18S or GAPDH (glyceraldehyde-3-phosphate dehydrogenase) ex-
pression. P values were calculated using Student’s  test. Primers are listed
in Table S1 in the supplemental material.

RNA-seq and bioinformatic analyses. RNA was isolated from Setd8
knockdown and scramble control cultures during self-renewal and fol-
lowing 6 h of maturation using Qiagen’s RNeasy kit. RNA was assessed
with an Agilent Bioanalyzer (Santa Clara, CA) prior to poly(A) selection
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and library preparation according to Illumina instructions. Libraries were
subjected to 65-bp single-end sequencing on the Illumina HiSeq2500 in-
strument (Illumina, San Diego, CA). Sequence reads were aligned to the
mouse reference genome (UCSC assembly mm9, NCBI build 37) using
SHRiMP2 (42). Differential gene expression was assessed using the
Cuffdiff suite of software (43).

Nucleotide sequence accession number. The data discussed in this
publication have been deposited in NCBI’s Gene Expression Omnibus
(44) and are accessible through GEO Series accession number GSE62647.

RESULTS

Knockdown of Setd8 impairs erythroid maturation. To study
the role of Setd8 in erythroid maturation, we utilized lentivirus-
mediated shRNA to establish stable knockdown of Setd8 in exten-
sively self-renewing erythroblasts (ESREs), with approximately
75% knockdown at the RNA level and approximately 50% knock-
down at the protein level (Fig. 1A). As expected, imaging flow-
cytometric analyses demonstrated a decrease in H4K20mel levels
in knockdown cultures compared to scramble control (Fig. 1B).

Erythroid maturation is characterized by hemoglobin accu-
mulation, changes in cell surface marker expression, and a pro-
gressive decrease in cell and nuclear size that culminates in enu-
cleation (45). ESREs recapitulate this process within 3 days of
placement in maturation medium (35, 36). Setd8 knockdown did
not alter the proliferation or morphology of self-renewing cells
but significantly impaired multiple facets of erythroid maturation.
Following 3 days of maturation, the control culture was com-
prised mainly of late-stage erythroid precursors, enucleated re-
ticulocytes, and pyrenocytes. In contrast, the Setd8 cultures were
heterogeneous in appearance, containing a spectrum of erythro-
blasts at various stages of maturation, with almost no enucleated
cells present (Fig. 1C). Knockdown of Setd8 also resulted in slower
hemoglobin accumulation (Fig. 1D) and a higher level of ckit
expression that was not appropriately downregulated with matu-
ration (Fig. 1F).

Differences in mean cell area, mean nuclear area, and rates of
enucleation following Setd8 disruption were quantified using im-
aging flow-cytometric analyses. Prior to maturation, knockdown
and control cultures had similar mean cell and nuclear areas; how-
ever, by day 2 of maturation, the knockdown cells had larger mean
cell and nuclear areas than did control cells (Fig. 1E). Enucleation
is a hallmark of terminal erythroid differentiation. Rates of enu-
cleation were determined by comparing Draq5 staining to nuclear
area, with Setd8 knockdown cultures demonstrating a significant
enucleation deficit (Fig. 1G). The culture conditions do not effec-
tively support maturation past 3 days, making it difficult to deter-
mine if the Setd8 knockdown cells have the capacity to complete
terminal erythroid maturation if given a longer time frame.

In some cell types, loss of Setd8 results in cell cycle arrest and
accumulation of DNA damage (12, 16, 46); however, alterations in
viability and accumulation of DNA damage do not appear to un-
derlie the abnormalities observed in erythroid maturation. Cell
counts and trypan blue staining demonstrated that knockdown of
Setd8 did not affect ESRE proliferation or viability, consistent with
a previous study in erythroid cells (20) (Fig. 2A and B). In addi-
tion, flow-cytometric analyses utilizing an antibody specific for
v-H2Ax, a well-established marker of DNA double-strand breaks
(47), did not detect significant accumulation of DNA damage in
either scramble control or Setd8 knockdown cultures (Fig. 2C).
The normal rates of proliferation in Setd8 knockdown cells make
a cell cycle defect unlikely, and flow-cytometric analyses utilizing
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an antibody specific for Ki-67 confirmed that there was no
abnormality in cell cycle progression following Setd8 disruption
(Fig. 2D).

