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e-globin expression is regulated by SUV4-20h1

Research efforts to establish therapeutic modalities for
treating sickle cell disease (SCD) and B-thalassemia have
been hindered by our incomplete understanding of the
developmental regulation of human f-like globin gene
expression. It has been demonstrated that increased
embryonic globin (e-globin) gene expression, similar to
fetal globin (y-globin), can ameliorate the severity of SCD
and f-thalassemia in mice. Therefore, elucidating the
molecular mechanism of ¢-globin gene silencing is of bio-
logic and clinical importance. Herein, we show that a his-
tone lysine methyltransferase, SUV4-20h1, plays a criti-
cal role in silencing e-globin gene expression in both
K562 cells and primary erythroid progenitor cells. We
found that e-globin gene expression could be modulated
by coordinate SUV4-20h1-dependent histone modifica-
tion and DNA methylation. We also found that SUV4-
20h1 repressed embryonic globin gene expression in
mice, suggesting a conserved role for SUV4-20h1 during
mammalian evolution. These results identify SUV4-20h1
as a novel epigenetic suppressor of e-globin gene expres-
sion implying a potential alternative therapeutic
approach for the treatment of p-thalassemia and SCD.

The human B-like globin genes, located on chromo-
some 11, comprise 5 homologous genes (5’-e—Gy-Ay-6-
-3’) arranged in order of their expression during devel-
opment." Although the mechanisms that fine tune the
expression of these globin genes are largely unknown, it
is believed that developmental stage-specific factors,
including transcription factors and epigenetic modula-
tors, are involved.”® The B-hemoglobinopathies, such as
sickle cell disease (SCD) and B-thalassemia, are the most
common single-gene inherited red blood cell disorders.’
Increased fetal hemoglobin (y-globin) expression signifi-
cantly ameliorates the symptoms of both diseases, pro-
viding a rational basis for molecular therapeutic strate-
gies. As is the case for y-globin, the embryonic hemoglo-
bin (e-globin) gene remains intact, but its expression is
autonomously silenced after birth. If reactivated in
adults, e-globin can also function in a similar manner as
y-globin to ameliorate symptoms of SCD and f-tha-
lassemia.” Expression of human ¢-globin has been shown
to restore the normal phenotype in mouse models of
SCD and B-thalassemia.’® Various transcription factors,
including GATA1, YY1, EKLF, BCL11A, SOX6, and
TR2/TR4, have been shown to directly regulate e-globin
gene expression.” "

In previous studies, we showed that PRMTS induces
coordinated repressive epigenetic marks in erythroid cells
at the y-promoter via the assembly of a multiprotein
repressor complex containing, among other components,
the histone modifying enzyme SUV4-20h1."" To investi-
gate the role of SUV4-20h1 in e-globin gene expression,
we examined both mRNA and protein levels of e-globin
in SUV4-20h1 knockdown K562 cells compared to con-
trol cells expressing scrambled shRNAs. In the knock-
down cell line, the level of SUV4-20h1 mRNA was
reduced by approximately 90% (Figure 1A).
Concomitantly, we detected a dramatic increase (over
400-fold) in e-globin gene expression as well as a signifi-
cant increase in y-globin gene expression (Figure 1B) and
a substantial induction of e-globin protein in SUV4-20h1
knockdown cells (Figure 1C). Since antibodies suitable
for ChIP analysis of human SUV4-20h1 are not currently
available, we used K562 cell line stably overexpressing
hemagglutinin (HA)-tagged SUV4-20h1, and performed

ChIP analysis using anti-HA antibody. SUV4-20h1 was
found bind to the e-promoter (Figure 1D). In addition,
both PRMT5 and DNMT3A also bound to the e-promot-
er (Figure 1E). As expected, the enrichment of histone
mark H4K20me3 on the e-promoter was decreased in
SUV4-20h1 knockdown cells compared to the scramble
control cells (Figure 1F, left panel). Similar to the scenario
on the y-promoter, the enrichment of histone mark
H4R3me2s triggered by PRMTS5 on the &-promoter was
substantially decreased in SUV4-20h1 knockdown cells
compared to the scramble control cells (Figure 1F, right

anel). These results indicate that e-globin gene silencing
induced by SUV4-20h1 is associated with coordinated
histone modification changes, and suggest that SUV4-
20h1 plays a critical role in &-globin gene silencing.

Gene silencing is associated with histone modification
and methylation of CpG dinucleotides in the proximal
promoter region." We have previously demonstrated that
SUV4-20h1 knockdown led to a distinct reduction in
methylation of 4 CpG dinucleotides in the proximal pro-
moter region of the y-gene resulting in activation of
y-globin expression.”” Similarly, the levels of DNA
methylation of three CpG dinucleotides in the first exon
of the e-globin gene were also greatly reduced in
SUV4-20h1 knockdown cells compared to the scrambled
control cells (Figure 1G). These data are consistent with
the induction of €-globin gene expression in SUV4-20h1
knockdown cells, and are in line with our previous find-
ings that SUV4-20h1, PRMTS5, and DNMTB3A exert coor-
dinate functions in y-gene silencing.""