Setd8 functions as a transcriptional repressor in erythroid
cells. The role of Setd8 in transcriptional regulation is unclear,
with Setd8 acting as an activator (15, 21, 31) in some cellular and
genomic contexts and a repressor in others (15, 18, 24, 25). To
determine the influence of Setd8 on gene expression in erythroid
cells, global gene expression was analyzed by transcriptome se-
quencing (RNA-seq) in Setd8 knockdown and scramble control
samples prior to maturation. To gain insights into the molecular
mechanisms underlying the impaired maturation associated with
Setd8 disruption, gene expression was also assessed following 6 h
in maturation medium, a time point at which phenotypic differ-
ences between the control and Setd8 knockdown cultures are not
yet evident.

In ESREs, prior to maturation, 1,048 genes were differentially
expressed (P < 1077; false discovery rate, <0.01) (see Table S2 in
the supplemental material) between Setd8 knockdown cells and
scramble controls. Setd8 acts primarily as a repressor in erythroid
cells, with 679 genes upregulated and 369 genes downregulated
following Setd8 disruption. Ingenuity pathway analyses (IPA) of
the differentially expressed genes identified “cell morphology, cel-
lular function and maintenance, and cellular growth and prolifer-
ation” as the top network (score, 44; focus molecules, 31) (see Fig.
S1 in the supplemental material). The differentially expressed
genes were further analyzed by the upstream regulator function of
IPA, which uses the well-curated IPA database to predict which
regulatory molecules are upstream of observed changes in gene
expression (48). Kit (P < 5.74 X 10~ '), Gatal (P = 4.06 X 10~°),
and Stat3 (P = 1.24 X 10™°) were predicted as upstream regula-
tors of the gene expression changes that occur following Setd8
knockdown.

Following 6 h of maturation, 1,149 genes were differentially
expressed (P <107; false discovery rate, <0.01) (see Table S3 in
the supplemental material) between Setd8 knockdown and con-
trol cells. Consistent with a repressor function for Setd8 in ery-
throid cells, 780 genes were upregulated and 369 genes were
downregulated (Fig. 3A). IPA of the differentially expressed genes
identified “hematologic development and disease” (score, 43; fo-
cus molecules, 32) as the top network (Fig. 3B). The top disease or
functions annotation identified by IPA was “function of red blood
cells” (P = 6.27 X 10~'7). In addition, both Gatal (P = 9.28 X
107'%) and Kit (P = 1.89 X 10 °) were predicted as upstream
regulators. The prediction that well-characterized erythroid tran-
scription factors are upstream of the gene expression changes ob-
served following Setd8 knockdown supports the hypothesis that
Setd8 participates in the intricate network of chromatin modifiers
and transcriptional regulators that govern the terminal erythroid
maturation program.

Setd8 disruption alters the expression of multiple transcrip-
tional regulators, most notably Gata2. Setd8 has been shown to
directly regulate the expression level of key transcriptional regu-
lators during cellular differentiation (22, 46) and can act in a cell-
type- and developmental-stage-specific manner (14, 22). We care-
fully examined the list of genes differentially expressed upon Setd8
knockdown and determined that knockdown of Setd8 in ery-
throid cells alters the expression of a number of chromatin mod-
ifiers and transcription factors known to regulate terminal ery-
throid maturation. In self-renewing ESREs, prior to maturation,
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FIG 1 Knockdown of Setd8 impairs erythroid maturation. (A) shRNA targeting Setd8 reduces Setd8 expression at both the mRNA and protein levels. (B) Imaging
flow-cytometric analyses using an antibody specific to H4K20mel conjugated to Alexa Fluor 488—goat anti-rabbit IgG (Life Technologies) demonstrate lower
H4K20mel mean fluorescence intensity (MFI) in Setd8 knockdown cultures than in scramble control. Data represent the means and standard errors of the means (SEM)
from three independent experiments. (C) Representative images from Setd8 knockdown and scramble control cultures. Setd8 knockdown and scramble control cells are
morphologically similar while self-renewing (day 0), resembling proerythroblasts. After 3 days of maturation, the control culture consists primarily of late-stage erythroid
precursors, enucleated cells, and pyrenocytes. In contrast, the Setd8 knockdown cultures are more heterogeneous, with persistence of cells resembling earlier erythroid
precursors and a paucity of enucleated cells and pyrenocytes. (D) Setd8 knockdown results in delayed hemoglobin accumulation, as determined by benzidine staining.
(E) Imaging flow-cytometric analyses demonstrate that during maturation, Setd8 knockdown cells have larger mean cell and nuclear areas than do scramble control cells.
(F) Setd8 knockdown cells fail to downregulate ckit during maturation. (G) Imaging flow-cytometric analyses, comparing cell area and Draq intensity, demonstrate that
Setd8 knockdown is associated with a significant deficit in enucleation. *, P < 0.05; #, P < 0.1.
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the supplemental material). The expression of several other tran-
scriptional regulators was altered following Setd8 knockdown in
both self-renewing and maturing cells, including Sox6 (for self-
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altered following Setd8 knockdown. (E) The expression levels of Alas2 (for self-renewing cells, fold change = —50, P < 1 X 10~ '% for maturing cells, fold
change = —65,P <1 X 10~ '°), Alad (for self-renewing cells, fold change = —2.9, P = 0.00055; for maturing cells, fold change = —2.9, P = 0.00017), and Hmbs
(for self-renewing cells, fold change = —2.6, P = 0.0029; for maturing cells, fold change = —2.9, P = 0.0018) are also significantly altered in Setd8 knockdown

cells compared to control cells.

renewing cells, fold change was —4.3, P < 0.0002; for maturing
cells, fold change was —3.1, P < 0.001), Hes1, a downstream ef-
fector of the Notch signaling pathway (for self-renewing cells, fold
change was 9.1, P < 5 X 10~°; for maturing cells, fold change was
16.0, P < 5 X 10~ '), and Smadl, a downstream effector of the
BMP pathway (for self-renewing cells, fold change was 4.8, P <
0.0008; for maturing cells, fold change was 6.3, P < 8.8 X 1077).
Gata2 is a critical regulator of the balance between maturation
and self-renewal in hematopoietic stem and progenitor cells, and
Gata2 overexpression is sufficient to impair erythroid maturation
(37, 39). Gata2 is robustly expressed in proliferating ESREs but is
rapidly silenced during maturation (36). One of the most intrigu-
ing findings following Setd8 disruption was the elevation of Gata2
expression in both self-renewing cells (fold change, 2.3; P <
0.0009) (Fig. 4A; see also Table S2 in the supplemental material)
and maturing cells (fold change, 4; P < 5 X 10~°) (Fig. 4A; see also
Table S3 in the supplemental material). We validated this increase
in Gata2 expression by both quantitative PCR and Western blot-
ting (see Fig. S2A in the supplemental material). Interestingly,
Setd8 knockdown did not significantly alter the expression of
other major erythroid transcription factors, including Gatal, KIf1,
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and Tall as determined by CuffDiff analyses or by qPCR valida-
tion (Fig. 4B; see also Fig. S2B and D and Tables S2 and S3 in the
supplemental material).

During erythroid maturation, the expression of Gatal in-
creases and the expression of Gata2 is silenced (49). As the Gatal/
Gata2 ratio changes, a “Gata switch” occurs, with Gatal replacing
Gata2 at numerous regulatory regions genome-wide, driving the
terminal differentiation program (50, 51). Setd8 knockdown al-
ters the temporal expression pattern of Gata2 in maturing ESREs.
Following 6 h of maturation, Gata2 levels decrease by approxi-
mately 50% in the control cultures but remain unchanged in the
Setd8 knockdown samples (Fig. 4A; see also Fig. S2A in the sup-
plemental material). The elevated Gata2 level in Setd8 knockdown
cells results in an altered Gatal/Gata2 ratio (Fig. 4C; see also Fig.
$2C in the supplemental material). Consistent with this change, a
number of “Gata switch” targets are differentially expressed fol-
lowing Setd8 knockdown, most notably the globins and heme
synthesis enzymes (Fig. 4D and E, respectively). These genes are
initially expressed at significantly lower levels in the knockdown
cultures and fail to gain the robust induction of expression seen in
the control samples.
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independent experiments.

We next sought to determine how many of the genes differen-
tially expressed following Setd8 knockdown were associated with
Gata2/Gatal switch sites. Gata2/Gatal switch sites were identified
using published genome-wide profiles of Gata2 and Gatal occu-
pancy, done in GIE and induced Gatal-G1E-ER4 cells, respec-
tively (51). GIE cells are derived from murine Gatal null
embryonic stem cells and are arrested at approximately the pro-
erythroblast stage of maturation. Gatal-GIE-ER4 cells carry an
inducible Gatal allele and when treated with estradiol have gene
expression changes consistent with erythroid maturation (52).
The GIE system has been used extensively to study how Gata
factor interplay regulates erythroid gene expression (51-55).
ChIP-seq (chromatin immunoprecipitation coupled with high-
throughput sequencing) identified 4,905 sites of Gata2 occupancy
in GI1E cells and 11,491 sites of Gatal occupancy in induced
Gatal-G1E-ER4 cells (51). We used the Galaxy platform (56) to
identify Gata2/Gatal switch sites, defined as regions that bound
Gata2 in G1E cells and Gatal in induced Gatal-G1E-ER4 cells. In
total, 2,165 Gatal/Gata2 switch sites were identified. The Homer
program (57) was used to identify the nearest gene to each Gata2/
Gatal switch site, and the list of genes associated with Gata2/Gatal
switch sites was compared to the list of genes differentially regu-
lated following Setd8 knockdown. Approximately 12% (141/
1,149) of differentially expressed genes following Setd8 knock-
down were associated with a Gata2/Gatal switch site.