Next, we examined the role of SUV4-20h1 in human
adult primary erythroid progenitor cells. As previously
reported, to mimic normal erythroid cell differentiation
from undifferentiated blasts to orthochromatic nor-
moblasts, purified CD34" hematopoietic progenitors
were cultured through an expansion stage and differenti-
ation period in different conditioned media."” To examine
the effect of SUV4-20h1 knockdown in adult bone mar-
row cells, we stably knocked down SUV4-20h1 via
lentivirus-mediated shRNA infection. SUV4-20h1 expres-
sion was reduced to ~50% of scrambled control in the
knockdown cells (Figure 2A). In addition to our previous
observation that y-globin was significantly reactivated
(~10-fold induction), absolute quantitative analysis of
globin gene mRNA showed that expression of the ¢-gene
was also increased by a robust ~70-fold in SUV4-20h1
knockdown cells (Figure 2B). Expression of the $-globin
gene in these cells was not elevated (Figure 2B). This
effect was specific as expression of other erythroid tran-
scription factors, such as GATA1, NF-E2, BCL11A, and
KLF1, remained unchanged (Figure 2C). Consistent with
these findings, flow cytometric analysis of the erythroid
surface markers transferrin receptor (CD71) and gly-
cophorin A (CD235a) demonstrated a similar percentage
of double positive (CD717/CD235a") mature erythroid
cells (Figure 2D). No morphological differences were
observed in these cells after SUV4-20h1 knockdown,
indicating that SUV4-20h1 may not perturb the overall
process of erythroid differentiation (Figure 2D).
Interestingly, the bisulfite DNA methylation sequencing
analysis revealed that the levels of DNA methylation of
three CpG dinucleotides in the first exon of the &-globin
gene were also significantly reduced in SUV4-20h1
knockdown bone marrow cells compared to the scram-
bled control cells (Figure 2E). These results further indi-
cated that expression of g-globin is controlled by a coor-
dinated epigenetic program associated with SUV4-20h1.

The mouse and human p-like loci are highly conserved
and share many functional elements."” To determine if
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SUV4-20h1-regulated silencing of the embryonic globin ~ SUV4-20h1 mRNA expression was almost undetectable
gene is conserved between mouse and human, we exam-  in embryos at both day 11.5 and 13.5, confirming knock-
ined the expression levels of murine globins, including  out of the SUV4-20h1 gene in these mice (Figure 3A).
embryonic ey- and phl-globin, from embryos of SUV4-  Expression levels of ey-, fhl-, fmin- and Pmaj-globin
20h1 knockout mice which display perinatal lethality.”®  genes in knockout and wild-type mice were examined at
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Figure 1. SUV4-20h1 represses e-globin expression in K562 cells. (A) SUV4-20h1 gene expression analysis by Q-RT-PCR of RNA extracted from SUV4-20h1
knockdown (SUV4-20h1-kd) and scrambled control (scr) K562 cells. Data are normalized to GAPDH mRNA. Results are shown as mean + SD from three inde-
pendent experiments; **P<0.01 compared to the scrambled control. (B) e-globin and y-globin gene expression analysis by Q-RT-PCR of RNA from SUV4-20h1-
kd and scrambled control (scr) K562 cells. Data are normalized to GAPDH mRNA. Results are shown as mean + SD from three independent experiments;
**P<0.01 compared to the scrambled control. (C) Western blot analysis with indicated antibodies of cellular extracts from SUV4-20h1-kd and scrambled (scr)
control K562 cells. Hsp70 served as a loading control. (D) ChIP analysis of SUV4-20h1 binding to the e-globin proximal promoter. HA-tagged SUV4-20h1 detected
with anti-HA antibody; mouse IgG served as a control. Results are shown as mean + SD from three independent experiments; **P<0.01 compared to control.
(E) ChIP analysis of DNMT3A and PRMT5 binding to the e-globin proximal promoter. IgG from mouse served as a control. Results are shown as mean + SD from
three independent experiments; **P<0.01 compared to control. (F) ChIP analysis of histone mark H4K20me3 (left panel) and H4R3me2s (right panel) on the
e-globin promoter of SUV4-20h1-kd cells and scrambled control cells. Results are shown as mean + SD from three independent experiments; **P<0.01 com-
pared to the scrambled control. (G) DNA methylation at the human e-gene in SUV4-20h1 knockdown and scrambled control cells. Each line shows the methyla-
tion status of individual CpG dinucleotides derived from sequence analysis of 10 representative (of at least 25) individual cloned polymerase chain reaction
(PCR) products of the e-gene after bisulfite modification of the DNA from SUV4-20h1 knockdown and control cells. The differences between the knockdown lines
and the scrambled controls are significant (Fisher’s exact test, P<0.0001). The numbers on the left represent the positions of CpG dinucleotides relative to the
transcriptional start site of the e-gene. The results are quantitated in the bar chart (right panel).
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two developmental stages. At day 10.5, no induction of
murine embryonic globin was observed in the yolk sac of
SUV4-20h1 knockout mice (Figure 3B, left panel).
Interestingly, at day 13.5, embryonic ey- and phl-gene
expression in fetal liver had increased 3- to 5-fold in the
SUV4-20h1 knockout mice compared to the wild-type
control mice (Figure 3B, right panel). fmaj- and fmin-glo-
bin gene expression in fetal liver of these mice did not