The only previously published study examining the role of
Setd8 in erythroid cells suggested that Setd8 plays an important
role in Gatal-mediated transcriptional repression (20). Consis-
tent with that study, the majority of differentially expressed genes
associated with Gata2/Gatal switch sites are upregulated upon
Setd8 knockdown (93/141; 66%). Taken together, these data sug-
gest that for a subset of genes elevated Gata2 expression and per-
turbed Gata2/Gatal switching may contribute to the altered gene
expression observed following Setd8 knockdown.
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Setd8 occupies critical regulatory elements in the Gata2 lo-
cus in both primary fetal liver-derived erythroblasts and ESREs.
The Gata2 locus has several well-characterized regulatory ele-
ments, including both general (1G) and hematopoiesis-specific
(1S) promoters (58, 59). In addition, genomic and functional
studies have identified three enhancers immediately upstream of
the Gata2 gene at kb —3.9, —2.8, and —1.8 (54, 60—62) as well as
an enhancer located at kb +9.5 from the transcription start site
that controls its spatial and temporal expression (63, 64). Knock-
out of Gata2 or deletion of the +9.5 enhancer is embryonic lethal
due to severe anemia (63, 65). The enhancers upstream of the
transcription start site (the —3.8, —2.8, and —1.8 enhancers)
modulate Gata2 levels but are not essential for Gata2 expression
(42-45).

To determine if Gata2 is a direct target of Setd8, we interro-
gated key regulatory regions within the Gata2 locus for Setd8 oc-
cupancy using quantitative chromatin immunoprecipitation
(ChIP). To avoid the possibility of cell culture artifacts, quantita-
tive ChIP studies were done in primary uncultured fetal liver
erythroblasts obtained from E14.5 embryos. In primary fetal liver-
derived erythroblasts, Setd8 occupancy occurs in multiple regula-
tory regions within the Gata2 locus, including both the general
(1G) and hematopoiesis-specific (1S) promoters, as well as the
—3.9 and +9.5 enhancers (Fig. 5), suggesting that Setd8 may di-
rectly regulate Gata2 expression.

We further utilized quantitative ChIP to determine the occu-
pancy of Setd8 within the Gata2 locus of ESREs. Similar to the data
obtained from primary fetal liver cells, in ESREs Setd8 occupies
both the Gata2 1S promoter and the essential +9.5 enhancer (Fig.
6 and 7A). Knockdown of Setd8 resulted in loss of Setd8 occu-
pancy at these regulatory elements (Fig. 7A). ESREs are a uniform
population of cells that morphologically appear to be at the pro-
erythroblast stage, while fetal liver-derived erythroid cells repre-
senta more heterogeneous population of erythroid cells at various
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independent experiments.

stages of maturation. This heterogeneity in cell types and matura-
tion stages may underlie the differences in Setd8 occupancy ob-
served between ESREs and primary fetal liver-derived erythro-
blasts.

We next sought to determine whether Setd8 occupancy at the
Gata2 locus changed during ESRE maturation. We used quantita-
tive ChIP to profile Setd8 occupancy at key regulatory regions in
the Gata2 locus following 6 h of maturation, a time point when
Gata2 expression has decreased by approximately 50% in control
cells (Fig. 4A; see also Table S2 in the supplemental material).
Occupancy of Setd8 did not vary significantly between the two
time points (Fig. 6), consistent with the literature demonstrating
that Gata2 repression during terminal erythroid maturation is
mediated by a number of different transcription factors and chro-
matin modifiers (54, 66).

Knockdown of Setd8 results in loss of H4K20mel and gain of
H4 acetylation in the Gata2 locus. Deposition of H4K20mel at
promoters is associated with gene repression that can be mediated
by multiple mechanisms. In some cell types, H4K20mel is able to
recruit proteins that mediate transcriptional repression, such as
L3MBTLI [lethal(3) malignant brain tumor-like protein] (67,
68), a polycomb group protein expressed in fetal brain but not
expressed at significant levels in maturing erythroid cells (32, 36).
To date, H4K20mel-associated repressors have not been de-
scribed in erythroid cells. Alternatively, Setd8 and H4K20mel can
regulate transcription by altering the chromatin landscape to pro-
mote transcriptional repression. For example, H4K20mel occu-
pancy may interfere with histone H4 acetylation (69, 70), which
facilitates active transcription (17, 18).

To test this possibility, we used quantitative ChIP to compare
the levels of histone H4 modifications (H4K20mel and H4 acet-
ylation) within the Gata2 locus in Setd8 knockdown and scramble
control cells. We observed that knockdown of Setd8 and loss of
Setd8 occupancy within the Gata2 locus were accompanied by
significant changes in the epigenetic landscape. In control cul-
tures, there was significant occupancy of H4K20mel at the Gata2
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1S promoter, which was abolished by Setd8 knockdown (Fig. 7B).
Consistent with the elevated expression of Gata2 observed in
knockdown cultures, the loss of H4K20mel occupancy was ac-
companied by a corresponding increase in H4 acetylation at the
Gata2 1S promoter (Fig. 7C). These observations support the hy-
pothesis that Setd8 promotes transcriptional repression in ery-
throid cells by altering the chromatin landscape.

Knockdown of Gata2 rescues some of the maturation im-
pairment associated with Setd8 disruption. We next sought to
determine whether knockdown of Gata2 could rescue some of the
maturation impairments associated with Setd8 knockdown. Setd8
knockdown and scramble control cultures were transfected with
either siRNA targeting Gata2 or nontargeting (scramble) control
siRNA and then cultured in ESRE expansion medium for 48 to 72
h prior to the induction of maturation. Treatment of the Setd8
knockdown cultures with siRNA targeting Gata2 (shRNA Setds,
siRNA Gata2) resulted in significant Gata2 knockdown (Fig. 8A,
left panel). Consistent with its role in regulating erythroid matu-
ration, knockdown of Gata2 resulted in a significant increase in
Gatal and beta globin expression in both the scramble control and
Setd8 knockdown cultures prior to placement in maturation me-
dium (Fig. 8A, middle and right panels). In addition, scramble
control cultures treated with siRNA targeting Gata2 had a rate of
benzidine accumulation higher than those observed under all
other conditions. In contrast, Setd8 knockdown cells treated with
nontargeting control siRNA demonstrated a significantlagin ben-
zidine accumulation (P < 0.005 compared to shRNA scramble
control cultures treated with nontargeting siRNA) (Fig. 8B). Setd8
knockdown cells treated with siRNA targeting Gata2 demon-
strated significant improvements in benzidine staining (P < 0.017
at 48 h compared to Setd8 knockdown cells treated with nontar-
geting siRNA) (Fig. 8B) and morphology (Fig. 8C). Other param-
eters of terminal erythroid maturation, such as enucleation, were
not assessed due to the limited cell number in small-scale siRNA
experiments. These data further suggest that altered Gata2 expres-

June 2015 Volume 35 Number 12


http://mcb.asm.org

Setd8 Regulates Erythroid Maturation

4
A = Setd8

o W Scramble
£ 35 # Knockdown
©
-
2 s
o —
- *
q) —_—
> 2.5
=
©
Q 2
o
—
g 15 w I [
£ |
(&]
S 1 ‘ 1 T
LICJ i
o 0.5 ]’
o
T

0

Gata2 Gata2 Gata2 Gata2 Gata2  Gata2 Positive Negative
-39 -2.8 -1.8 1S 1G +9.5 Control Control

¢ | H4K20me1

*

W Scramble

W shRNA Setd8

;itnlnu 1

«n

Fold Enrichment Relative to Total Input

Gata2  Gata2 Gata2  Gata2  Gata2 Gata2 Positive Negative
-3.9 -2.8 -1.8 1S 1G +9.5 Control Control
C 5 |H4 Acetyl

— # ®Scramble

= —_

Q. ¥ shRNA Setd8

£ |

™ 40

o

= 35

o

=

2 w .