change significantly (Figure 3B, right panel). These results
suggest that SUV4-20h1 modulates embryonic globin
gene silencing in mouse, and are consistent with the role
of SUV4-20h1 in regulating ¢- and y-globin gene expres-
sion in human. Therefore, SUV4-20h1 seems to be a
potential alternative therapeutic target for treatment of
SCD and B-thalassemia. It would be very informative to
breed the SUV4-20h1 conditional knockout mice into
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Figure 2. SUV4-20h1 represses ¢-globin expression in primary erythroid progenitor cells. (A) Q-RT-PCR analysis of SUV4-20h1 gene expression in primary ery-
throid progenitor cells of bone marrow (PEBM) from SUV4-20h1 knockdown and scrambled control. Data are normalized to GAPDH mRNA. Results are shown
as mean + SD from three independent experiments; *P<0.05 compared to the scrambled control. (B) Q-RT-PCR analysis of e-globin, y-globin, and p-globin gene
expression in SUV4-20h1 knockdown and scrambled control PEBM cells. Plasmid DNA encoding e-globin, y-globin or 3-globin was used to generate the standard
curve for determination of copy number. Results are shown as mean + SD from three independent experiments; *P<0.05 compared to the scrambled control.
(C) Q-RT-PCR analysis of GATAL, NF-E2, BCL11A, and KLF1 gene expression in SUV4-20h1-kd and scrambled control PEBM cells. Data are normalized to GAPDH
mRNA. Results are shown as mean + SD from three independent experiments. (D) Wright-Giemsa-stained PEBM cells from day 12 of differentiation (top panel).
Flow cytometric analysis of CD71 and CD235 expression of SUV4-20h1-kd and scrambled PEBM cells on day 12 of differentiation (bottom panel). (E) Effect of
perturbed SUV4-20h1 expression on DNA methylation at the human e-gene of PEBM cells. Each lane shows the methylation status of individual CpG dinu-
cleotides derived from sequence analysis of 10 representative individual cloned PCR products of the e-gene following bisulfite modification of the DNA from
SUV4-20h1 knockdown and scrambled control PEBM cells. The differences between the two lines were significant (Fisher’s exact test, P<0.001). The numbers
on the left represent the position of the CpG dinucleotides relative to the transcriptional start site of the e-gene. The results are quantitated in the bar chart
(right panel).
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Figure 3. Effect of SUV4-20h1 on murine globin gene expression. (A) Relative mMRNA expression of SUV4-20h1 is examined by Q-RT-PCR in SUV4-20h1~- and
wildtype (WT) mice at two developmental stages. Data are normalized to GAPDH mRNA. Total RNA was extracted from the yolk sac at day 10.5 and from fetal
liver at day 13.5. Results are shown as mean + SD from three SUV4-20h1~- or WT mice; **P<0.01 compared to WT mice. (B) Q-RT-PCR analysis of ey-globin,
Bh1-globin, pmaj-globin, and pmin-globin gene expression in mMRNA from the yolk sac at day 10.5 and from fetal liver at day 13.5 from SUV4-20h1”/- and WT
mice. Data are normalized to GAPDH mRNA. Results are shown as mean * SD from three SUV4-20h17- and three WT mice; *P<0.05 compared to WT mice.

one of the model mice of SCD or B-thalassemia and test
whether the increase in embryonic and fetal globin gene
expression is sufficient to ameliorate the disease.

In summary, we have identified SUV4-20h1 as a novel
epigenetic regulator of embryonic globin, although the
precise mechanism by which e-globin gene expression is
regulated remains elusive. Our results suggest that thera-
peutic intervention with SUV4-20h1 might be used to
treat SCD and p-thalassemia by simultaneously elevating
both ¢- and y-globin.
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