©

Q 25

o

c

S [ |

E

S 15 1

—

(=

w 10 [

o

S TR &l

o B , _ -

Gata2 Gata2 Gata2 Gata2 Gata2 Gata2 Positive Negative
-3.9 -2.8 -1.8 1S 1G +9.5 Control Control

FIG 7 Setd8 knockdown results in significant changes in chromatin architecture in the Gata2 locus. ChIP assays were performed in self-renewing Setd8
knockdown and scramble control ESREs. Data are presented as fold enrichment relative to total input control and represent the means and SEM from a minimum
of three independent experiments. (A) Setd8 occupies the Gata2 1S promoter and +9.5 enhancer in scramble control ESREs. Setd8 knockdown is associated with
loss of Setd8 occupancy in the Gata2 locus. The positive control is the beta actin intron, and the negative control is a region upstream of the Gata2 locus with no
known function. (B) There is occupancy of H4K20mel at the Gata2 1S promoter that is lost with Setd8 knockdown. The positive control is beta actin intron, and
the negative control is a region upstream of the Gata2 locus with no known function. (C) Setd8 knockdown results in increased histone H4 acetylation at the
Gata2 1S promoter. The positive control is the beta actin promoter. The negative control is the necdin gene, which is not expressed in erythroid cells.

June 2015 Volume 35 Number 12 Molecular and Cellular Biology mcb.asm.org 2067


http://mcb.asm.org

Malik et al.

45
A 14 - 3 W alpha globin
S35 . *
o 35 ]
g 1.2 1 S 5 * o beta globin
o— o — - w
2 4 g
g 17 S 2 S
s ” 2.5 *
X 08 Lﬁ i
. o L
[ = 15 >
2 06 1 5 = =]
=] © L15
iy L 14 (]
D 04 - o e
o
0.2 051 05
[ 0- 0 -

Scramble shRNA ~ Setd8 shRNA Scramble shRNA Setd8 shRNA
Scramble SiRNA  Scramble SiRNA ~ Gata2 iRNA ~ Gata2 siRNA

Scramble ShANA ~ Setd8 shRNA Scramble ShRNA Setd8 shRNA
Scramble SRNA Scramble SRNA  Gata2 SiRNA ~ Gata2 siRNA

Scramble ShRNA ~ Setd8 shRNA  Scramble sShRNA Setd8 shRNA
Scramble SRNA  Scramble SiRNA -~ Gata2 iRNA ~ Gata2 siRNA

*p<0.05
B 100.0% . L. C
& ® scrESRE/scr-siRNA scramble shRNA Setds shRNA
2 %00% 1 wgetd8KD/scr-siRNA <
8 soo% | ; P4
8 % scrESRE/siRNA-Gata2 T
Q@ 700% | BSetd8KD/siRNA-Gata2 b
5 | 2
E 60.0% -g
1 «©
an) 50.0% ‘(3
- (7]
C  40.0% -
Q
[$)
o 30.0% <
o 4
20.0% o
7]
10.0% | .Ng
0.0% 7 S
24-hr 32-hr 48-hr
*p<0.05 **p<0.005

FIG 8 Knockdown of Gata2 rescues some of the maturation impairments associated with Setd8 knockdown. (A) mRNA expression of Gata2 (left panel), Gatal
(middle panel), and alpha and beta globin (right panel) in scramble control and Setd8 knockdown cultures treated with nontargeting (control) siRNA or siRNA
targeting Gata2. Expression was calculated relative to Gapdh and is presented relative to the scramble shRNA, nontargeting siRNA control sample. Data represent
the means and SEM from a minimum of three independent experiments. For statistical analyses, the scramble shRNA, nontargeting siRNA samples were
compared to the scramble shRNA, Gata2 siRNA samples, and the Setd8 shRNA, nontargeting siRNA samples were compared to the Setd8 shRNA, siRNA Gata2
samples. (B) Percentage of cells that are benzidine positive in Setd8 knockdown or scramble control cultures treated with either siRNA targeting Gata2 or
nontargeting siRNA control. scrESRE/scr-siRNA, shRNA scramble control cultures treated with nontargeting siRNA; Setd8KD/scr-siRNA, shRNA-Setd8
cultures treated with nontargeting control siRNA; scrESRE/siRNA-Gata2, shRNA scramble control cultures treated with siRNA targeting Gata2; Setd8KD/
siRNA-Gata2, shRNA-Setd8 cultures, treated with siRNA targeting Gata2. Error bars represent the means and SEM from three independent reactions. One of
three representative experiments is shown. (C) Cytospins demonstrating the morphology of Setd8 knockdown or scramble control cells treated with either

nontargeting siRNA or siRNA targeting Gata2.

sion may contribute to the maturation abnormalities associated
with Setd8 knockdown.

DISCUSSION

Posttranslational modifications of histone proteins and alteration
of the epigenetic landscape are important determinants of cell-
type- and developmental-stage-specific gene expression. Setd8 is
the sole histone methyltransferase in mammals capable of gener-
ating H4K20mel and is highly expressed in erythroblasts com-
pared to all other cell and tissue types (32); however, prior to this
study there existed few data on the function of Setd8 in erythroid
cells. We have demonstrated that Setd8 is critical for terminal
erythroid maturation and that Setd8 functions as a transcriptional
repressor in erythroid cells. We have further shown that knock-
down of Setd8 in erythroid cells alters the expression of several key
transcriptional regulators, including Gata2, and that knockdown
of Setd8 alters the chromatin architecture within the Gata2 locus.
Lastly, knockdown of Gata2 was able to rescue some of the matu-
ration impairment associated with Setd8 knockdown. The data
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presented here provide insights into the complex relationship be-
tween the chromatin modifiers and transcriptional regulators that
govern erythroid maturation and suggest a novel mechanism by
which histone H4 lysine methylation regulates the expression of a
key transcription factor to modulate erythroid maturation.
Consistent with previous studies (69, 71), the results presented
here suggest that Setd8 can influence transcription in erythroid
cells by altering the chromatin landscape (i.e., increasing
H4K20mel occupancy and decreasing histone H4 acetylation) to
promote transcriptional repression. In some cell types, Setd8 and
H4K20mel can also promote transcriptional repression by re-
cruiting the repressor LIMBTLI to target loci (68). LAMBTLI is
not expressed at significant levels in erythroid cells (33); however,
it is possible that there are H4K20mel-associated repressors in
erythroid cells that have yet to be described. In addition, methyl-
ation of H4K20 can influence higher-order chromatin structure
by promoting chromatin compaction (72), which is also likely to
result in transcriptional repression (73). Additional studies, ex-
amining Setd8 overexpression, for example, are needed to clearly
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delineate the mechanisms by which Setd8 and H4K20mel regu-
late the expression of genes such as that encoding Gata2 in ery-
throid cells.

The only previously published study on the function of Setd8
in erythroid cells was done using the G1E-ER-GATALI system.
Consistent with the results presented here, microarray analyses of
transient Setd8 knockdown in G1E-ER-GATA1 cells demon-
strated a repressor function for Setd8 in erythroid cells and impli-
cated Setd8 in Gatal-mediated gene repression (20). There are
also some important differences between our findings and those
of the previous study. Most notably, transient Setd8 disruption
did not affect the maturation of G1E-ER-GATA1 cells, as deter-
mined by cell surface marker expression, and Gata2 was not iden-
tified as a differentially expressed gene. These differing results are
likely attributable to differences both in the model systems and in
the experimental approach.

G1E-ER-GATAL cells have provided important insights into
the transcriptional control of erythroid maturation (51-55, 64,
74); however, G1E-ER-GATALI cells recapitulate only a narrow
window of maturation and are not capable of full nuclear conden-
sation or enucleation. In contrast to GIE-ER-GATA1 cells, ESREs
are capable of completing terminal erythroid maturation, includ-
ing enucleation (35, 36), and establishing stable Setd8 knockdown
in ESREs allowed us to carefully assess the consequences of Setd8
knockdown on erythroid maturation. ESREs also have the advan-
tage of doubling daily, generating an ample number of cells for
high-quality functional and genomics studies that would be diffi-
cult to conduct using primary cells that are often available only in
limited quantities, such as analyses of the chromatin landscape
following Setd8 knockdown. Although it is possible for cell culture
to introduce unwanted artifacts, Setd8 occupancy at key regula-
tory regions within the Gata2 locus in primary, uncultured fetal
liver cells suggests that a similar occupancy demonstrated in
ESREs is not spurious.

GATA2 expression is tightly controlled in a cell-type- and de-
velopmental-stage-specific manner (60, 61, 63), and dysregulated
GATA2 expression underlies both inherited and acquired human
genetic disease. Overexpression of GATA2 frequently occurs in
acute myelogenous leukemia (49, 75-77) and is associated with a
poor prognosis (77). Gata2 overexpression is also found in tumors
of nonhematopoietic origin, including neuroblastoma (78) and
prostate cancer (79). Conversely, mutations in the GATA2 locus
that result in haploinsufficiency are associated with immunodefi-
ciency, lymphedema, anemia, and predisposition to myelodyspla-
sia (63, 80). Despite its importance, the molecular mechanisms
regulating Gata2 expression remain incompletely understood.
The data presented here, including elevated Gata2 expression fol-
lowing Setd8 knockdown, Setd8 occupancy at key regulatory re-
gions in the Gata2 locus, and alterations in the chromatin struc-
ture of the Gata2 locus following Setd8 knockdown, imply that
Setd8 regulates Gata2 expression in erythroid cells.

In both adipocytes and epithelial cells, Setd8 regulates lineage
restricted transcription factors to modulate terminal cellular dif-
ferentiation (22, 46). Our results suggest that Setd8 modulates
erythroid maturation at least in part by repressing Gata2 expres-
sion. Gata2 is considered a “master regulator” of the erythroid
transcription program (62), and previous studies have established
aclear link between Gata2 overexpression and impaired erythroid
maturation (37, 38). Dynamic interplay of Gata factor occupancy
is a key driver of the terminal erythroid differentiation program,
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with Gatal replacing Gata2 at numerous regulatory elements ge-
nome-wide during erythroid differentiation (51, 62). The Gata2
locus itself is a key example of Gata factor switching (64). In early
erythroblasts, Gata2 occupies several important regulatory ele-
ments within the Gata2 locus, driving its own expression. As mat-
uration proceeds, Gatal replaces Gata2 occupancy and represses
Gata2 expression (53, 54, 64). Sed8 occupies two of the well-char-
acterized Gata2/Gatal switch sites within the Gata2 locus (the
—3.9 and +9.5 enhancers) in primary fetal liver erythroblasts. In
addition, a subset of genes differentially expressed following Setd8
knockdown are associated with Gata2/Gatal switch sites, raising
the possibility that impaired Gata factor exchange contributes to
the altered gene expression patterns observed following Setd8
knockdown. Future studies examining the genome-wide occu-
pancy of Setd8 in erythroid cells will provide important insights
into the role of Setd8 at Gata2/Gatal switch sites.

Setd8 can H4K20mel can mediate transcriptional changes in
concert with a variety of transcription factors (22, 24, 25, 46) and
signaling pathways (21, 31). In addition, we were unable to deter-
mine the contribution of Gata2 overexpression to terminal ery-
throid maturation abnormalities, such as impaired enucleation,
raising the possibility that altered expression of other factors con-
tributes to those abnormalities. As detailed above, a number of
transcriptional regulators are differentially expressed following
Setd8 disruption, and it is likely that differential expressions of
other transcriptional regulators and chromatin modifiers, aside
from Gata2, contribute to the maturation impairments observed
following Setd8 knockdown. For example, our data demonstrate
that disruption of Setd8 in erythroid cells significantly increased
the expression of Hesl, a downstream effector of the Notch sig-
naling pathway. Hes1 can directly interact with Gatal and disrupt
the interaction of Gatal with the transcriptional activator and
histone acetyltransferase P300 (81). Interestingly, overexpression
of Hesl has been shown to impair erythroid differentiation (9,
81), and it is possible that Hes1 overexpression contributes to the
maturation impairment noted with Setd8 knockdown. In addi-
tion, although the Setd8 knockdown and control cells appeared
phenotypically similar prior to maturation, flow-cytometric anal-
yses demonstrated higher ckit levels in the Setd8 knockdown cells
and RNA-seq analyses identified 1,048 genes differentially ex-
pressed prior to maturation, and it is likely that these baseline
differences contributed to the impaired maturation associated
with Setd8 disruption.

Our study supports the hypothesis that Setd8 is an integral part
of the network of transcriptional regulators and chromatin mod-
ifiers that regulate erythroid maturation; see also the companion
article by DeVilbiss et al. for a discussion of the role of Setd8 in
erythroid maturation (82). Our study does have some inherent
limitations. Setd8 is highly expressed in erythroid cells, and al-
though we screened several shRNA constructs to generate the
most robust Setd8 knockdown possible, there was still significant
residual Setd8 expression, as determined by qPCR and Western
blotting. A more efficient Setd8 knockdown may have revealed
additional phenotypes, including cell cycle defects, increased rates
of apoptosis, and accumulation of DNA damage. In addition, al-
though in vitro culture systems are excellent models, they are not
always able to faithfully recapitulate the complex process of eryth-
ropoiesis. The function of Setd8 has been studied extensively in
embryonic stem cells and immortalized cell lines, but in vivo stud-
ies of the Setd8 H4K20mel pathway are lacking due to the early
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embryonic lethality of constitutive Setd8 deletion. The only pub-
lished study to date examined the role of Setd8 in the production
and maintenance of epidermis (46), and in vivo studies examining
the impact of Setd8 disruption on mRNA expression and the his-
tone landscape have yet to be done in any cell type. In vivo studies
are needed to further define the role of this epigenetic pathway in
modulating erythropoiesis. Those studies are also likely to provide
important insights into the mechanisms by which this pathway
regulates transcription and modulates terminal cellular differen-
tiation.
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